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Electro-active maleic acid capped trianiline (MTA) was synthesized by reaction of maleic anhydride 

with trianiline (TA). Photopolymerization of aromatic acrylate (PAA) and MTA were applied on Q235 

carbon steel to afford oligoaniline containing electroactive coatings. The anticorrosion behavior of 

photo-cured coatings with 1 wt% and 2.5 wt% MAT was investigated in 3.5% NaCl solution via 

potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS).  It was 

observed that acrylate containing MTA coatings exhibited better corrosion resistance than the pure 

aromatic acrylate coating did. 
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1. INTRODUCTION 

Since Deberry reported stainless steels covered by a thin polyaniline (PANI) film exhibited an 

excellent corrosion resistance in an acidic environment in 1985 [1], interest has been increasing in the 

use of intrinsically conducting polymers (ICPs) for the protection of metallic materials against 

corrosion [2, 3]. Among all the ICPs, PANI is one of the most studied conducting polymers for 

anticorrosion applications because of its ease of synthesis, environmental stability and relative low cost 

[4]. One of the most convenient ways to prepare PANI based anticorrosive coatings is via direct 

electropolymerization on the metallic substrate [5-7]. However, electrodeposited PANI suffered from 

some disadvantages such as limited mechanical properties, poor adhesion to the metal surface, and 

poor processability, which restricts its further practical applications.  
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An alternative strategy for achieving PANI based anticorrosive coatings is the addition of 

miscible or dispersible PANI nanoparticles to the conventional polymeric resins to obtain composite 

coatings. This technology combines the electrochemical protection of metal from PANI and the good 

barrier protection from polymeric resins, enabling the enhancement of anticorrosion performance via 

synergistic effects between PANI and polymeric resins. To present, a variety of PANI-based 

nanoparticles has also been developed as anticorrosive additives for the organic coatings including 

proton acid doped PANI nanoparticles [8] and PANI hybrid composites (typically with SiO2 [9-11], 

Clay [12, 13], ZnO [14], Zn [15], glass fiber [16], Al2O3 [17], carbon nanotube [18], grahite 
[19]

, 

graphene [20]. 

Oligoanilines analogues such as trianiline, tetraaniline and pentaaniline exhibit similar 

electrochemical properties as PANI. Meanwhile, the solubility of oligoanilines is much improved over 

that of PANI [21, 22]. Several oligoaniline-containing anticorrosive coatings have been developed, 

including epoxy thermosets [23, 24], polyimide [25, 26], polyurea [27], thermal-cured maleimide-

containing benzoxazine and amine-capped aniline trimmer
 
[28]. The preparation of anticorrosive 

polyimide/clay and polyimide/graphene hybrid coatings has also been reported by Yeh and coworkers 

[29]. Remarkably enhanced corrosion protection on metal was observed due to synergistic effects of 

electroactive aniline trimer and barrier properties of clay and graphene. Recently, we have prepared 

oligoaniline-containing electroactive hybrid coatings by sol-gel reaction of N-(3-

triethoxysilylpropylureido) anilinetetramer (TESPAT) and triethoxymethylsilane (TEMS). The as-

prepared hybrid coatings exhibited remarkably improved corrosion protection of steel as confirmed by 

polarization curves and electrochemical impedance spectroscopic (EIS) measurements [30]. 

Recently, photoinduced polymerization has drawn much attention in the field of organic 

coatings because it processes many advantages such as fast curing speed, low energy consumption and 

low VOC content[31]. Up to now, there is no report on utilization of photo curing technique to prepare 

oligoaniline-based anticorrosive coatings. In this study, we demonstrated the synthesis of novel maleic 

acid-capped trianiline (MTA), and preparation of anticorrosive coatings on Q235 carbon steel via 

photopolymerization of aromatic acrylate and maleic acid capped trianiline (MTA) in presence of 

phosphorus photoinitiator (Figure 1). The anticorrosion behavior of the composite coatings was studied 

by potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS). 

 

 
Figure 1. Preparation of electroactive coatings by photocuration of hexafunctional acrylate and maleic 

acid-capped trianiline (MTA). 
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2. EXPERIMENTAL 

2.1 Materials  

All reagents were purchased from Sigma-Aldrich and Aladdin, and used without further 

purification unless otherwise noted.  UV-curable aromatic acrylate (AA, Hexafunctional SARTOMER 

CN975 NS, molecular weight of approx. 800) was donated from SARTOMER Company. The aniline 

trimer was prepared according to the literature [32]. 

 

2.2 Synthesis of Maleic Acid-Caped Aniline Trimer (MTA) 

Maleic acid-caped aniline trimer (MTA) was synthesized by reaction of trianiline with maleic 

anhydride in THF at 40
 o

C. Typically, aniline trimer (2.90 g, 10 mmol) and maleic anhydride (2.45 g, 

25 mmol) were dissolved in THF (40 mL) with vigorous stirring at 40 °C. After the reaction was 

carried out for 5 h at 50 
o
C, the mixture was precipitated from a large amount of petroleum ether. The 

solid was collected by filtration, purified by reprecipitation from THF into petroleum ether, and dried 

at 60
 
°C in vacuum to yield 3.9 grams of MTA (80.3%). 

 

2.3Preparation of UV-curing composite coatings  

Q235 carbon steel was used for all the electrochemical studies. The steel specimens were used 

as working electrode, and they were embedded in epoxy resin with a surface area of 1.0 cm
2 

exposed. 

The specimens were carefully abraded with sequence emery papers of various grade (400-800 grit), 

washed with distilled water, degreased in acetone, and finally dried in a vacuum. MTA (1 wt% or 2.5 

wt%), diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (photoinitiator, 0.5 wt%), and aromatic 

urethane acrylate were predissolved in THF and stirred for 1 hour to form a homogenous solution. 

After the solvent was removed by rotary evaporator, the liquid prepolymer mixtures were applied on 

the Q235 steel electrode surfaces with a bar coater with a coating thickness about 20 μm measured 

using a PosiTector6000FNS1 apparatus. The coated electrode was then exposed to UV light (365 nm, 

1 kw) for 3 minutes to obtain PAA/MTA coatings. Pure PAA coating was also prepared in a similar 

procedure except the addition of MTA. 

 

2.4 Characterizations 

The chemical structure of maleic acid capped trianiline (MTA) was identified by 

FTIR(NICOLET 6700, Thermo), 
1
H NMR (400 MHz AVANCE III, Bruker)  and UV-vis spectra 

(Lambda 950, Perkin-Elmer), respectively. For FTIR, MTA was analyzed using the KBr pellet method, 

the background spectrum was obtained from a pure KBr pellet of the same size. Cyclic voltammetry 

(CV) measurement of MTA was carried out in a conventional three-electrode cell with a platinum 

counter electrode and a saturated calomel electrode (SCE) equipped with a Luggin capillary as 

reference. MTA modified glassy carbon electrode was working electrode. 
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Electrochemical impedance spectroscopy (EIS) and polarization curves were performed on an 

electrochemical workstation (CHI-660E, Chenhua) in 3.5 wt% NaCl solution at room temperature. 

Before corrosion test, the open circuit potential (OCP) was measured, then the EIS measurements were 

performed at OCP with a 15 mV AC perturbation in the frequency range of 10
5
 Hz to 0.01 Hz. To 

quantitatively evaluate the anticorrosive performance of as-prepared composite coatings, the EIS data 

were fitted by ZsimpWin3.21 software with equivalent circuits. Polarization curves were recorded 

from -250 mV to +250 mV versus OCP by changing the electrode potential automatically with a scan 

rate of 0.5 mV/s.  

 

3. RESULT AND DISCUSSION 

3.1 Synthesis and characterization of maleic acid capped trianiline (MTA) 

The preparation of photoactive oligoaniline is shown in Scheme 1. Reaction of excess maleic 

anhydride with trianiline afforded maleic acid capped trianiline (MTA) in 80.3% yield. The structure 

of MTA was characterized by FTIR and NMR spectroscopy. In the FTIR spectrum of trianiline (TA) 

(Figure 2), the characteristic absorption bands at 3311and 3209 cm
-1

 are assigned to terminal NH2 of 

trianiline, and the absorption bands appearing at 1599 and 1498 cm
-1

 arise from the vibrational bands 

of the quinoid rings and benzenoid rings of trianiline, respectively. The absorption peaks at 1303 cm
-1

 

and 827 cm
-1

 are characteristic of the aromatic N-H group and the benzene ring. For the FTIR 

spectrum of MTA, the NH2 absorption bands at 3311 and 3209 cm
-1

 were almost disappeared due to 

the reaction of malic anhydride. In the mean time, the presence of C=O and C=C absorbance peaks at 

1706, 1694 and 1640 cm
-1

 confirmed the successful reaction between maleic anhydride and aniline 

trimer. 

For further NMR spectroscopy characterizations (Figure 3), the signals appearing at 5.5 ppm 

are attributed to the primary amine protons of TA, and signals at around 7.0 ppm represent the 

aromatic proton signals. The complete reaction between TA and malice anhydride was confirmed by 

the disappearance of primary amine protons at 5.5 ppm, accompanying the presence of typical 

carboxylic acid protons (10.5 ppm), primary amide protons (7.8 ppm), and double bond protons (6.2 

and 6.4 ppm) derived from end capped maleic acid. 

 

 
  

Scheme 1. Synthesis of maleic acid-capped trianiline 
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Figure 2. FTIR spectra of TA and MTA. 

 

 
 

Figure 3. 
1
H NMR spectra of trianiline and MTA measured in DMSO-d6. 

 

 
Figure 4. UV-vis spectra of TA and MTA measured in THF. 
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3.2 Electro-optical Properties of MTA  

The electro-optical properties of MTA were confirmed by UV-vis spectra and cyclic 

voltammetry (CV). As can be seen from Figure 4, TA and MTA show similar UV-vis absorptions to 

those of undoped polyanilines, which exhibit two absorption maxima at around 320 and 550 nm. These 

peaks represent the π-π* transition benzenoid ring and charge-transfer excitation-like transition bands 

of the emeraldine base form of oligoaniline. Cyclic voltammetry (CV) measurement of MTA was 

conducted in 1 M HCl as a scan rate of 20 mV/s. It showed a single oxidation peak with an oxidation 

current of 66 μA/cm
2
, and an reduction peak with a reduction current of 84μA/cm

2
 (Figure 5a), which 

is similar to the reported trianiline derivatives that undergo a two electron transfer processes[23] 

(Figure 5b).  

 

 
 

Figure 5. Redox behavior of MTA modified glassy carbon electrode measured in 1.0 M HCl aqueous 

solution, the scan rate was 20 mV/s. 

 

3.3 Preparation and Characterization of UV-cured AUA/MTA composite coatings 

The use of photocurable materials for coating applications is advantageous because it is eco-

friendly and energy-efficient compared to traditional solvent-based processes. In present study, 

incorporation of MTA (1 wt% and 2.5 wt%) into liquid hexafunctional aromatic acrylate and 

subsequent photopolymerization afforded oligoaniline containing electroactive coatings. The 

composite coatings were characterized by FTIR and SEM. As shown in Figure 6, the typical 

absorption bands of acrylate monomer at 1727, 1635 and 810 cm
-1

 are assigned to C=O stretching, 

C=C vibration and =CH alkene twisting absorptions, respectively. After the acrylate/MTA precursor 
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were exposed to UV light for 3 minutes, the significant weakness of the absorption peaks at 1635 and 

810 cm
-1

 confirmed the occurrence of photopolymerization. The morphology of as prepared 

acrylate/MTA coating surface or cross section showed no obvious phase separation or coating defect 

as evidenced by SEM (Figure 7). 

 
Figure 6. FTIR spectra of PAA and PAA/ 1% MTA coatings 

 

 
 

Figure 7. SEM images of (a) surface morphology of PAA/ 1% MTA coating and (b) cross-section of 

PAA/ 1% MTA coating. 

 

3.4 Potentiodynamic Measurements 

PANI has been widely used for corrosion protection of metals such as carbon steel [33], 

titanium[34], copper[35] and aluminum alloys[36].  However, the poor solubility and processability of 

polyaniline limited its further applications as anticorrosion coatings. To address this issue, 

considerable work has recently been done by incorporation of oligoanilines into synthetic polymers.  

Such oligoaniline-based base polymers exhibit improved solubility, while maintaining similar 

electrochemical properties as PANI due to their conjugated structures. [37]. We therefore anticipated 
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that this redox behavior of MTA based photocured coatings exhibit a similar enhanced anticorrosive 

performance, as confirmed by polarization curves and EIS. 

Figure 8 shows the Tafel polarization curves for bare Q235 steel, steel coated with pure 

acromatic acrylate coatings (PAA), steel coated PAA coating with 1.0% and 2.5 wt% MAT after 48 

hours immersion in 3.5% NaCl solution. The Tafel region are identified (±50mV with respect to the 

corrosion potential) and the corrosion current density (icorr), corrosion potential (Ecorr) are determined 

by superimposing a straight line along the linear portion of the cathodic and anodic curves [38]. The 

corrosion rate of bare Q235 steel decreased obviously when it coated with different composite coatings 

as seen in Table 1. Compare to the neat PAA coating (-0.635V), the shift in the Ecorr towards more 

positive values for the PAA/1.0%wt MTA (-0.614V) and PAA/2.5% wt MTA (-0.601V) are apparent 

after 48 hours of exposure. The icorr of PAA-2.5%MTA is only 0.082 μA cm
-2

 after immersed in 3.5% 

NaCl solution after 48 hours, which is lowered 200 times than of the bare Q235 steel (17.1 μA cm
-2

). 

The value of ba changed slightly between the neat Q235 steel and metal/coating system. However, the 

absolute bc values of coatings/metal system were much larger than that of neat Q235 steel (-62.9 mV 

dec
-1

), indicating that cathodic reaction (mainly the oxygen reduction reaction) was inhibited when 

Q235 steel coated with PAA composite coatings. 

The protection efficiency of the Q235 steel is calculated using the following equation (1)[39]: 

%100
)(

)()(
% 




uncoatedi

coatediuncoatedi
P

corr

corrcorr
EF      (1) 

Obviously, the PEF% of PAA-2.5%MAT (99.5%) is the highest, suggesting that this composite 

coating provides better anticorrosion performance on Q235 steel.   
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Figure 8. Polarization curves of bare Q235 steel (a), neat PAA coating (b), PAA 1% MTA coating (c) 

and PAA /2.5% MTA coating (d) immersed in 3.5%NaCl solution after 48 hours. 
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Table 1. Corrosion parameters of different specimen immersed in 3.5% NaCl solution after 48 hours 

 

 Ecorr(V/vs.SCE) icorr 

(μA cm
-2

) 

ba 

(mV dec
-1

) 

bc 

(mV dec
-1

) 

Rp 

(KΩcm
2
) 

Q235 steel -0.701 17.1 74.3 -62.9 1.94 

PAA  -0.635  0.72 81.5 -241.3    46.2 

PAA/1 %MTA -0.614 0.12 95.7 -187.5   280 

PAA/2.5%MTA -0.601 0.082 91.2 -152.5   495 

 

3.5 EIS measurements 

To investigate the anticorrosive performance and degradation processes of Q235 steel coated 

with pure PAA and PAA/MTA composite coatings, impedance diagrams (including Nyquist and Bode 

plots) were conducted at OCP after different immersion time in 3.5% NaCl solution, and presented in 

Figure 9. 
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Figure 9.  EIS spectrum obtained after different immersion times in 3.5%NaCl solution by PAA 

coating(a), PAA-1% MTA (b) and PAA-2.5 % MTA coating (c). 
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Figure 10. Equivalent circuits of Q235 steel/aromatic acrylate coatings in 3.5wt% NaCl solution, (a): 

for one time constant; (b): for two time constants. 

 

Table 2. The electrochemical corrosion parameters fitted from the equivalent circuit 

 

coatings Tim

e 

hour 

Rs  

Ω cm
2 

 

Qc 
-2cm F 11

Hz
n  

n1 Rc 

KΩ cm
2
  

Qdl 

-2cm F 21
Hz

n  

n2 Rct 

KΩ cm
2
 

PAA 2 0.01 6.61 0.69 65.1    

 12 0.01 1.25 0.53 1.45 1.61 0.74 4.01 

 24 0.01 1.43 0.99 0.56 21.5 0.52 3.29 

 48 0.01 55.6 0.59 0.49 0.73 0.85 2.63 

PAA 2 0.01 3.89 0.66 141    

1%MTA 12 0.01 9.87 0.87 31.2 8.91 0.59 46.7 

 24 0.01 9.59 0.59 30.4 41.1 0.74 42.1 

 48 0.01 7.06 0.63 17.2 60.1 0.69 41.4 

PAA 2 0.01 5.31 0.51 23.4 1.37 0.71 131 

2.5%MT

A 

12 0.01 9.57 0.55 21.2 6.48 0.55 89.6 

 24 0.01 4.23 0.51 4.42 12.8 0.57 89.1 

 48 0.01 1.56 0.65 3.85 16.5 0.54 87.1 

 

For the neat PAA coatings (Figure 9a), only one time constant can be observed after 2 hours 

immersion and the impedance modulus is high, suggesting the good corrosion resistance performance 

at the initial immersion. The impedance modulus in the low frequency decreased gradually with the 

increase of immersion time and two time constants appeared after 12 hours, indicating corrosion 

medium (such as water, Cl
-
 and oxygen) permeated into the coating and reacted with the substrate 

metal. For the PAA coatings with 1 wt% and 2.5 wt% MTA (Figure 9b and 9c), the diagrams also 

presented two time constants. The impedance modulus decreased quickly during the initial 12-hour 

immersion and then remained stable during the longer immersion times. The capacitive arc radiuses of 

MTA containing PAA coating are much larger than that of neat PAA coating, suggesting the existence 

of oligoaniline improved the corrosion resistance of PAA coating.  
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In order to quantitative evaluate the degradation processes of the composite coatings, two 

equivalent circuits (Figure10a and 10b) were used to fit the EIS data and the corrosion parameters 

obtained from ZSimpWin 3.21 software were summarized in Table 1. In Figure10, Rs is the solution 

resistance, constant phase angle element Q is used instead of pure capacitance, because a dispersion 

effect may be caused between the metal/coating system [40,41]. Q is expressed as ω-n/Y0·(cos nπ/2 + j 

sin nπ/2), where Y0 and n are the constant and exponent, respectively, and ω is the angular frequency in 

rad s
-1

 (ω =2π f ), and j
2
 = -1 is an imaginary number. The high-frequency elements Qc~ Rc correspond 

to the capacitance and coating resistance of composite coating; The medium-low frequency elements 

Qdl~Rct are double-layer capacitance and charge-transfer resistance, respectively[42-46]. 

As shown in Table 2, Rs kept unchanged during the whole immersion time. The coating 

resistance (Rc) of PAA/ MTA coatings were higher than the neat PAA coating from 2 to 48 hours 

immersion. Especially, the PAA coating containing 1% MTA owned a maximum value, which varied 

from 141 to 17.2 KΩ cm
2
. With the addition of MTA, the porous PAA coating was improved and as 

time passed, the accumulation of the corrosive ions into the porosities of PAA coating lead to the 

higher affinity to ions and became more conductive. Thus, the Rc of the three coatings decreased with 

the increase of immersion time in 3.5% NaCl solution. 

In case of PAA coating containing different content of MTA, both of the Rc and the charge-

transfer resistance (Rct) decreased with time. The Rct of the neat PAA coating, PAA coating containing 

1% and 2.5% MTA, reduced from 4.01 to 2.63 KΩ cm
2
, 46.7 to 41.4 KΩ cm

2
, 89.6 to 87.1 KΩ cm

2
 

from 12 to 48 hours, respectively. Moreover, the PAA coating containing 2.5% MTA exhibited the 

best corrosion resistance, probably due to the conductivity and chelation of MTA. On the one hand, the 

anodic and cathodic reaction can be insulated because the presence of MTA facilitated metal oxide 

film formation; On the other hand, the metal chelating substance and the shielding effect of oxygen 

from MTA could also improve the anti-corrosion effect of PAA coating. 

 

 

4. CONCLUSION 

In summary, we have been successfully prepared electroacitve oligoaniline based coatings by 

photocuration of hexafunctional acrylate with MTA. Electrochemical measurements indicate that MTA 

obviously enhanced corrosion protection efficiency of PAA coating based on Q235 carbon steel. The 

protection efficiency PAA-2.5%MAT increased to more than 99%. This electroactive and 

photocurable oligoaniline showed promising applications for anticorrosion coatings.  
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