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ABSTRACT 

Aqueous polymer colloidal nanoparticles, composed by poly(methyl metacrylate), butyl 

acrylate, and acrylic acid, as “core” (P(MMA/BA/AA)); and polyaniline (PAni) doped with 

dodecylbenzenesulfonic acid (DBSA), as “shell”, were prepared. The complete synthesis 

consisted of two-steps. In the first step P(MMA/BA/AA) particles were obtained in a semi-

continuous process by free radical emulsion polymerization, followed by a second step where 

the chemical oxidative polymerization of aniline monomers upper the “core” surfaces occurred. 

Transmission electron microscopy images (TEM) and dinamic light scattering (DLS) 

confirmed the obtaining of spherical nanoparticles, which are stable for further free solid film 

preparation and coatings for metal protection. The free films were characterized by FTIR, 

Raman, UV-vis, X-Ray photoelectron spectroscopy (XPS), differential scanning calorimetry 

(DSC), thermogravimetry (TGA), optical and scanning electron microscopy (SEM), static 

contact angle, mechanical properties and water absorption. The metal protection was evaluated 

after check the adhesion properties and the impedance parameters. The presence of a low 

concentration of PAni-DBSA (3 wt. %) on the acrylic polymer altered the hydrophilicity and 

the water uptake properties of the coatings without affecting the capability of obtaining passive 

layers for the protection of phosphatized carbon steel surface against corrosion, even after 

almost 20 days of immersion in NaCl aggressive solutions. 

 

Keywords: core-shell, acrylic polymer, polyaniline, X-ray photoelectron spectroscopy, 

corrosion 
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1. INTRODUCTION 

Polyaniline (PAni) is the most studied inherently conducting polymer (ICP or simply, CP), 

since the first publication came to light in the early 20th century [1]. It was extensively used as 

an aqueous soluble anticorrosive additive to reinforce the corrosion protection offered by 

insulating organic coatings [2]. In this way, PAni has been formulated in several forms for 

corrosion protection purposes, such as the application of the CP as a single film [3][4], as primer 

[5], as well as solid pigment or polymer additive [6–9]. However, the major handicap of PAni 

applications in solvent-borne or water-borne coatings materials is its insolubility in common 

organic solvents and neutral water. Its high agglomeration tendency, caused by the rigidity in 

the conjugated double-bond backbone and caused by the high density of electrical charges 

inside the CP matrix, difficult its dispersion in the polymer resin. 

An alternative to reduce the agglomeration tendency of CP that has undertaken special 

research interest is its use as core-shell systems [10–12]. The technology of core-shell synthesis 

is not new, several works have been reported for soft polymers[13], soft-rigid hybrid materials 

[14,15] and solid inorganic compounds [16]. Particles with core-shell morphology has some 

advantages over pure polymer particles and the synthetic routes are usually facile. Although, 

conventional emulsion and suspension polymerization are preferred procedures [17–19], others 

methodologies have also been employed [20–23]. The formation of shells, in core particles, 

allows the incorporation of various compositions into the same structure, yielding hybrid or 

multifunctional particles, with controlled particle sizes. Thus, the composition and the structure 

of the core and shell can be modulated, enabling the use of more sophisticated materials, as 

shell coating, and low cost materials, as core [18,24]. 

Different polymers and copolymers have being used as core, inner part, and PAni CP as 

shell, outer layer [17,25–28] As for example, Chiu and co-workers [29] studied the synthesis 

of core-shell polymers with poly(butyl acrylate–methyl methacrylate) (BA-MMA) as core and 
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PAni as shell, via two-step emulsion polymerization. They approached the effect of using 

different proportions of the monomers, butyl acrylate (BA) and methyl methacrylate (MMA), 

on the morphology of the core, as well as the effect of the concentration of aniline and 

dodecylbenzenesulfonic acid (DBSA), as doping agent, on the electrical conductive properties 

of latexes films. In another example, Xu et al. [19] also investigated core-shell particles 

composed by MMA/BA/acrylic acid/PAni, via miniemulsion polymerization, varying the 

concentration of aniline monomer and coupling an ultrasound system for better dispersion of 

reagents. With this variation, they obtained nanometric particle sizes (80-90 nm) and the 

conductivity increased with the increase in PAni’s concentration.  

Zaragoza-Contreras and co-workers [20,21] synthesized, for first time, polystyrene/PAni 

(PS/PAni) core-shell particles using a reactive surfactant anilinium dodecylsulfate, as surfmer. 

Surfmers are amphiphilic compounds consisting of a polymerizable group (usually 

hydrophobic), and a hydrophilic head group (neutral or charged), connected by a spacer (usually 

an alkyl chain with at least six methylene groups) [30]. They proved that the modified aniline 

monomer, anilinium dodecylsulfate, is able to go toward the external phase instead of to the 

internal phase, as with conventional surfmers with carbon–carbon double bonds, thanks to its 

amphiphilic nature [20]. Blinova et al.[22], Li et al.[23] and Liu et al.[31] synthesized PS/PAni 

microparticles using a method of swelling, diffusion and polymerization of PAni in the PS core. 

First, the PS particles were synthesized by the emulsion polymerization method and after being 

swollen with aniline. Blinova et al. [22] and Li et al. [23] affirms that liquid aniline is a good 

solvent for PS and the first is concentrated in the interior of the particles by diffusion, where 

the oxidative chemical polymerization occurs. Depending on the ratio of PS:aniline, it is 

possible to obtain the PAni in the interface between the nucleus and the outer layer. The method 

was called “swelling-diffusion-interfacial-polymerization”. However, the particles synthesized 

are in the micrometer dimensions. 



5 

To date, a high number of works on core-shell polyacrylates/PAni synthesis and their 

characterization have been successfully reported, as mentioned above [22,25,26,29,31]. 

However, these studies were mainly developed to obtain and characterize the core-shell 

particles in the form of powder, not films. Few studies related to the obtaining of free films 

have been performed using acrylate polymers and CPs [32–34]. As for example, Huijs et al. 

[32] prepared transparent and conducting latex films from core-shell lattices with poly(butyl 

methacrylate) (PBMA) core and polypyrrole (PPy) shell. In this case, a very low weight 

percentage of PPy were used in the shell (1, 2 and 4 wt. %) and the new films were compared 

with that fabricated with pure PBMA latex. The PBMA latex film with 1 wt.% of PPy shell 

showed the best combination of conductivity and relatively fast film formation. The speed of 

film formation strongly depended on the thickness of the polymer shell. On the other hand, 

Chen et al. [34] synthesized a highly conductive poly(3,4-ethylenedioxythiophene)–

poly(styrenesulfonic acid)–poly(styrene-co-butyl acrylate) ((PEDOT:PSS–P(St–co–BA)) 

composite latexes, by emulsion polymerization. Different ratios between styrene monomer (St) 

and butyl acrylate (BA) were evaluated. They verified that more flexible films and slightly 

distorted morphology of the core-shell particles were obtained with a higher content of BA 

(St:BA: weight ratio of 1:3), at room temperature (RT). In addition, they observed that the 

transparency of the film was increased significantly using a soft core, like PS, as well as 

combining superior processing and flexibility properties.  

 In all cases, a low concentration of PAni and other types of CPs were employed (less 

than 10 wt. %). In the present work, we used the previous reported synthesis of core-shell 

particles to obtain P(MMA/BA/AA)/PAni free films, with controlled core-shell particle size 

and ease coating deposition. Latex synthesis was carried out through emulsion polymerization 

in two steps, as reported elsewhere [19,29], with a slight modification. In the first stage, 

P(MMA/BA/AA) particles were obtained in a semicontinuous process by free radical emulsion 
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polymerization. Afterwards, these particles were used in the second stage as seeds to obtain the 

PAni shell layer, by in-situ oxidative chemical polymerization of aniline in water emulsion 

containing P(MMA/BA/AA), ammonium persulfate (APS) as oxidizing agent, and 

dodecylbenzene sulfonic acid (DBSA), as doping agent. The flexible, stable and free 

P(MMA/BA/AA)/PAni films were characterized by physical-chemical techniques and their 

good film processability was employed for the protection of phosphatized carbon steel. The 

novelty of the present work relies on the application of well-formed film to phosphatized carbon 

steel to evaluated its barrier and anticorrosive propierties against corrosion. Considering the 

scarce studies about the influence of polyacrylates/PAni films on the protection of metals, the 

present study offers new perspectives in this field, taking the advantage of the well-known auto-

repair properties of PAni molecules. 

 

2. EXPERIMENTAL PART 

2.1. Materials 

The materials used in latex synthesis were butyl acrylate 99% (BA), methyl methacrylate 99% 

(MMA), acrylic acid 99% (AA), and were supplied by Sigma-Aldrich; ammonium persulfate 

28% (APS) was provided by Neon; and sodium lauryl sulfate 27% (SDS) was provided by the 

company Oxiteno. Aniline and dodecylbenzenesulfonic acid (DBSA) were provided by Neon 

and Kings Industries Ltd, respectively All reagents were used as received. AISI 1005 carbon 

steel panels, with dimensions of 70450.75 mm3, were used as substrates for the latexes film 

deposition in the electrochemical studies. The materials used for the metal surface cleaning and 

phosphatizing were supplied by Klintex Insumos Industriais Ltda. (Brazil).  

 

2.2. Synthesis of the core-shell particles  
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The synthesis of latexes with poly(methyl methacrylate /butyl acrylate/acrylic 

acid)/PAni (P(MMA/BA/AA)/PAni) core-shell particles was performed in two steps (Figure 1) 

and was carried out using the emulsion polymerization technique described elsewhere [19,29]. 

The first step consisted in obtaining the latex with core particles of poly(MMA/BA/AA), 

whereas the second step was the core-shell formation with aniline monomer as outer layer, as 

detailed below.  

In a glass reactor (1L), equipped with reflux condenser, two addition funnels and stirring 

rod with naval type propeller, 125 mL of deionized water and 5 g of SDS were added. The 

mixture was heated at 80 °C for 15 minutes, under mechanical stirring. Separately, a pre-

emulsion solution was prepared in a separated vessel, MMA (50 g), BA (50 g), and AA (2 g) 

were mixed with SDS (5 g) in 50 mL of distilled water and stirred at 500 rpm for 

homogenization. Simultaneously, in a beaker of 100 mL, 0.5 g of APS, the reaction initiator, 

was dissolved in 45 mL of distilled water. Afterwards, 10 wt.% of the initiator solution and 10 

wt. % of the pre-emulsion were added to the glass reactor and the system was kept under stirring 

for 45 minutes at 80 °C. After emulsion stabilization, the remainder of the pre-emulsion solution 

and 60 % wt. of the initiator solution were added dropwise to the reactor, under stirring (80 °C, 

1.5 hours). Finally, the emulsion polymerization of latex particles was completed with the 

addition of the 30 % wt. of the initiator solution and stirring for 1 hour additional. After this 

time, the mixture was left to cool until 30 ºC and the latex suspension was kept in solution for 

use. In the all process, the mechanical stirring was maintained at 300 rpm. 

In the second step, i.e. the formation of the PAni shell, two new solutions were required 

to be prepared separately: (i) the initiator solution with 2.35 g of APS in 74 g of distilled water, 

and (ii) the monomer solution containing 1.48 g of aniline and 2.03 g of DBSA in 25 mL of 

distilled water. Both solutions were added to 150 g of the reaction mixture containing the 

P(MMA/BA/AA) core (with solid content of 32.4 wt. %) dropwise and the solution was kept 
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at RT for 1.5 hours. Later on, the remaining DBSA dopant agent was added (3.05 g) and the 

solution was left to stirrer for 1 hour at RT. After this reaction period, the aqueous emulsion 

changed from opaque to green, evidencing that the PAni emeraldine salt (PAni-ES) synthesis 

has been completed. The molar ratio of aniline:DBSA:APS was 1:1:0.75, respectively. 

To remove the excess of unreacted APS and DBSA, dialysis of the latexes particles was 

carried out over 7 days, in deionized water, using a Fisherbrand membrane. The water was 

replaced daily until no further variation of the pH occurred (pH 5.0). The polymerization 

process was summarized in the Figure 1. 

 

2.3. Free film obtaining, substrate preparation and film deposition  

Free films were obtained by coating standard glass slides with the latex formulation and 

allowing the solution to dry at RT (25 °C ± 2 °C) for 72 hours. For the corrosion studies, the 

surfaces of the carbon steel panels were cleaned with ethanol solvent, for removing impurities, 

sanded with silicon carbide papers (grain sizes #600, #1000 and #1200) and, subsequently, 

thoroughly washed with distilled water. In a second step, the phosphatizing process was 

applied. Therefore, samples were cleaned with a solution of 5% w/v of Saloclean 679 RZ at 60 

ºC for 10 minutes, for complete degreasing step, followed by washing in distilled water, then 

they were immersed in a solution of 0.3 % w/v of Solocoloide 507 at RT for 1-2 minutes. For 

the phosphate deposition, several solutions were subsequently employed, starting with a 

passivation treatment. Then, the panels were immersed in: (i) 4% w/v of Salofos 715 at RT for 

1-2 minutes, (ii) 0.1% w/v of Salotex 903 at 30 ºC for 10 minutes: and (iii) washed with distilled 

water, to eliminate the excess of phosphate reagents. The last layer was deposited after the 

immersion of the samples in 0.5% w/v of Salomix 307 at RT for 1.5 hours. Finally, the flat 

panels were washed abundantly with water, dried under air flow and stored in a desiccator 

before use. 
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The latexes solutions were applied by solvent casting evaporation on phosphatized carbon steel 

substrates. The solid films were obtained at RT after slowly water evaporation on air (24 

hours) and, afterwards, they were fully dried in an oven for 2 hours at 60 °C. The films 

thicknesses are described in the section 2.5. 

 

2.4. Characterization of the core-shell particles and the free films 

Solid content was evaluated by gravimetric method. Approximately 2g of the latex solution 

was added on a glass slide, allowed to dry at RT for 72 h and then, placed in an oven for 2 hours 

at 70 °C. Afterwards, the samples were kept in a desiccator for cooling until RT and finally 

weighed. The difference between the mass, before and after drying, was used to determine the 

percentage of solids present in the latex. 

The particle size distribution of the latex was investigated with dinamic light scattering 

(DLS) performed on NANO-Flex equipment of the Microtrac. The emulsion was diluted in 

water (1:1×104, by volume) and dispersed in an ultrasonic bath for 30 seconds. The stability of 

the latex emulsion was evaluated using the zeta potential technique. The measurement was 

performed on Microtrac's ZETA-Check equipment. The zeta potential of the latexes was 

followed as a function of the pH media, by using a 15 wt. % of NH4OH solution. 

The infrared fourier transform (FTIR) was obtained in the region between 4000 to 400 cm-1 

wavenumber, using a Nicolet IS10 Thermo Scientific spectrophotometer. The FTIR spectra 

were obtained after 32 scans at a resolution of 4 cm-1, in the transmittance mode. Samples were 

also characterized by micro-Raman spectroscopy using a Renishaw inVia Qontor confocal 

Raman microscope. The Raman setup consisted of a laser (at 785 nm with a nominal 100 mW 

output power) directed through a microscope (specially adapted Leica DM2700 M microscope) 

to the sample after which the scattered light is collected and directed to a spectrometer with a 

2400 lines·mm-1 grating. The exposure time was 1000 s, the laser power was adjusted to 1% of 
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its nominal output power and each spectrum was collected with 60 accumulations and the 

spectral interval ranged from 785 to 1860 cm-1. UV-vis spectra were recorded on a UV-vis-NIR 

Shimadzu 3600 spectrophotometer equipped with a tungsten halogen visible source, a 

deuterium arc UV source, a photomultiplier tube UV-vis detector, an InGaAs photodiode and 

cooled PbS photocell NIR detectors. Samples were diluted to 10-5 M in water. Spectra were 

recorded in the absorbance mode using the integrating sphere accessory (model ISR-3100), the 

range wavelength being 300–1000 nm. Single-scan spectra were recorded at a scan speed of 60 

nm·min-1. Measurements, data collection and data evaluation were controlled by the computer 

software UVProbe version 2.31.  

X-Ray photoelectron spectroscopy (XPS) analyses were performed in a SPECS system 

(Berlin,Germany) equipped with a high-intensity twin-anode X-ray source XR50 of Mg/Al 

(1253 eV/1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using a 

Phoibos 150 MCD-9 XP detector (SPECS system, Berlin, Germany). The spectra were 

recorded with a pass energy of 20 eV at a pressure below 5x10-9 mbar. The C 1s peak was used 

as an internal reference with a binding energy of 284.8 eV. Survey spectra in the range 0–1200 

eV were recorded for each sample (1 eV/steps) followed by high-resolution (0.1 eV/steps) 

measurements for C 1s, N 1s, S 2p, and O 1s core levels. High-resolution XPS spectra were 

acquired by Gaussian/Lorentzian curve fitting after S-shape background subtraction. The 

coating composition of latex film surfaces were evaluated using the internal parameters of 

equipment calibration. This technique was used as complementary tool to the other 

spectroscopy studies in order to verify the presence of N-C and N-H linkages form PAni in the 

core-shell latexes. 

Thermal and mechanical-dynamic analyses were carried out with differential scanning 

calorimetry (DSC), thermogravimetry (TGA) and dynamic mechanical analysis (DMA). DSC 

was performed on a TA Instruments Q100 differential scanning calorimeter using a heating rate 
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of 10 °C·min-1 under N2 gas. Data were collected from -30 to 50 °C. TGA of the free film was 

performed on a Shimadzu TGA-50 equipment from 25°C to 900 °C at a scan rate of 10 °C 

min−1 with N2 flow of 50 mL min−1. DMA was carried out in a Q800 Dynamic Mechanical 

Analizer (TA Instruments). A Film Tension Clamp was used in the multi-frequency stress 

model, with a heating ramp rate of 3 °C·min-1 at 1 Hz from -30 °C to 60 °C. For each analysis, 

the storage modulus (E’), loss modulus (E”) and tan delta (Tan delta = E”/E’) values were 

obtained. The glass transition temperature (Tg) was determined at the maximum tan delta peak 

in the dynamic mechanical thermal analysis spectrum at 1 Hz. The free films were cut into 

dimensions of 5.3 × 30 mm2 with a thickness of 150 µm ± 10 µm. 

Microscopy evaluations were carried out with optical, scanning electron and transmission 

electron microscopes. Optical observations were performed using Zeiss Axioskop 40 

microscope (Carl Zeiss Microscopy, LLC, USA). Micrographs were taken with Zeiss 

AxiosCam MRC5 digital camera (Carl Zeiss Microscopy, LLC, USA). Scanning electron 

microscopy (SEM) was performed in a Focus Ion Beam Zeiss Neon 40 (Carl Zeiss, Germany) 

instrument, operating at 5 kV. The emulsion was diluted in water (1:1×104) and dispersed in an 

ultrasonic bath for 30 seconds. One drop of the diluted solution was deposited onto the holder 

and allowed to dry in a refrigerator at 7 ºC ± 2 ºC for 24 hours. The samples were stored in a 

desiccator at RT until use. Cryo-SEM analyses were also performed to evaluate the morphology 

of the latexes transversal section in the free films. Transmission electron microscopy (TEM) 

were performed with a JEOL TEM 2010 electron microscope. The samples were prepared in 

the same way than that used for SEM. One drop of the diluted sample was deposited onto the 

200 mesh copper grid (Pelco Ted Pell) coated with carbon film. To facilitate visualization of 

the nanoparticles, a drop of the 2 wt. % of uranyl acetate was added onto the sample and allowed 

to dry at RT. 
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Mechanical properties were evaluated using a universal testing machine (Zwick GmbH & 

Co., model Z2.5/TN1S) with integrated testing software (testXpert, Zwick). Samples used for 

the test stress−strain assays consisted of rectangular specimens with dimensions 30 mm long × 

3 mm wide and a thickness of 130 µm ± 15 µm. The initial grip separation was set at 10 mm, 

and the cross-head speed was 20 mm/min. Mechanical properties of the free films were 

determined from stress−strain curves derived from uniaxial tensile tests. All the mechanical 

assays were conducted at RT. The mechanical parameters reported in this work were averaged 

over 10 independent measurements for each dry and wet free films. The dry free film 

corresponds to latex polymer films obtained by drying the latex at RT, whereas the wet free 

film refers to dry free film after their immersion in deionized water at RT for 24 hours. 

Static water contact angle (WCA) measurements with the sessile drop method were recorded 

with an OCA-15EC DataPhysics Instruments (GmbH) contact angle device, equipped with 

SCA20 software. MilliQ water was used as solvent. The sessile drop (2 L) was gently put on 

the surface of free films using a micrometric syringe with a proper metallic needle (Hamilton 

100 µL). The ellipse method was used to fit a mathematical function to the measured drop 

contour. The angle measurement was examined in 20 drops on different positions of the films. 

The conductivity measurements were obtained using the four-point method. The free films 

of polymeric material were cut into disk samples with 25 mm of diameter. The equipment 

consists of a Signatone four-fixed tip holder (S-301-6 model) and a Keithley 2400 source. 

 

2.5. Corrosion protection of carbon steel by P(MMA/BA/AA)/PAni coatings  

The electrochemical impedance spectroscopy (EIS) measurements were carried out with an 

ECO CHEMIE BV-AUTOLAB PGSTAT302 potentiostate, supported by Nova 2.1 software. 

For this experiment a three-electrode cell was employed, consisted of the working electrode 

(WE) of AISI 1005 steel panel covered by the P(MMA/BA/AA) and P(MMA/BA/AA)/PAni 
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films; a counter-electrode (CE) of platinum wire and a reference electrode (RE) of Ag|AgCl 

(KCl 3M). The exposed area of the coating was 0.785 cm2 in contact with a solution of NaCl 

3.5 wt. % (electrolyte). The amplitude of sinusoidal perturbation was 10 mV at the open circuit 

potential (OCP). The frequency range varied from 100 kHz to 10 mHz. Experiments were 

performed in duplicate and the results are presented through Nyquist and Bode diagrams. The 

thicknesses of the organic coatings were 70.8 ± 1.3 µm and 79.1 ± 3.3 µm for P(MMA/BA/AA) 

and P(MMA/BA/AA)/PAni, respectively. 

The adhesion strength of the acrylic films in phosphatized carbon steel was determined by 

pull-off test using KN-10 Neurtek S.A. adhesion tester (dollies: 20 mm diameter). Data were 

processed and the average value was taken after 9 measurements for each sample. The sample 

preparation and the attachment of the dolly to the coating surface were performed according to 

the UNE-EN-ISO 4624 standard and the rupture behavior was described in the section 3.6. 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of core-shell particles and free solid films 

Synthesis of the latexes nanoparticles were achieved by the mixing the monomers that 

constitute the ‘hard’ part of the latex, i.e. the methylmethacrylate (MMA), and the monomers 

that constitute the ‘soft’ part of the latex, such as butyl acrylate (BA) and acrylic acid (AA). 

During the first step of the synthesis, it was observed that pure P(MMA/BA/AA) has white 

opaque colour. However, the solution colour changed from white to brown, and finally, green, 

when the PAni shell had been formed (P(MMA/BA/AA)/PAni) (Figure 1). The characteristic 

green colour is consistent to previously reported works [35,36] and represents the obtaining of 

the emeraldine salt form.  

The solution of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni had pH 4.3 and pH 3.8, 

respectively, after their purification by dialysis. The more acidic pH of P(MMA/BA/AA)/PAni 



14 

latex is due to the presence of DBSA, that actuates as dopant and surfactant, in the second stage 

of core-shell formulation. By light scattering and zeta-potential, it was possible to determine 

the particle size and the stability of the emulsion, respectively. The stability was highly 

dependent on the pH, as shown in the Figure 2a. It presents the zeta potential of the 

P(MMA/BA/AA) core and P(MMA/BA)/PANI core-shell nanoparticles over a range of pH 

values. The latexes particles have negative zeta potential values below -50 mV, indicating that 

they are negatively charged and have colloidal stability due to the electrostatic repulsion among 

these particles [28]. The increase of the zeta potential values (in modulus) with increase pH 

values observed for the P(MMA/BA/AA)/PAni suspension evidences the higher ionic strength 

when surpassing pH 6.3. According to McKenna and co-workers [37], increasing the pH leads 

to an increase in the ionic strength of latex particles, which contributes to a contraction of the 

electronic double layer, when carboxylic acid are present. Here, the concentration of AA is low; 

however, certainly, the addition of a great amount of DBSA as counter-ion, in the PAni 

composition, potentiates the same behavior. 

Moreover, when DBSA was added during the polymerization of aniline, the emulsion 

became more stable and the particle size increased. The particle sizes in solution were 66.3 nm 

(PDI 1.25) and 91.1 nm (PDI 0.77) for P(MMA/BA/AA) and P(MMA/BA/AA)/PAni, 

respectively. This fact could be related to the amphoteric nature of the dopant molecules, acting 

as a surfactant and helping the particle size dispersion [29]. Therefore, augmenting the 

feasibility of the aniline monomers to reach the core surface, as expected. Another reason, and 

more importantly, at a pH over the pKa of DBSA (-1.8), any sulfonic acid chains that are on 

the surface of the particles will be in their ionized state and therefore extended. This unfolding 

of the chains at high pH leads to an effective increase in the volume fraction of the particles. 

Regarding the solid free films characterization, another difference between the core and the 

core-shell systems was the slightly reduction of the solid content in the P(MMA/BA/AA)/PAni 
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(21.0 wt. %) compared to P(MMA/BA/AA) (32.4 wt. %, Table 1). It can be certainly justified 

by the lower molecular mass of oligomers of the first compared to the latest. In the purification 

step they can be washed out and, after the water evaporation, the measurement of the solid 

content decreased. The higher hydrophilicity of P(MMA/BA/AA)/PAni (WCA: 40.6º ± 7.6º) 

compared to pure P(MMA/BA/AA) (WCA: 72.8º ± 5.4º), as can be seen in the Figure 2b, could 

also play an important role; i.e. there is less solid content in the first composition compared to 

the late due to an amount of P(MMA/BA/AA)/PAni molecules soluble in water.  

Additionally, to the particle-size characterization of core and core-shell particles by light 

scattering, diluted solutions were evaluated by TEM and SEM microscopies. Analysing the 

SEM (Figures 3a-b) and TEM micrographs of the particles, it is observed that P(MMA/BA/AA) 

has spherical geometry with diameters of 72.6 ± 10 nm (Figures 3c-d); whereas 

P(MMA/BA/AA)/PAni presents egg-shaped morphology with diameters of 78.4 ± 13 nm 

(Figures 3e-f). When comparing the micrographies of the core and core-shell particles, the 

presence of a thin layer (dark colour) covering the nucleus (central light-coloured area) can be 

observed in the P(MMA/BA/AA)/PAni sample, allowing to calculate roughly the PAni shell 

thickness from the single particle showed in the Figure 3f (3.3 nm ± 0.6 nm). Despite the 

average diameters reported here were similar to that mentioned by Xu et al. [19], the PAni shell 

is more homogenous than previously reported research [29]. Thus, the particle coagulation 

usually observed for PAni core-shell synthesis did not occur, probably due to the higher pH 

(4.1, after dialysis, this work) used in the second step of the emulsion polymerization compared 

to others works (pH 0.7) [24].  

 

3.2. Spectroscopy characterization of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni solid 

films 
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Figure 4a compares the FTIR spectra of both films, with and without PAni-DBSA 

electroactive polymer. In the FTIR spectrum of the P(MMA/BA/AA) latex film characteristic 

bands from MMA and BA polymers were observed. The absorption bands at 3441 cm-1 is 

attributed to the symmetrical stretching of the –OH of the carboxyl group, whereas the bands 

at 2954 cm-1 and 2874 cm-1 belongs from the asymmetric and symmetric –CH2 stretching, 

respectively. The strong and sharp band at 1735 cm-1 pertain to the C=O linkages from carbonyl 

ester groups and the broad absorption bands between 1100-1200 cm-1 corresponds to the 

stretching vibration of the ether linkages (C–O–C). The band in 1452 cm-1 was attributed to the 

symmetrical deformation of the –CH2 and 1380 cm-1 to the bending of O–CH3 groups 

[19,33,38].  

Comparing the FTIR spectra of the latex films containing the core and the core-shell system, 

we observed the appearance of additional bands corresponding to PAni molecules[39,40]. New 

bands were observed at 3240 cm-1, corresponding to the deformation of the amine linkages (–

NH) and the 1603 cm-1 was attributed to the stretching of the group –C=C–, from aromatic ring 

in its quinoid form. The band at 582 cm-1 can be attributed to the vibration of the –C=N–C– 

bond of the aromatic ring and the bands at 607 cm -1 and 688 cm-1 may be due to vibration of 

the –C–C– and –C–H of the aromatic ring, respectively [11,19,26,41,42]. However, due to the 

overlap of absorption bands from ester groups in the acrylate polymer matrix and sulfoxides 

from DBSA at 1100 cm-1, the discrimination and detection of dopant molecules was not 

possible by infrared spectroscopy. 

Figure 4b corresponds to the Raman spectra of P(MMA/BA/AA) latexes films. Compared 

to infrared, Raman spectroscopy is better indicated for the detection of non-polar and few polar 

linkages in the PAni-DBSA shell, like aromatic rings and C=N groups. In this way, the strong 

peak at around 1340 cm−1, with a shoulder at 1321 cm−1, originates from the stretching mode 

of the radical cation C-N+• and it is associated to the delocalized polaronic structures. Both 
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peaks are characteristic bands for the protonated imine form of PAni and confirms that the 

polymer is in its semiconducting form. Moreover, the additional strong peak at 1171 cm−1, 

assigned to the in-plane C-H bending vibration of the semi-quinoid radical cations, corroborates 

the presence of PAni-ES. The remaining bands were also associated to the benzenoid and 

quinoid rings of the emeraldine salt form of PAni: 1621 cm-1, C–C ring stretching vibration 

(benzenoid); 1504 cm-1, C=N stretching vibration (quinoid); and 1588 cm-1, C=C stretching 

vibration (quinoid). The other carbon-nitrogen absorption bands also observed in the 

P(MMA/BA/AA)/PAni composition are: 1257 cm-1, C-N stretching (benzenoid and quinoid); 

868 cm-1, C-N-C wagging (benzene ring deformation in the polaronic or bipolaronic form of 

PAni-ES); and 810 cm-1, benzene ring deformations [43–46]. 

In the case of P(MMA/BA/AA) there are several works that reported its main absorption 

bands [47,48]. Therefore, the absence of C=C stretching vibration, at around 1640 cm-1, 

indicates that the most double bond linkages have been reacted. The stretching vibrations of 

C=O bond is observed at 1730 cm-1. Additionally, at 1375 cm-1 and 1442 cm-1, the symmetric 

in-plane bending of -C-H bonds from CH3 and O-CH3 appear, respectively. Moreover, the 

asymmetric stretching of the C-O-C was confirmed by the presence of bands at 1152 cm-1 and 

1181 cm-1 and the stretching of the C=O and C-O at the bands at 1234 cm-1 and 1302 cm-1. As 

we can see, such polar groups have lower intensity in the Raman spectrum (Figure 4b) than in 

the IR (Figure 4a) The absorption bands at 811 cm-1, 843 cm-1, 964 cm-1 and 994 cm-1 

correspond to the deformation and waggings of the C-H group in–CH2, –CH3 and O-CH3, 

respectively. The 1063 cm-1 and 1124 cm-1 bands correspond to the stretching of the C-C bond 

of the polymer chain.  

The expected structures were also confirmed by XPS high resolution spectra (Figure 5 and 

S1, Electronic Supporting Information, ESI). Contribution of carbon groups, resulting from the 

Gaussian components to the C(1s) spectra, could be fitted into four main chemical states due to 
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the different chemical environments present [49–51]. They were: 284.7–284.8 eV (C=C, sp2); 

285.5 eV (CC, sp3); 286.3–286.4 eV (CN); 286.9–287.1 eV (CO), 288.7-290.3 eV (C=O) 

(Figures 5a and 5e); where the CN peak had a substantial increase intensity (72.2%) for 

P(MMA/BA/AA)/PAni film compared to the samples without PAni (13.2 %), as expected, due 

to the presence of the CP. By contrary, the high resolution spectrum of O(1s) in 

P(MMA/BA/AA), could be fitted into three peak components, whereas that from 

P(MMA/BA/AA)/PAni showed only two main vicinity moieties (Figures 5b and 5f, 

respectively). For the first case, the three peaks correspond to COC or COH (533.4 eV), 

C=O (531.8-531.9 eV) and, probably, absorbed oxygen molecules at 530.3 eV, from air 

contamination. In the second case, the main identification peaks are COC/COH and C=O 

moieties (Figure 5f). Additionally, the proportion of the various nitrogen species for each 

sample have been determined from the spatial deconvolution of N(1s) spectra. Undoubtedly, 

the film with pristine P(MMA/BA/AA) has an extremely low intensity at 397-402 eV (Figure 

5c), whereas the film with PAni shows several nitrogen species, as indicated in the Figure 5g. 

The doping level of P(MMA/BA/AA)/PAni films was evaluated by a close inspection of the 

N(1s) deconvolution curves. Thus, the sum of areas of peaks of positively charged nitrogen 

(N+), appeared at 400.8 eV (NH2
+) and 402.2 eV (=NH+), represents 76.7 % of doped species, 

respected to the total nitrogen content. In particular, the proportions of quinoid imine (=N–) 

and benzenoid amine (–NH–) are very low [50–53]. 

As the intensity of peaks is proportional to the abundance of the species, to confirm that the 

protonation level found is correct, we quantified the ratio of sulfur to nitrogen (S 2p/N 1s). It 

will give an idea about the amount of the dopant molecules (DBSA). The ratio of sulfur/nitrogen 

in P(MMA/BA/AA)/PAni surface is 2.7 (Table 1). This value is quite high; however, despite 

one small part could become from the APS residual reactive, this fact suggests that the 

P(MMA/BA/AA)/PAni approaches a conductive emeraldine salt state in solid state [54]. The 
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main sulfur peaks found were related to SO3H (168.1-168.8 eV) and CS (169.3-170.1 eV) 

(Figures 5d and 5h)[9][54]. The sulfur content on P(MMA/BA/AA) neat polymer comes from 

the surfactant molecules (SDS). 

Moreover, the doping level of P(MMA/BA/AA)/PAni samples, in liquid state, was 

confirmed by UV-visible spectroscopy (Figure 6). There are two characteristic absorption peaks 

at 444 nm and 845 nm related to the -* benzene ring conjugation and the formation of polaron 

bands, respectively, in the emeraldine salt form. 

After the synthesis, the structures of the compounds were unambiguously elucidated by 

combining FTIR, Raman, UV-visible and XPS spectroscopies.  

 

3.3. Thermal and mechanical behavior of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni 

solid films 

The glass transition (Tg) and the decomposition temperatures (Td) of the films studied here 

were analyzed by DSC and TGA. Both samples showed Tg below RT, being similar to each 

other (13.4 ºC and 12.5 ºC, for P(MMA/BA/AA) and P(MMA/BA/AA)/PAni, respectively) 

(Figure 7a). It means that the thin layer of PAni-DBSA did not affect the amorphous phase of 

the acrylic polymer and the low Tg of this kind of polymers allows the particles to form film at 

RT, as expected. Moreover, the films will possess toughness property to fulfil our demand for 

the final application on phosphatized steel surfaces.  

The Figure 7b shows the thermograms (TGA) as a function of temperature. It can be seen 

that the P(MMA/BA/AA) free film is thermally stable with negligible mass loss up to 280 ºC, 

whereas the mass loss starts to drop slightly before for samples with PAni, at about 270 ºC. 

Further increase of temperature induced rapid thermal degradation [36,38]. The onset of the 

thermal decomposition was determined by the derivative weight loss peaks (data not shown). 

Therefore, the maximum degradation temperature occurred at 393 ºC and 399 °C for 
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P(MMA/BA/AA) and P(MMA/BA/AA)/PAni solid films, respectively. The char-yield at  

700 ºC was 7.3 wt. % for the P(MMA/BA/AA) and 4.7 wt. % for the P(MMA/BA/AA)/PAni 

films (Table 1).  

The mechanical properties of the free films were investigated by a tensile test. The strain-

stress curves of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni latex are shown in the Figure 8 

and the results are summarized in the Table 1. The stress traces exhibit elastic deformation with 

no apparent yield stress, typical of elastomeric materials. The P(MMA/BA/AA)/PAni film 

possesses lower elongation at break () than pure P(MMA/BA/AA) copolymer, independently 

from their water uptake state. The maximum tensile strength (max) was lower for the wet films 

than for the dry ones in both cases, indicating that the rigidity decreases when the polymer 

hydration increases. The hydration particularly affects the mechanical properties of the solid 

films in the following way: (i) the polar groups (acid and ester) stablish hydrogen bond linkages 

with the incorporation of water and these molecules actuate as a plasticizer, diminishing the 

(max); and (ii) molecular fragments with charged groups become more mobile. However, these 

effects were relatively low in both samples, when comparing the films with and without the 

nanometric shell of PAni.  

Thus, PAni incorporated as nanometric layer to the acrylic copolymer particles does not 

affect the thermal and mechanical properties of the resulting nanocomposite film. However, 

provokes a slight effect on the film forming and conducting properties. Therefore, 

complementary studies about latex film topography and transversal morphology were also 

performed by SEM (Figure S2). A brief discussion were also included in the ESI. 

 

3.4. Conductivity measurements of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni solid 

films 
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The electrical conductivities (σ) of the P(MMA/BA/AA) and P(MMA/BA/AA)/PAni 

samples were determined on films prepared by solvent casting. The P(MMA/BA/AA)/PAni 

films exhibited three orders of magnitude higher conductivity than that of pristine 

P(MMA/BA/AA) core particles (2.7×10-5 S·cm-1 and 3.2×10-8 S·cm-1, respectively), which also 

is an evidence that PAni emeraldine salt (doped state) is stable in the acrylic matrix. As 

discussed before, the composite prepared by the in situ oxidative polymerization has a very thin 

layer of PAni structure doped with DBSA molecules, as proved by XPS and UV-visible 

techniques (section 3.2). Therefore, as expected, a semiconductive behavior was achieved with 

a very low concentration of CP ( 3 wt. %). 

 

3.5. Adhesion and steel protection with P(MMA/BA/AA) and P(MMA/BA/AA)/PAni 

coatings 

The use of EIS for the study of corrosion under organic coatings has become one of the most 

popular electrochemical techniques. Previous to the EIS analysis, the coatings adherence was 

evaluated. It is widely known that the surface preparation and the strength of the coatings are 

parameters of sum importance to the good protection performance of paints and insulating films 

adhered to the metal substrates. In this work, the samples were carefully cleaned and 

phosphatized before the coating deposition (section 2.3) and the adhesion properties of the films 

deposited on phosphatized steel surfaces were studied by pull-off test. The coating with PAni 

exhibits similar adherence to the metal substrate as the film without PAni (Table 1). Despite 

some samples have been discarded due to a glue failure, the major part of the samples showed 

mixed rupture, corresponding to cohesive and adhesive behavior (Figure S3, ESI). 

Additionally, the thicknesses of the films were also similar (section 2.5). Thus, variability in 

the impedance results obtained for both systems can mostly be attributed to the presence of the 

CP.  
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Nyquist and Bode diagrams of phosphatized steels covered with P(MMA/BA/AA) and 

P(MMA/BA/AA)/PAni coatings are presented in Figure 9 and Figure S4 (ESI). Analyses of 

these diagrams suggest that different electrical equivalent circuit (EEC) models are required to 

fit the results (Figure 9a and Figure 9b), where the electrical elements Rs, CPEc, Rc, CPEdl, and 

Rct refer to solution resistance, coating capacitance, coating resistance, double layer capacitance 

and charge transfer resistance, respectively. The use of constant phase element (CPE) instead 

of pure capacitance was due to considering the system non-ideal. 

In P(MMA/BA/AA) coatings, the Randle’s circuit (Figure 9a) was used at initial 

immersion time  (Figure 9c and Figure 9d), but after 14 days the EIS data were modeled with 

the Mansfeld’s model (Figure 9b), due to the appearance of a second time constant that is well 

observed in the Bode plot (Figure S4a,c; blue squares symbols). For the P(MMA/BA/AA)/PAni 

coating the EEC that best fits with the experimental data at the beginning of immersion time 

(0h, initial exposure) was the classical circuit model for the impedance of a polymer coated 

metal presented in the Figure 9a. However, due to the high hydrophilicity of this film, the EEC 

has changed to the model presented in Figure 9b, with only 7 days of immersion time, due to a 

fast entrance of water molecules across the film.  

As it can be seen in the Figure 9c, at the initial stage (hypothetical 0 hour of electrolyte 

contact), both films have a capacitive behavior, being the values of Rc very similar (Table S1, 

ESI). The CPEc value of P(MMA/BA/AA)/PAni in initial stage is greater than 

P(MMA/BA/AA) films, which also corroborates with the higher water uptake of the first 

compared to the last. After 7 days, the Rc increases and CPEc decreases, as the electrolyte 

solution reach the metal surface and corrosion products or passivating layers start to grow. This 

explanation have been corroborated with previous works [55,56], where the authors prove that 

it occur due to the blocking of pores by the formation of corrosion products, making mass 

transport more difficult. This effect can be confirmed by the Bode curves (Figure S4, ESI) 
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where after 7 days of immersion, both coatings obtained an increase in the value of |Z|. In 

addition, the P(MMA/BA/AA)/PAni coating maintained a higher value of |Z|, at low 

frequencies, than the P(MMA/BA/AA) coating at all immersion times, which demonstrates the 

best corrosion protection property of the coating containing PAni. In the acrylic coatings, with 

increasing immersion time (Figure 9d) a high capacitive behavior still exists for both films. In 

the case of P(MMA/BA/AA) coating, Rc increased from 4.3 ×108 Ω·cm2 to 4.2 × 109 Ω·cm2 after 

7 days of immersion and decreased to 2.5 ×107 Ω·cm2 after 14 days of immersion (Figure 9e). 

The diffusion of electrolyte molecules and ionic species through the coating pores results in a 

sharp decline in the Rc values of P(MMA/BA/AA) coating, after 14 days. The fluctuation in Rc 

values was attributed to the accumulation of corrosion products in the coating pores [9,55,56]. 

By contrary, the substrate coated with P(MMA/BA/AA)/PAni films presents Rc values almost 

constant (108), being only reduced one order of magnitude after 18 days of immersion in NaCl 

(5.3 × 107 ohms·cm2) (Figure 9f, Table S1). Considering that the adhesion strength and the film 

thicknesses are similar for both barrier layers, the high Rc values of the films with very low 

content of PAni, confirms the beneficial effect of the CP in the acrylic coating.  

To conclude, the presence of doped PAni in the coating can stimulate the passivation 

effect and resulting in a higher Rc value than that observed for the neat polymer. Similar results 

were obtained by Qiu et al. [9], and Jafarzadeh et al. [46]. The waterborne epoxy formulation 

prepared with sulfonated PAni nanofibers (0.5 wt. %), described by Qiu et al., was able to 

passivate the mild steel surface, showing high values of Rc and low values of CPEc. They also 

emphasized that higher contents of PAni does not have a positive effect in the protection of 

steel. In the work reported by Jafarzadeh et al. only 1 wt. % of PAni, doped with phosphoric 

acid, was enough to convert a short-term protective polyester acrylate coating to a long-term 

protection system, in NaCl solution (3 wt.%). Therefore, the low concentration of PAni and a 
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high solid content for acrylic waterborne formulations are the keys for a good performance of 

the protective coatings. 

 

4. CONCLUSIONS 

The P(MMA/BA/AA)/PAni nanoparticles obtained in this work are able to maintain the 

spherical form, in solution, and the film forming properties usually obtained with acrylic 

waterborne formulations. It is attributed to the high solid content (20-30 wt. %) employed and 

the replacement of hydrochloric acid, the common dopant acid used to prepare PAni emeraldine 

salt, by DBSA dopant. Thus, controlling over the two-step synthesis procedure allowed the 

obtaining of nanometric core-shell particles with semiconducting properties, as proved by UV-

visible and conductivity measurements, and good barrier film, as proved by EIS analyses. 

The thermal stability and the mechanical properties of both free solid films, 

P(MMA/BA/AA) and P(MMA/BA/AA)/PAni, are very similar, indicating that the PAni-DBSA 

molecules do not affect substantially these parameters in the acrylic copolymer if their 

concentration is low. However, despite the higher hydrophilicity and water uptake of 

P(MMA/BA/AA)/PAni compared to P(MMA/BA/AA) pristine films, due to the presence of 

more polar groups and charges (NH+) in the emeraldine salt form; it did not affect the metal 

protection in NaCl solution. The presence of doped PAni in the coating stimulated the 

appearance of passivation effect and resulted in a higher Rc values than that observed for the 

neat polymer. Thus, imparting enhanced protection to phosphatized carbon steels. 
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Table 1. Thermal, mechanical, wettability, conductivity, adhesion properties and atomic 

percentage of atoms in P(MMA/BA/AA) and P(MMA/BA/AA)/PAni films. 

Property P(MMA/BA/AA) P(MMA/BA/AA) / PAni 

Solid content (wt. %) 32.4 21.0 

Tg a) (ºC) 12.5 13.4 

Td,0 b) (ºC) 280 270 

Td,max c) (ºC) 393 399 

Char-yield (%) 7.3 4.7 

σmax d) (MPa) 
8.3 ± 1.3 (dry) 

3.4 ± 0.7 (wet) 

7.8 ± 0.9 (dry) 

3.1 ± 0.3 (wet) 

ε,max e) (%) 
857.4 ± 29.0 (dry) 

748.9 ± 75.6 (wet) 

692.3 ± 14.9 (dry) 

714.9 ± 42.4 (wet) 

WCA f) (°) 72.8 ± 5.4 40.6 ± 7.6 

Water uptake (wt. %) 6.9 ± 0.3 26.1 ± 1.4 

Conductivity (S·cm-1) 3.2·10-8 2.7 10-5 

Adhesiong) (MPa) 2.9 ± 0.5 2.4 ± 0.7 

Atomic percentageh)  (%) (%) 

C 83.2 80.4 

O 15.5 15.2 

N 0 1.2 

S 1.3 3.2 

a) Glass transition temperature obtained by DSC, b) Temperature of the initial weight loss based 

on the TGA data at 10ºC/min; c) Temperature of the maximum decomposition rate based on the 

TGA data at 10ºC/min, d) Maximum tensile strength, e) Maximum elongation at break in strain-

stress test, f) Water contact angle average after 10 measurements of static water droplet. g) Pull-

off test, average value of 9 measurements. h) Data obtained from XPS analyses.  
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CAPTIONS TO FIGURES 

Figure 1. Scheme of the core-shell particles synthesis and the thickness of the conducting 

polymer shell obtained by TEM. 

Figure 2. a) Zeta potential of P(MMA/BA/AA) core and P(MMA/BA/AA)/PAni core-shell 

nanoparticles in water solution and after ultrasound sonication, b) water contact angle of 

P(MMA/BA/AA) and P(MMA/BA/AA)/PAni solid free films. 

Figure 3. (a,b) SEM micrographs of core and core-shell particles from of P(MMA/BA/AA) 

and P(MMA/BA/AA)/PAni solutions, respectively; (c,d) TEM micrographs showing the 

spherical morphology of P(MMA/BA/AA) core particles; and (e,f) TEM micrographs showing 

the spherical morphology of P(MMA/BA/AA)/PAni core-shell particles. Scale bars: inset. 

Figure 4. a) FTIR and b) Raman spectra of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni 

solid films. 

Figure 5. XPS high resolution spectra of P(MMA/BA/AA) latex: a) C 1s, b) O 1s, c) N 1s 

and d) S 2p; and P(MMA/BA/AA)/PAni: e) C 1s, f) O 1s, g) N 1s and h) S 2p. Percentage 

values are the relative area for each peak.  

Figure 6. UV-visible spectra of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni, in diluted 

aqueous solution. 

Figure 7. a) DSC and b) TGA thermograms of P(MMA/BA/AA) and 

P(MMA/BA/AA)/PAni solid films. 

Figure 8. Stress–strain curves for the P(MMA/BA/AA) or P(MMA/BA/AA)/PAni films in 

different conditions: dry (solid lines, with empty square and circle symbols) and wet (dashed 

lines). 

Figure 9. a-b) The electrical equivalent circuits (EEC) that fits to the experimental data 

obtained after samples immersion in NaCl solution. Nyquist plots for P(MMA/BA/AA) and 
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P(MMA/BA/AA)/PAni coatings (solid squares and empty circles symbols, respectively) after: 

c) 0h; d) 7 days; e) 14 days; and f) 18 days; of samples immersion in NaCl solution (3.5 wt. %). 

Continuous lines represent the fitting curves. 
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3.2. Spectroscopy characterization of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni solid 

films 

 

Figure S1. XPS survey spectra of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni film surfaces. 

 

3.4. Microscopy characterization of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni solid 

films 

When observing the latex films transversal sections, it can be evidenced that they are 

particularly different fracture behavior (Figures S2a-d). The PAni molecules seems to influence 

the coalescence among particles when the water solvent evaporates. The pristine polymer film 

(Figure 2a-b) has less crevice propagation than films modified with PAni-DBSA (Figure 2c-d), 

which qualitatively indicates that P(MMA/BA/AA)/PAni coatings are more brittle than that 

without PAni, under cryo-fracture conditions. It is well known that in acrylic polymers, the film 

formation involves three primary physical steps: (i) water evaporation and particle ordering; 
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(ii) particle deformation and re-ordering; and (iii) particle coalescence. The last being referred 

to the polymer inter-diffusion across particle–particle interfaces, as proved by Meincken and 

Sanderson with atomic force microscopy.[1] The film with P(MMA/BA/AA) is smooth and 

present well defined particles in cohesion with the matrix, only observed at high magnification 

image (Figure S2b). Therefore, we suppose that PAni molecules has some negative influence 

in the drying process. After fracture under cold conditions, it can be seen that PAni offered less 

toughness to the polymer matrix (Figures S2d), the crevice propagation is evident and the 

appearance of burrs is an indication that the film is fragile. Then, the morphology of this film 

is more similar to brittle materials like thermosets rather than thermoplastics.  

 

Figure S2. SEM micrographs of cross-section latex films: a,b) P(MMA/BA/AA); c,d) 

P(MMA/BA/AA)/PAni. Scale bars: inset. 
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3.5. Adhesion and steel protection with P(MMA/BA/AA) and P(MMA/BA/AA)/PAni 

coatings 

P(MMA/BA/AA) 

 

P(MMA/BA/AA)/PAni 

 

 

Figure S3. Aspect of the sample surfaces after the pull-off adhesion test. 
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Figure S4. Bode plots of P(MMA/BA/AA) and P(MMA/BA/AA)/PAni coatings (squares and 

circles symbols, respectively). a-b) Phase angle and c-d) |Z| modulus versus logarithm of 

frequency. Solid lines represent the fitting curves using the electrical equivalent circuit 

described in the main text. 

 

 

Reference: 

[1] M. Meincken, R.D. Sanderson, Determination of the influence of the polymer structure and 

particle size on the film formation process of polymers by atomic force microscopy, Polymer 

(Guildf). 43 (2002) 4947–4955. 
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Table S1. Solution resistance (Rs), coating resistance (Rc), charge transfer resistance (Rct) and constant phase elements of coating capacitance and double-

layer capacitance (CPEc and CPEdl, respectively) for each sample after immersion in NaCl solution (3.5 wt.%) and after adjusting the parameters using 

the electrical equivalent circuit (EEC) showed in the Figure 9 (main text). 

Sample Days Rs (Ω·cm2) Rc (Ω·cm2) CPEc (F·cm-2) n Rct (Ω·cm2) CPEdl (F·cm-2) n Chi-Square 

0 48.6 4.3×108 1.2×10-10 0.71 - - - 1.5×10-3 

7 76.7 4.2×109 2.3×10-10 0.89 - - - 1.1×10-3 

14 43.8 2.5×107 1.6×10-10 0.93 2.7×107 6.4×10-8 0.89 1.8×10-3 

18 48.6 3.9×106 2.3×10-10 0.90 6.4×105 1.9×10-7 0.54 2.1×10-3 

0 28.3 5.8×108 6.2×10-10 0.68 - - - 2.5×10-3 

7 39.6 6.2×108 1.2×10-11 0.91 4.6×109 1.3×10-10 0.52 1.6×10-3 

14 50.1 2.5×108 3.7×10-10 0.87 9.2×108 2.3×10-10 0.75 1.7×10-3 

18 58.3 5.3×107 4.6×10-10 0.86 9.5×107 3.4×10-7 0.75 2.9×10-3 

Note: a) n=1: ideal capacitor and n=0: ideal resistor 

 


