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The electroactive polyimide consisting of various content of amine-capped aniline trimers
(ATs) have been successfully synthesized and characterized by Fourier-Transformation
infrared and UV-visible absorption spectroscopy. The electroactivity of as-prepared polyi-
mides was tested by electrochemical cyclic voltammetry (CV) studies. It was noticed that
the as-prepared electroactive polyimide with higher content of amine-capped ATs shows
higher electroactivity (i.e., larger redox current) than that of non-electroactive polyimide,
leading to enhance corrosion protection efficiency on cold-rolled steel (CRS) electrodes.
This enhanced corrosion protection efficiency has been explained based on a series of elec-
trochemical measurements such as corrosion potential, polarization resistance, corrosion
current and electrochemical impedance spectroscopy (EIS) studies in 5 wt-% NaCl electro-
lyte. This significant enhancement of corrosion protection on CRS electrodes as compared
to non-electroactive polyimide might probably be attributed to the redox catalytic prop-
erty of as-prepared electroactive polyimide coatings inducing the formation of passive
layer of metal oxide.
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1. Introduction

Electroactive polymers have been classified as a new
class of materials in the past decades and attracted exten-
sive research activities due to it exhibited broad spectrum
of potential commercial applications in electronic, optical,
and biological research fields. Among those conducting
polymers, polyaniline is a potential material for commer-
cial applications due to its environmental stability, good
processability and relatively low cost [1,2]. Polyanilines
have lately drawn intensive attention from polymer scien-
tists, physicists, and material scientists because of their
widespread technological applications e.g., active electrode
materials in energy-storage system [3,4], photo-electronic
devices [5,6], sensors [7,8], gas separation membranes
[9,10], anticorrosion coatings [11,12], antistatic [13] and
electro-chromic materials [14,15].
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Research activities have been focused particularly on
the synthesis of aniline oligomers with well-defined struc-
tures and end-groups because of their good solubility and
ability to undergo further polymerization. The synthesis
of a number of aniline oligomers has been reported [16-
21]. For example, Honzl and Tlustakova [19] prepared a
series of phenyl-capped aniline oligomers with 2, 3, 4,
and 6 amine units through complicated multi-step synthe-
sis. In a landmark paper in 1986, Wudl et al. [20] reported
the synthesis of phenyl-capped octaaniline by reacting tet-
raaniline with dihydroxyterephthalic acid. However, most
synthetic routes of aniline oligomers involved multi-step
reactions or the use of unstable reagents. Subsequently,
Wei et al. [22] developed a convenient and one-step
method to synthesize a series of aniline oligomers with
well-defined structures and end-groups via chemical oxi-
dation of aniline and its analogue compounds.

Recently, electroactive aniline oligomer-derivative
polymers have evoked great research attentions [23-30].
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For example, the preparation and electrochemical behavior
of electroactive polyimide have been reported by Wang
etal. [23,24] and Wei et al. [25]. On the other hand, the elec-
trochemical behaviors of electroactive polyamide with
amine-capped aniline pentamer prepared by oxidative cou-
pling polymerization have also been demonstrated by Zhang
and Wei et al. [26-29]. Furthermore, electroactive and bio-
degradable ABA type block copolymer of polylactide and
aniline pentamer have been reported as scaffold materials
for neuronal or cardiovascular tissue engineering [30]. How-
ever, the practical applications of electroactive aniline oligo-
mer-derivative polymers such as electroactive polyimide,
polyamide and epoxy resins have seldom been mentioned.

Oligomeric aromatic amines with amino groups at both
ends are of great importance in polymer science and indus-
tries because of their applications as model compounds for
electroactive polyanilines and as monomers to prepare
polyamides, polyimides and epoxy resins. A general one-
step approach was recently established by Wei et al. for
the synthesis of aniline trimer from inexpensive materials
[22]. Accordingly, trimer could be easily obtained in large
quantity by oxidative coupling of p-phenylenediamine
and aniline.

Therefore, in this work, we present first evaluations for
the effect of amine-capped aniline trimer (AT) on the cor-
rosion protection efficiency of as-prepared electroactive
polyimide. First of all, the amine-capped ATs were synthe-
sized by a one-step method from the oxidative coupling
reactions of p-phenylenediamine with aniline in an acidic
aqueous medium. The as-prepared AT molecules were
characterized by mass spectroscopy (MS), Fourier-Trans-
formation infrared (FTIR) and nuclear magnetic resonance
(NMR) spectroscopy. Subsequently, a series of polyimides
with different content of aniline trimer molecules were ob-
tained by further reacted ATs with BSAA by thermal imidi-
zation at 200 °C. The as-prepared electroactive polymers
were then characterized by FTIR and UV-visible absorption
spectroscopy. The as-prepared polyimides were further
identified by a series of electrochemical measurements
such as corrosion potential (E.,), polarization resistance
(Rp), corrosion current (Icor) and electrochemical imped-
ance spectroscopy (EIS) studied in 5 wt-% NaCl electrolyte.

2. Experimental
2.1. Materials and instrumentations

Aniline (Sigma-Aldrich) was distilled prior to use. 4,4'-
Oxydianiline (ODA; Fluka, Buchs, Switzerland), 1,4-phenyl-
enediamine (Sigma-Aldrich), N,N-dimethylacetamide (DM
Ac); (Mallinckrodt/Baker, Paris, KY), 4,4'-(4,4'-isopropyl-
idenediphenoxy)-bis(phthalic anhydride) (BSAA, Sigma-
Aldrich, 97%) were used as received without further
purification. All the reagents were reagent grade unless
otherwise stated.

Mass spectra were run on a Bruker Daltonics IT mass
spectrometer model Esquire 2000 (Leipzig, Germany) with
an Agilent ESI source (model G1607-6001). Attenuated to-
tal reflectance FTIR were obtained with a FT/IR spectrome-
ter (JASCO FT/IR-4100) at room temperature. 'H NMR

spectra were run on a Bruker 300 spectrometer, referenced
to internal standard of tetramethylsilane (TMS), DMSO was
used as solvent. UV-visible absorption spectroscopy was
obtained using a Hitachi U-2000 UV-visible spectrometer.

The passivating metal oxide layers were characterized
by scanning electron microscopy (SEM), (Hitachi S-2300),
and Electron Spectroscopy for Chemical Analysis (ESCA),
(VG Scientific ESCALAB 250).

2.2. Synthesis of N,N'-bis(4’'-aminophenyl)-1,4-
quinonenediimine

A typical procedure was recently established by Wei
et al. for the synthesis of the aniline trimer (AT) and
accordingly, AT could be easily synthesized by oxidative
coupling of 1,4-phenylenediamine and two equivalent
amounts of aniline with ammonium persulfate as oxidant,
as shown in Fig. 1 [22].

2.3. Synthesis of electroactive polyimide, electroactive
copolyimide and non-electroactive polyimide

Three polyimides were prepared using 4,4’-oxydianiline
(ODA), N,N'-bis(4’-aminophenyl)-1,4-quinonenediimine (an
iline trimer), and 4,4'-(4,4'-isopropylidenediphenoxy) bis
(phthalic anhydride) (BSAA) in different feed ratios. A typ-
ical procedure to prepare the electroactive polyimide is gi-
ven as follows: BSAA (1.04 g, 2 mmol) was added to 6.0 g of
DMACc at room temperature, with continuous stirring, for
30 min. A separate solution containing ATs (0.578 g,
2 mmol) in another 6 g of DMAc was prepared under
mechanical stirring. After stirring for 30 min, both were
subsequently mixed. The as-prepared mixture was then
stirred for an additional 48 h at room temperature. It was
subsequently poured onto the supporting substrate to
form the electroactive polyimide and then dried under vac-
uum at 200 °C for 12 h. The synthesis procedure of electro-
active polyimide is depicted in Fig. 1. Composition of the
polyimide materials with respect to ATs content, as sum-
marized in Table 1.

2.4. Electrochemical cyclic voltammetric (CV) studies on the
electroactivity of as-prepared electroactive polyimide,
copolyimide and non-electroactive polyimide

Electroactive experiments were performed on VoltaLab
40 (PGZ 301) analytical voltammeter using a conventional
three-electrode system. All the CV measurements were per-
formed at a double-wall jacketed cell, covered with a glass
plate, through which water was circulated from a YEONG
SHIH B-20 thermostat to maintain a constant operational
temperature of 25+ 0.5°C. The as-prepared polyimide-
film-coated electrode was prepared by casting the polymer
solution in DMACc (0.25 M) on top of the working electrode
and then drying it in air. The platinum foil (applied surface
area = 1 cm?) was acted as a working electrode, a platinum
wire and saturated calomel electrode (SCE) were used as
counter and reference electrode, respectively. The working
electrode coated polyimide thin film and then scanned by
potential cyclic between 0 and 0.9V with a scan rate of
50 mV s !in 1 M H,SO4. The electrochemical CV measure-



K.-Y. Huang et al./European Polymer Journal 45 (2009) 485-493 487

O

(NHg, 5,0,

O e

Fig. 1. Schematic representation of the

Table 1

o]

synthesis of aniline trimers and polyimides.

Feed composition ratio of electroactive polyimide, electroactive copolyimide, and non-electroactive polyimide with the Ecorr, Rp, Icorr, and Reorr measured from

electrochemical method.

Compound code Feed composition (molar) Electrochemical corrosion measurements
Diamine Dianhydride Eeor Ry Ieorr Reorr Thickness Pery
ODA ATs BSAA (mV) (kQ cm?) (1A/cm?) (MPY) (um)
Bare?® - - - —720 0.018 18.900 8.820 -
electroactive polyimide 0 1 1 —486.5 0.560 0.103 0.048 22 30.0
electroactive copolyimide 0.5 0.5 1 —592.2 0.246 0.400 0.187 20 12.6
Non-electroactive polyimide 1 0 1 —647.8 0.074 0.700 0.327 19 3.1

¢ Pristine CRS used for test.

ments of all samples were repeated at least three times to
ensure consistence.

2.5. Electrochemical corrosion evaluations of electroactive
polyimide, copolyimide and non-electroactive polyimide

To measure the electrochemical corrosion performance
of sample-coated CRS electrodes, a series of electroactive
polyimides were first cast dropwisely onto the CRS cou-
pons (1.0 x 1.0 cm), followed by drying in air at 200 °C
for 12 h for allowing the evaporation of solvent molecules
to give an uniform and dense coatings of about 20 + 2 pm
in thickness, measured by digimatic micrometer (Mitu-
toyo, Japan). The coated and uncoated coupons were then
mounted to the working electrode so that only the coated
side of the coupon was in direct contact with the electro-
lyte. The edges of the coupons were sealed with super fast
epoxy cement (SPAR®). All the electrochemical corrosion
measurements and impedance spectroscopy were

performed on a VoltaLab 21 (PGP 201) and repeated at
least three times to ensure a reproducible result. All the
electrochemical corrosion measurements were also per-
formed at a double-wall jacketed cell, covered with a glass
plate, through which water was circulated from a YEONG
SHIH B-20 thermostat to maintain a constant operational
temperature of 25+ 0.5 °C. As electrolyte, aqueous solu-
tions of NaCl (5 wt-%) were used. Open circuit potential
(OCP) at the equilibrium state of the system was recorded
as the corrosion potential (E.o in mV versus SCE). Polari-
zation resistance (R, in Q/cm?) was measured by sweeping
the applied potential from 20 mV below to 20 mV above
the E,, at a scan rate of 10 mV/min and recording the cor-
responding current change. R, value was obtained from the
slope of the potential-current plot. The Tafel plots were ob-
tained by scanning the potential from 250 mV below to
250 mV above the E,,; at a scan rate of 10 mV/min. Corro-
sion current (I.orr) Was determined through superimposing
a straight line along the linear portion of the cathodic or



488 K.-Y. Huang et al./European Polymer Journal 45 (2009) 485-493

anodic curve and extrapolating it through E,. The corro-
sion rate (Reor, in milli-inches per year, MPY) was calcu-
lated from the following equation:

Reorr(MPY) = [0.13orr (EW.)]/JA - d]

where E.W. is the equivalent weight (in g/eq.), A is the area
(cm?) and d is the density (g/cm®).

VoltaLab 40 (PGZ 301) potentiostat/galvanostat was
employed to perform the a.c. impedance spectroscopy mea-
surements. Impedance measurements were carried out in
the frequency range of 100 K-100 mHz. The working elec-
trode was first maintained in the test environment for
30 min before the impedance run. This step served to put
the electrode in a reproducible initial state and to make sure
that no blistering occurred during the conditioning period.
All experiments were operated at room temperature. All
raw data were repeated at least three times to ensure repro-
ducibility and statistical significance.

2.6. Scotch tape test for the adhesive property

A simple Scotch tape test was used to estimate the rela-
tive adhesiveness of the coatings to the substrate. The coat-
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ing on the CRS was cut with a razor to make grid lines. The
total test area was 4.0 cm? with each square dimension of
2 x 2 mm. Scotch tape (Scotch Magic tape with a width of
19.0 mm, by 3 M) was applied firmly to cover the grid area
at room temperature. After about 1 min, the tape was
stripped off with one quick peeling. By counting the number
of squares peeled off versus the total number of squares cov-
ered under the tape, the relative adhesiveness of the films of
the polyimide coatings can be estimated. For each sample, at
least 3 three parallel tests were performed.

3. Results and discussion
3.1. Synthesis and characterization

3.1.1. Aniline trimer

The molecular weight of aniline trimer was characterized
by matrix assisted laser desorption ionization time-of-flight
mass spectroscopy. The MS detection was performed in the
selected ion mode, affording pseudo-molecular ions in
the form of M or (MH)". From Fig. 2(a), we can see only
the molecular ion peak appeared (i.e. 289 m/z for the aniline
trimer). Moreover, in the FTIR spectrum (Fig. 2(b)) of the
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Fig. 2. Spectral studies on aniline trimer (a) MASS (b) FTIR and (c) 'H NMR spectra.
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aniline trimer, the characteristic absorption bands appeared
at3316 cm~!and 3206 cm™! arising from the terminal -NH,
of aniline trimer are observed. The characteristic absorption
peaks appeared at 1596 cm~! and 1504 cm™! were assigned
to the vibrational bands of quinoid rings and benzenoid
rings of aniline trimer, respectively. At 1300 and 830 cm™!
absorption peaks were characteristic of the aromatic N-H
group, and the para substitution of benzene ring. For the
NMR spectroscopy studies, signals at 5.50 ppm in the 'H
NMR spectrum (Fig. 2(c)) can be assigned to the primary
amine protons (-NH,) of ATs and the relative intensity of sig-
nals around 6 = 7.35-6.50 ppm allow estimation of other ex-
pected splitting of the aromatic proton signals of aniline
trimer.

3.1.2. Polyimide

Following a successful model reaction, three polyimides
were prepared using 4,4’-oxydianiline (ODA), aniline tri-
mer, and 4,4'-(4,4'-isopropylidenediphenoxy)-bis(phthalic
anhydride) (BSAA) in different feed ratios. It was found
that the stoichiometry of all monomers could be readily
achieved by slow addition of diamine to the reaction med-
ium upon observation of a significant increase in solution
viscosity. All the copolymers were characterized by spec-
troscopic means (UV-vis and FTIR).

For the studies on FTIR spectroscopy, the electroactive
polyimide prepared from thermal imidization of aniline
trimer and BSAA exhibited an obvious carbonyl asymmet-
ric stretching of vc—o located at 1850 and 1778 cm™! and
symmetric stretching of vc—o located at 1720 cm ™!, respec-
tively. The characteristic peak near 738 cm~' due to the
imide ring deformation of electroactive polyimide was also
found in the IR spectra. Moreover, the FTIR spectroscopy of
electroactive copolyimide revealed a decrease in intensity
ratio of ve—g (1850 cm™1)/ve—o (1778 cm™1), indicating de-
crease in feed composition ratio of aniline trimer/ODA ex-
isted in the as-prepared electroactive copolyimide and this
ratio permits to estimate the extent of oxidation of the
polymer. However, the non-electroactive polyimide have
lack of characteristic asymmetric stretching of vc—o
(1850 cm™!) of aniline trimer, as shown in Fig. 3(a).

Moreover, for the UV-visible spectra studies on as-pre-
pared polyimide, electroactive polyimide (Fig. 3(b) curve 1)
and copolyimide (Fig. 3(b) curve 2) had a maximum absor-
bance (/max) at 324 nm, indicating the presence of the leu-
co aniline trimer or the 1,4-bis(phenylamino) benzene
moiety in the polymer backbone [23]. However, the non-
electroactive polyimide (Fig. 3(b) curve 3) exhibited no
peak appeared at 324 nm, as shown in Fig. 3(b).

On the other hand, the results of the Scotch tape test are
to estimate the adhesive property of the polyimide coating.
In general, they were exhibited the good adhesive proper-
ties. All the polyimide coatings were almost intact com-
pletely when the tape was stripped off. It was further
demonstrated to be fabricated by electrochemical test.

3.2. Electroactivity of electroactive copolyimide, polyimide
coatings

Cyclic voltammetry (CV) has been widely used to char-
acterize the electrochemical properties of electroactive
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Fig. 3. Spectral studies on electroactive polyimide (1), electroactive
copolyimide (2) non-electroactive polyimide (3) (a) attenuated total
reflectance FTIR (b) UV-vis spectra.

polymers. In this paper, the polymers were characterized
by CV using a three-electrode electrochemical cell. A thin
film of polymer was formed by evaporation of a DMAc-
polymer solution on the surface of the Pt working elec-
trode. The CV experiment was carried out in 1.0 M aqueous
sulfuric acid solution with a scan rate of 50 mV/s. The CV
spectrum showed one oxidation peak at 0.53 V for electro-
active polyimide (Fig. 4(a)), which is similar to many long-
er oligomers that undergo two electron transfer processes.

It should be noted that the electroactive polyimide hav-
ing higher content of aniline trimer exhibited a larger re-
dox current at 3.38 mA/cm? (i.e., higher electroactivity)
as compared to that of electroactive copolyimide. How-
ever, non-electroactive polyimide showed null zero redox
current. This implied that the incorporation of ATs into
the polyimide may introduce the electroactivity into as-
prepared polyimide. Moreover, the incorporation of higher
AT content may yield a polyimide with higher electroactiv-
ity. We therefore envisioned that the electroactive polyim-
ide in the form of coating may reveal an effectively
enhanced corrosion protection effect, as similar to that of
neat polyaniline, based on a series of electrochemical stan-
dard corrosion measurements (e.g., potentiodynamic and
electrochemical impedance measurements) as discussed
in the following sections.
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Fig. 4. (a) Cyclic voltammetry of the polyimide shown as (1) electroactive
polyimide, (2) electroactive copolyimide, and (3) non-electroactive poly-
imide above were measured in aqueous H,SO,4 (1.0 M) with scan rate of
50 mV/s. The proposed oxidation mechanism is shown below. (b) Tafel
plots for (1) electroactive polyimide, (2) electroactive copolyimide, and
(3) non-electroactive polyimide, measured in 5 wt-% aqueous NaCl
solution.

3.2.1. Potentiodynamic measurements

In this section, corrosion protection effect on the CRS
electrodes coated with a series of as-prepared polyimides
can be evaluated by operating sequential electrochemical
corrosion parameters such as Ecor, Ry, Icorr and corrosion
rate (Reorr)-

Generally, CRS electrodes coated with neat non-electro-
active polyimide coating shows a higher E . value than
the uncoated CRS electrode, which is consistent with previ-
ous observation on organic-based coating system [31].
However, it revealed a lower E,, value than the specimen
coated. For example, electroactive polyimide-coated CRS
electrode exhibited a high corrosion potential of ca.
—486.5 mV at running time of 30 min (I =0.103 pA/
cm?). Even after 5 h measurement, the potential remained
at ca. —488.5 mV. Such E . value implies that the electro-

active copolyimide-coated CRS electrode is noble towards
the electrochemical corrosion compared to the neat un-
electroactive polyimides. Furthermore, the non-electroac-
tive polyimide-coated CRS showed corrosion potential of
-647.8 mV (Icorr = 0.700 pA/cm?), which is significantly
lower than that of electroactive copolyimide, indicating
that electroactive polyimides with higher AT content dis-
play better corrosion protection performance on CRS elec-
trode than that of low content of aniline trimer. The most
anodic value of E,; indicates that the electroactive poly-
imide-coated CRS electrode should have the highest corro-
sion protection. Therefore, this shift is related to
transformation of emeraldine state of electroactive poly-
imide coating to the leucoemeraldine state corrosive solu-
tions [32]. The polarization resistances, R,, were evaluated
from the Tafel plots, according to the Stearn-Geary equa-
tion [33],

Rp = babc/2.303(bq + bc)Icurr

Here, I is the corrosion current determined by an
intersection of the linear portions of the anodic and cathodic
curves, and b, and b, are anodic and cathodic Tafel slopes
(AE/Alogl), respectively. The protection efficiency (Pggy)
values were estimated using the following equation [34]:

Py = 100[R, " (uncoated) — R, ' (coated)] /R, (coated).

The CRS electrodes coated with electroactive polyi-
mides having higher content of aniline trimers showed a
polarization resistance (R,) value of 0.56 x kQ/cm? in
5 wt-% NaCl electrolyte, which is obviously greater than
that of CRS electrode coated with electroactive copolyi-
mides with lower content of aniline trimers (R, = 0.246
kQ/cm?). Tafel plot for (1) electroactive polyimide-coated
(2) electroactive copolyimide-coated (3) non-electroactive
polyimide-coated CRS electrodes are shown in Fig. 4(b). For
example, the corrosion current (I.oy) of CRS electrode
coated with electroactive polyimide is ca. 0.100 pA/cm?,
which is correspondent to a corrosion rate (Rcor) Of ca.
0.048 milliinches per year (MPY), which is significantly
lower than that of non-electroactive polyimide (i.e.,
0.700 pA/cm? and 0.327 MPY), as summarized in Table 1.

3.2.2. Electrochemical impedance measurements
Electrochemical impedance spectroscopy (EIS) was an
alternative tool to evaluate the activity difference between
surface of CRS electrode after un-electroactive polyimide,
electroactive copolyimide and electroactive polyimide
treatment. Impedance is a totally complex resistance when
a current flows through a circuit made of capacitors, resis-
tors, or insulators, or any combination of these [35]. EIS
measurement results in currents over a wide range in fre-
quency. For the electroactive polyimides, an analogue cir-
cuit (called a Randles circuit), as represented in upper
part of Fig. 5(a) could be used, in which together with
the above traditional components. It is made of a double-
layer capacitor in parallel with a charge transfer resistor
and connected in series with a electrolyte solution resistor.
The impedance (Z) depends on the charge transfer resis-
tance (R.), the solution resistance (Rs), the capacitance of
the electrical double-layer or oxide film capacitance (C),
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Fig. 5. (a) Analogue circuit, (b) Nyquist plots for (1) electroactive
polyimide, (2) electroactive copolyimide, and (3) non-electroactive poly-
imide-coated CRS electrode, measured in 5 wt-% aqueous NaCl solution.

and the frequency of the AC signal (w). It can be reduced
as:

Z=27+jZ" =R +Rt/[1 + ReCain)?]
+J(R%Cai) /11 + (RetCater)°]

The high-frequency intercept is equal to the solution
resistance, and the low-frequency intercept is equal to
the sum of the solution and charge transfer resistances
[36]. The higher the semicircle diameter (charge transfer
resistance) the lower the corrosion rate [36,37].

A series of samples denoted with (1)-(3) were coated by
electroactive polyimide, electroactive copolyimide and
non-electroactive polyimide. The corrosion protection
studies of these samples with ~20 + 2 pum in coating thick-
ness immersed in 5 wt-% aqueous NaCl electrolyte for
30 min was followed by EIS.

First of all, we found that the charge transfer resistance
of samples as determined by the intersection of the low-
frequency end of the semicircle arc with the real axis is
106.4, 264.8, and 517.6 kQ cm?, respectively (Fig. 5(b)).
This result clearly demonstrated that the sample, with
the highest content of aniline trimer, has the greatest cor-
rosion protection performance. It should be further noted
that neat electroactive polyimide exhibited a higher
charge transfer resistance (i.e., 517.6 kQ cm?). According
to the Fig. 5(b) (curve 3), the non-electroactive polyimide
exhibits a charge transfer resistance of 106.4 kQ cm?.

Furthermore, EIS Bode plots (impedance vs. fre-
quency) of as-prepared electroactive polyimide are
shown in Fig. 6. The increase of impedance value at high
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Fig. 6. Bode plots for (1) electroactive polyimide, (2) electroactive
copolyimide, and (3) non-electroactive polyimide-coated CRS electrode,
measured in 5 wt-% aqueous NaCl solution.

content of aniline trimer in the monitoring frequency re-
gion from low to high-frequency can be interpreted due
to redox catalytic property of electroactive polyimide re-
sulted from the aniline trimer. Again, the electroactive
polyimide coating, exhibited a higher charge resistance
than that of non-electroactive and electroactive copolyi-
mides, in the entire monitoring frequency range base on
the studies of EIS Bode plots. In conclusion, the enhance-
ment of anticorrosive effect in electroactive polyimide, in
the form of coating, compared to non-electroactive poly-
imide might be resulted from the passive layer of metal
oxide induced by the electroactive redox catalytic

property.
3.3. Observations and investigation on the CRS surface

Visual observation of the passivation oxide layers
exhibited a grayish oxide layer form over the CRS surface
under the electroactive polyimide and electroactive
copolyimide coating on CRS. The as-prepared samples
were stored 24 h at room temperature and then removed
by razor knife. It is similar to what was observed by Wes-
sling [38,39]. The SEM images revealed that the oxide lay-
ers was formed between the electroactive polyimide and
electroactive copolyimide coating and the CRS surface
(Fig. 7(b, and c)) but we could not observe the same image
from the pure CRS surface (Fig. 7(a)).

In addition to the SEM observations, the chemical nat-
ure of the passivation oxide layers was measured by ESCA.
The surface of CRS were first coated with the electroactive
polyimide and electroactive copolyimide then exposed to a
NaCl corrosion environment for a short period of time
(24 h). Then the electroactive polyimide and electroactive
copolyimide layer was removed and examined by ESCA.
The Fe 2psj; peak binding energy of Fe,O5; is 710.9 Ev;
FeO is 709.6 eV; and Fe;04 is 710.3 eV. The binding energy
plots verses intensity for the iron oxide layers are shown in
Fig. 8. The Fe 2p spectra of FeO and Fe;0,4 are similar and it
is hard to distinguish from each other. The Fe 2p;,, and Fe
2p3,2 binding energy were about 724 and 711.0 eV. It was
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Fig. 7. SEM image for (a) polished, (b) electroactive copolyimide-coated, (c) electroactive polyimide-coated CRS surface.
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Fig. 8. ESCA Fe 2p core level spectra of (a) electroactive copolyimide, (b)
electroactive polyimide.

indicated that the passive oxide layer is predominately
composed by Fe,03, above a very thin Fe;04 layer [40].

4. Conclusions

The electroactivity of as-prepared electroactive polyim-
ide was identified by the cyclic voltammetry (CV) studies.
It should be noted that the electroactive polyimide having
higher content of aniline trimer exhibited a larger redox
current (i.e., higher electroactivity) as compared to that
of electroactive copolyimide. However, non-electroactive
polyimide showed zero redox current. This implied that
the incorporation of ATs into the polyimide may introduce
the electroactivity into as-prepared polyimide.

This is the first time that we present evaluations for the
effect of ATs on the corrosion protection of as-prepared
electroactive polyimide coatings. The as-prepared polyim-
ide with higher content of ATs exhibited obviously en-
hanced corrosion protection efficiency on CRS electrodes
on a basis of a series of electrochemical measurements
such as Ecorr, Rp, Icorr and EIS studies. The significant
enhancement of corrosion protection on CRS electrodes
might probably be attributed to the redox catalytic prop-
erty of electroactive aniline trimer in the formation of pas-
sive layer of metal oxide which was investigated by SEM
and ESCA. The iron oxide of the CRS surfaces were studied
and found to have a thin layer containing Fe,O03; and Fe30,.
The passivation mechanism of electroactive polyimide on
the CRS surface is similar to that of polyaniline. The ATs
show the excellent corrosion inhibition and acting as a re-
dox catalyst to increase the corrosion protecting ability.
These electroactive polyimides are promising anticorrosion
materials in many applied fields.
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