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ABSTRACT: Conducting polymers (CP) are very versatile materials with important properties due to their 

unique structure, including redox behaviour upon electrochemical polarization. Supercapacitors are among 

the devices in which CP show a promising performance due to their large specific capacitance. However, the 

major drawback of these materials is their low durability, which is an inbuilt process caused by ion 

intercalation, a side effect of the redox process. A viable strategy to increase CP stability is, 

therefore, the inhibition of the ion intercalation/de-intercalation process. Several strategies have 

been proposed to minimize this effect, among them self-doping. Self-doping makes the redox 

process mass-transport independent, decreasing the response time and increasing durability. With 

this purpose, this work have described the synthesis of layer-by-layer films (LBL) of poly(o-

methoxyaniline)/poly(3-thiopheneacetic acid) (POMA/PTAA) and contributes to understand how 

the redox process leads to premature aging, and how self-doping minimizes this problem. The main 

techniques of characterisation used were electrochemical impedance spectroscopy (EIS) 

experiments and density functional theory (DFT) calculations. EIS provides important information 

about the electrochemical behaviour, while DFT calculations allowed to characterize, at the 

molecular level, the changes in the material structure. The association of both techniques helped to 

understand how self-doping improves the POMA properties. DFT calculations showed that in the 

layer-by-layer (LBL) films, the twisting of the polymer chain due to the oxidation is 12% less while 

the chain shortening is 5% compared with films prepared POMA by casting. The EIS data showed 

the effect of these molecular changes in the structure; the swelling of the LBL films is 50% less 

than cast ones. These observations are important because the PTAA layer acts beyond a charge-

compensator, working as a backbone structure that mechanically stabilize the  POMA layer, leading 

to an increase in the durability, and improving the electrochemical properties. 
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1. INTRODUCTION

The advancement of science in recent decades led to the fast technological development in 

several segments. Very important among these areas, are the renewable energy sources and energy 

storage devices, which may offer solutions to the worldwide energy problem. New alternative 

materials for these applications have been developed, aiming to reduce the energetic and 

environmental issues [1,2]. Supercapacitors play an important role in targeting these problems. 

Conducting Polymers (CPs) are very promising materials for application in energy storage devices 

due to their unique characteristics, such as: high conductivity in the oxidized state, fast 

doping/undoping process, low cost and low environmental impact [3]. Energy storage in 

supercapacitors based on CPs occurs by faradaic processes, providing them with a higher capacity 

per gram (i.e., higher energy density) than conventional double layer capacitors [4–10]. However, it 

is still a challenge to obtain CPs with high performance and long cycling life-time[11]. 

CPs unique properties come from the presence of conjugated double bonds throughout the 

polymer chains. This kind of structure allows a flow of electrons to be created under specific 

conditions, namely, upon oxidation of the polymer chains. Besides, this redox transformation is 

reversible. Charges generated in the polymer film during the redox process need to be neutralised 

by ions with opposite sign, which requires ion transportation from/to the solution [12]. It is well 

known that this is the rate-determining step for the redox reaction in CPs.  Furthermore, it has been 

shown that ion intercalation during the redox process causes a volume change in the film, resulting 

in mechanical stress[13]. This is held responsible for the electrochemical degradation of CPs’ 

performance in electrochemical capacitor applications [1,11]. A possible way to avoid this is to 

develop a self-doped material. In conducting polymers, self-doping can be achieved by 

incorporation of chemical species interacting with the polymeric chains (but not necessarily bonded 

to them) that act as counter-ions during oxidation/reduction process[14]. A different approach 

involves the use of self-assembled materials[15]. In these kind of materials, one layer is 

electrochemically active, while the other one has charged functional groups, such as sulfonic or 

carboxylic acid, to compensate the generated charges in the polymeric chains. In addition, the self-

doping effect in layer-by-layer electrodes leads to important improvements in their properties, such 

as an increase in the specific capacitances[16], extended life cycle[17] and improved electrochromic 

properties[18]. 

Electrochemical impedance spectroscopy (EIS) is a powerful tool for the electrochemical 

characterization of materials. Using this technique, it is possible to extract information about the 

kinetics of the redox process and the structure of the electrochemical interface[19–23] in the 

stationary state. The most common way to analyse EI spectra is to use equivalent circuits, in which 
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the circuit elements describe the processes occurring at the electrode-electrolyte interface[24]. This 

model works well to describe flat and/or roughened electrodes, but in the case of porous ones as, for 

example, conducting polymers, another type of interpretation including the porosity description is 

necessary. In the case of porous materials where the  pores are deep enough to be considered as 

channels in the material, the impedance of the electrolyte in the pores, the impedance of the material 

itself, and the impedance of the interface between them have to be considered[25,26]. There are two 

limiting cases for two-media systems: (i) the impedance of the two media are comparable, and (ii) 

the impedance of one medium is much larger than the other one, which can, hence, be neglected. In 

this sense, transmission-lines (TL) models stand out among the possible forms of analysing  

impedance data[27,28]. In these cases, the two branches and the one branch TL models are applied, 

respectively[29]. In CPs, the two branches to be considered are the ionic transport in the pores and 

the electron transport in the polymer chains, as well as the ionic charge transport at the interface. 

Computational methods are an important tool which can be used to describe, from a 

molecular point of view, those bulk properties of the material that could be reflect in the interface 

properties.  Density Functional Theory (DFT) is one of the  most popular and versatile 

computational methods [30]. It has wide application in the chemical and material sciences to 

simulate, analyse and predict properties and behaviours of complex system at the atomic scale. DFT 

is based on the Thomas-Fermi model[31], that aims to describe electron distribution into small 

volume elements. The application of this tool to conductive polymers has been proposed in different 

papers[32–35], and usually it is employed to estimate CPs properties investigated by extrapolating 

the properties of long-oligomers[33,34]. It is important to stress out that due to the size of the 

system being studied, the method used is approximate, but the obtained results can be used to 

support the interpretation of experimental data. 

We present here a study of the effect of self-doping in poly(o-methoxyaniline)/poly(3-

thiophene acetic acid) (POMA/PTAA) layer-by-layer films using EIS and DFT calculations.  

 

2. EXPERIMENTAL  

2.1. Chemicals and solutions  

Acetonitrile, lithium perchlorate and perchloric acid used were purchased from Sigma-

Aldrich, and were used as received. Ammonium hydroxide and hydrochloric acid, both in analytical 

grade and supplied by Vetec, were used for pH adjustment. All aqueous solutions were prepared 

with Milli-Q water (resistivity > 18.0 M cm). Polymer powders of POMA and PTAA were 

prepared following previously described methods [36,37]. A polycation solution was prepared 

adding 20 mg of POMA and 400 µL of acetonitrile to 30 mL of ultra-pure water, after which the pH 
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was measured and checked to be around 3.0. A separate polyanion solution was prepared by adding 

13.5 mg of PTAA to 25 mL of water, and the pH was subsequently adjusted to 8.0 with NH4OH 

and HCl solutions. Then, the solutions were centrifuged at 9000 rpm and the supernatant powder 

was removed. The washing solutions was prepared by adjusting the pH of pure water to the pH of 

each polymer solution. Finally, the solutions were used in the film assembly apparatus[38].  

2.2. Polymer films preparation 

Indium tin oxide (ITO, resistivity of 10 Ω cm
-1

) was used as substrate for the deposition of 

the polymer films. The layer-by-layer assembly method consisted in the deposition of alternated 

layers of the two polymers. Each layer was obtained by deposition from one of the polymeric 

solutions for 180 s; followed by a washing for 3 s with a polymer-free solution of the same pH, and 

terminated by a drying step under N2 flux for 100
 
s. Alternating between the polycationic and 

polyanionic polymer solutions, yielded alternating layers of POMA and PTAA. The combination of 

one POMA layer and one PTAA layer forms a bilayer. Layer-by-layer (LBL) films composed of 60, 

80, 100, 120 bilayers were prepared. 

 Cast POMA films were obtained by dropping a known amount of POMA solution over the 

ITO substrate. The film was then dried in a vaccum dissector for 24 h before characterisation. Cast 

films of consisting of 60, 80, 100, 120 µL of POMA per cm
2
 were prepared. 

The ITO substrate was weighed before and after the LBL polymer assembly or the POMA 

casting, in order to determine the mass of electroactive material. In the case of the cast POMA films 

all the deposited mass is electroactive. However, in the case LBL films, just half of the deposited 

mass was assumed to be electroactive, because only the POMA layer is electroactive in the studied 

potential window in addition to the consideration of the deposited mass of each polymer is the same 

in the self-assembling method[15]. 

 

2.3. Electrochemical characterizations procedures 

All experiments were performed using an AUTOLAB 302N potentiostat/galvanostat (Eco 

Chemie, Netherlands) monitored with NOVA software. A conventional one-compartment/three-

electrode cell was used. The polymer-modified ITO substrates were used as working electrodes, an 

Ag/AgCl electrode in KCl (3.0 mol L
-1

) was used as reference, and a Pt wire as counter-electrode. 

Electrochemical experiments were performed in 0.1 mol L
-1

 LiClO4 in acetonitrile. The cyclic 

voltammetry (CV) was performed in the potential window from -0.3 V up to 0.7 V at 20 mV s
-1

. EI 

spectra were obtained using a FRA32M module in the frequency range between 10 mHz and 

10 kHz (10 data points per frequency decade), with a modulation amplitude of 10 mVrms. EI spectra 

were obtained at DC potentials between -0.3 V and 0.7 V in 0.1 V steps.  The values of the 

electrical parameters were obtained by fitting the experimental spectra to either the one-branch or 
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the two-braches transmission-lines model.  

 

 

2.3.1. Transmission lines models 

The main difference between the one-branch and the two-branches TL models lies in the 

polymer branch (Figure 1). The resistance of the POMA cast films is comparable in magnitude to 

that of the solution in the pores, and it has to be accounted for using a two-branches TL model. On 

the other hand, the resistance across LBL films is much lower (< 10
-9

 Ω) than that of the solution in 

the pores, and can be disregarded. A one-branch TL model, in which the interface is short-

connected with the working-electrode substrate suffices in this case. We would like to note, 

however, that an actual short-circuit across the polymer does not exist. In fact, it is the properties of 

the LBL films that lead to their negligibly small resistance what are the main subject of this 

research. 

The solution branch and the interfacial impedance are equally modelled in both cases. Rsol 

describes the ohmic drop between the reference electrode and the surface of the working electrode; 

Rpore corresponds to the resistance of the electrolyte inside the pore, which is related to the pore size 

and shape; and Rct, is the charge-transfer resistance, associated in the case of conductive polymers 

to the transport and intercalation of ions. In series with latter resistance, there is the charge-transfer 

capacitance, Cct. This capacitance is necessary to explain the delay between the intercalation of the 

ion into the polymer film and its effective arrival to the active site. In parallel to these elements, 

there is the double-layer capacitance, Cdl. 
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Figure 1: Graphical representation of the two-braches (top) and the one-branch (bottom) transmission-lines 

models used to analyse the EIS data. 

2.4. Computational Methods 

Computational calculations were performed after a relaxation step using semi-empirical 

methods with the PM7[39] basis set in the MOPAC2016 software[40,41]. Then the geometrical 

optimizations were carried out at DFT level using the MOLOPT basis set[42] with BLYP 

functional [43]. All the optimizations were carried out using the CP2K quantum chemistry software 

[44] and the Maxwell High-Performance Computing Cluster at the University of Aberdeen [45]. 

The Avogadro software [46] was used for building up and visualising the molecules. The building 

up of the molecules  started from the optimized monomers, followed by increasing the polymers 

size from dimers to hexadecamers step-by-step, following methodologies described in the 

literature[21,33,34].  

 The equilibrium distance between POMA chains was estimated using semi empirical 

methods with the MOPAC2016 software and the PM7 basis set. For this, the reaction path mode of 

the software was used, in which, starting from an interchain distance of 10 Å, the energy of system 

was calculated after each step of 1.0 Å in order to build energy-distance curves. Additionally the 

same was calculated for POMA and PTAA system. The following assumptions were taken in the 

calculations: (i) the two polymers were assumed to have long-distance order, (ii) both were 

constructed head-to-tail; and (iii) the thermal energy is enough to bring about low-energy changes 

in the conformation of the polymeric chains. Calculations were performed for the following 
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systems: (i) pure, neutral POMA; (ii) POMA in the presence of PTAA chains; (iii) POMA in the 

presence of perchlorate ions, (iv) positively charge POMA; and (v) positively charged POMA 

interacting with ClO4
-
 counter ions and (vi) positive charged POMA with PTAA. All these 

molecular models are important in understanding the oxidation process and the interaction with 

PTAA. 

 

3. RESULTS AND DISCUSSION 

3.1. Structural characteristics and theoretical model description 

The POMA and PTAA polymers were built by adding monomeric units until the normalised 

energy converges to a steady state value, which is accepted as that of the model material. This 

approach is a compromise between computer time duration and property accuracy. Figure S1 in the 

Supplementary Information presents a plot of the normalised energy vs. the number of monomer 

units. Since the difference between the simulated tetramer and octamer is very small, we decided to 

use the smaller one, together with Periodic Boundary Conditions (PBC)[47,48]. Besides, 

considering the description of the different oxidation states in polyaniline (and its derivatives), the 

tetramer model unit was chosen[49] in which it is possible that half of the monomeric units 

characterize one important state in the material, called emeraldine. Furthermore, we investigated 

both the POMA polymer system, its oxidized form in the presence of perchlorate ions and, finally, 

the LBL model, i.e., POMA tetramer in the presence of the same number PTAA monomer units. 

The repetition units used the calculations are shown in Figure S2 of the Supplementary Information. 

The bond order (BO) and bond length (BL) of C−C bonds in the aromatic rings of reduced 

POMA are 1.49 and 1.40 Å, respectively, with dihedral angles [35] between aromatic rings of 

37.2°. These values show that, in this case, the dihedral angle does not affect the conjugation length 

in the chains. It is important to stress out, however, that it affects the chain-to-chain distance, which 

will be discussed in the text below. The C-N BL is 1.46 Å, with a BO of 0.988, and the angle 

formed by the C−N−C bonds is of 119.6°. We have also computed Mulliken charges[50], which 

provide an estimation of the partial atomic charges, allowing to determine which atoms concentrate 

charge and to estimate non-conventional hydrogen bonds[51]. N and O atoms accumulate partial 

negative charges of -0.563 and -0.618, respectively, as expected from their electronegativity. 

Next, we simulate charged POMA chains in which one e
-
 per monomer has been removed, 

which lead to a slight change in the conformation of the chain, as shown in Table 1. The rings lose 

their aromaticity, containing now two double and four single bonds, i.e., acquiring a quinoid form, 

as previously proposed for POMA from experimental data[52]. The C−N bond length is reduced to 

1.36 Å and the BO increased to 1.51. This decrease in the bond length is expected, because it 
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becomes resonant between a single and a double bond, as also evidenced by the calculated bond 

order. The Mulliken charge of the O atoms remains almost the same, while that of the N atoms 

changes its sign and now amounts to 0.987. This indicates that the positive charge, due to the 

oxidation, occurs  mainly over the N atoms, as expected[53,54]. Besides, the C−N−C bond angle 

increases to 136.4°. This last aspect is attributed to the positive charge formation in the N atom, 

leading to a decrease in the electron repulsion and, consequently, to an increase in the bond angle. 

Additionally, the dihedral angle changed from 37.2° to 49.4°, i.e., the oxidation induced an increase 

in the torsion between two successive monomeric units. All these parameters are summarized in 

Table 1, and are in accordance with the literature [53–55]. 

 

Table 1: Some structural parameters from the DFT calculations for POMA in reduced and oxidized states. 

 

 

All these structural parameters are important to understand the changes in the polymer chain 

due to the oxidation process, which will next be analysed in the light of the EIS data. 

 

3.2. Electrochemical properties 

Figure 2 shows the cyclic voltammograms (CVs) of cast and LBL polymer films. While the 

specific current per mass of polymer remains almost constant for cast POMA films, it increases 

considerably in the case of POMA/PTAA LBL films. We have recently proposed an explanation for 

this behaviour[16]. Despite the increase of the mass-normalized current, it is still possible to see all 

the fingerprints of the electrochemical behaviour of POMA in LBL films.   

 
Neutral POMA (reduced 

form) 

Positively charged POMA 

(oxidised form) 

Aromatic C−C bond length / Å 1.40  1.51 / 1.37 

Aromatic C−C bond order 1.49 1.12 / 1.97 

C−N bond length / Å 1.46 1.36 

C−N bond order 0.988 1.51 

C−N−C angle / ° 119.6 136.4 

Rings dihedral angle / ° 37.2 49.4 

N Mulliken charge -0.618 +0.987 

O Mulliken charge -0.563 -0.568 
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Figure 2: Cyclic voltammograms for cast POMA (left) and LBL POMA/PTAA films (right) in 0.1 mol L
-1

 

LiClO4 in actenitrile at 20 mV s
-1

. (a) 60 (b) 80, (c) 100 and (d) 120 µL; (e) 60 (f) 80, (g) 100 and (h) 120 

bilayers; performed in LiClO4 0.1 mol L
-1

/ACN at 20 mV s
-1

. 

 

The models used to analyse the impedance data have been optimized both for the reduced 

and oxidized states of all the films tested, and allow to describe the changes occurring at different 

applied potentials. Figure 3 shows typical Bode plots for 80 L POMA cast films and 60 bilayers 

LBL films in both their reduced and oxidized states. We chose these samples because they present 

similar mass normalized currents which allow comparable analysis[16]. Clear differences can be 

observed between the spectra of reduced and oxidised POMA cast films, while no significant 

difference can be observed in the case of the LBL film. This adds support to the main hypothesis in 

the corresponding TL impedance model, namely, that the LBL film has a negligible impedance. The 

oxidation states of POMA are presented in Figure S3 of the Supplementary Information following 

those description in the literature[56]. As shown in Figure 3, the differences between the oxidised 

and reduced states are more pronounced at the lower frequency limit, both for cast and LBL films. 
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Figure 3: Bode plots for 80 uL POMA cast films (left) and 60 bilayers LBL films (right) in 0.1 mol L
-1

 

LiClO4 in acetonitrile at -0.30 V (black squares) and 0.70 V (blue circles). V = 10 mV. 

 

All the parameters describing the behaviour of the polymer films can be obtained from the 

fit of the experimental impedance spectra to the TL models illustrated in Figure 1.  Figure 4a and b 

show the resulting Cdl as a function of the applied potential for all the films prepared. This 

parameter is associated to the electroactive interface between the polymer and the solution in the 

pores. Figure 4c and 4d illustrate the relative changes of Cdl. Both types of films show an increase 

in Cdl with increasing potential, as expected from the increase in the volume of the film associated 

with polymer oxidation [49]. It has been proposed that ion intercalation leads to this volume 

increase. However, LBL films show an increase of Cdl with potential of ca. 30 % that observed for 

POMA cast films. This result suggests that the self-doping effect in these materials accounts, at 

least partially, for charge neutralisation, taking over the role played by ion intercalation, as we have 

recently suggested [15]. As can also be observed in Figure 4, Cdl starts increasing at more negative 

potentials in the case of the cast films than for LBL ones, which could also be related with the 

intercalation of ions necessary to compensate the positive charges generated by the oxidation of the 

POMA chains in the former case. Finally, as can be observed in Figures 4c and 4d, while for LBL 

films Cdl increases continuously with increasing number of bilayers, for cast films Cdl reaches a 

maximum for 80 L films, decreasing for thicker POMA films. This can be related to the ohmic 

drop across the films, which should increase with increasing cast film thickness. As a consequence 

of this ohmic drop, the oxidation process becomes more difficult and less efficient, and it is not 

possible to ensure the homogeneity in the oxidation process over the entire film.  

Is important to make clear that there is also an increase in the electroactive area, coming 
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from the solvated (or at least partially solvated)  ions intercalation process during the polymer 

oxidation[57–59]. It means that, due to the oxidation, there are two factors that contribute to the 

increase in this capacitance: the increase in the surface area of the polymer and the transformation 

of the polymer itself from insulate to the its conducting form[60,61]. In this way, we just used the 

changes in the double-layer capacitance to make qualitative comparisons, since we cannot separate 

the two involved processes with the experimental approach we used. 

 

 

 

Figure 4: Double-layer capacitance as function of applied potential for casting and LBL films 

 

Figure 5 shows the dependence of Rct on the applied potential. For the sake of clarity, only 

one film has been included in Figures 5a and 5b, where the corresponding voltammetric response is 

also shown. Rct for all the investigated samples are shown in Figures 5c and 5d. Cast polymer films 

show a change in the slope of the decrease of Rct with potential (Figure 5a), which can be attributed 

to a change in the electronic conductivity within the polymer film. The current flowing during a 

voltametric experiment corresponds to the oxidation of the polymer, and the rate of this process is 

limited by ion intercalation in to the polymer chains in order to neutralise the charges created. When 

the reduced, low conductive polymer, is transformed to an oxidized, high conductive one, there is a 

sudden decrease in the ohmic drop of the films, which makes Rct decrease faster with applied 

potential. Since the rate of oxidation of LBL films is only partially dependent on the ion 
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intercalation process [15], such a change in the slope of the Rct vs. E plot is not observed (Figure 

5b), except for a large number of bilayers. This could be an indication that there is a maximum 

number of bilayers where the self-doping mechanism is effective.  

 

 

Figure 5: Dependence of Rct on the applied potential for (a) 60 µL cast polymer films and (b) 60 bilayers 

LBL films. The dashed line corresponds to the anodic sweep of the corresponding cyclic voltammogram, 

shown in Figure 3. The dependence on appied potential of Rct of all the films prepared by polymer casting 

and LBL assembly are shown in (c) and (d), respectively. 

 

EIS data can also be used to determine semi-quantitatively the degree of swelling of the 

films during the oxidation process. The uncompensated electrolyte resistance, Rsol is directly 

proportional to the resistivity of the electrolyte (ρ) and the separation between the tip of the 

reference and the working electrode (L), and inversely proportional to the cross sectional area (A, 

Rsol = ρL/A). ρ and A are constant, so any change in Rsol must be due to changes in L. Similarly, Rpore 

must depend on the shape of the pore, shorter and wider pores lead to lower Rpore, although a lower 

availability of ions also cause this effect. In this sense, Rsol and Rpore here will be used as an 

indication of  pore´s form and volume change undergone by the film during the oxidation process. 

Since both Rsol and Rpore have different initial values for each tested film, it was decided to 

standardize and compare based on percentage of change. For this, Rpore starts at 0%, indicating no 
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deformation. With the oxidation process occurs this percentage rises, being interpreted as 

deformation percentage. Likewise, the Rsol starts at 0% and increases as the film swells. The 

increase in thickness due to polymer oxidation is already described in literature[62–64]. The change 

of this resistance are presented in Figure 6. In general, the films casting swell about two times (Rpol 

increase from 35 to 42% for different samples) more than the LBL film (from 13 to 21%), and this 

fact is in agreement with the theoretical studies which will be discussed below.  

 

 

Figure 6: Relative changes of Rpore (top) and Rct (bottom) with applied potential for polymer cast films (left) 

and LBL films (right). 

 

3.3. Computational modelling of the redox behaviour of POMA films 

Using the impedance parameters it was possible to propose changes in film morphology of 

both materials, which are consistent with previous work involving this type of 

observation[37,63,65]. Thus, from a theoretical point of view, we use DFT calculations to describe, 

at a molecular level, those changes observed from electrochemical experiments and thus understand 

the mechanism of self-doping.  

The essential difference between LBL and cast films lies in the counter ions balancing the 

positive charges generated upon oxidation (the PTAA layer in the case of LBL films, ClO4
-
 in the 
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case of cast polymer films) and their availability for the intercalation process. An adequate 

description of PTAA and ClO4
-
 within the computational model is, hence, necessary. ClO4

-
 was first 

optimized separately, using the PM7 semi-empirical method, and then using DFT. The optimized 

structure was preserved during the computation of its interaction with POMA oligomers. The 

interaction of perchlorate with neutral POMA provokes changes in the intramolecular angles, as 

well as in some bond distances, as expected, because perchlorate promotes electronic repulsion of 

the close atoms. C−N bonds are slightly elongated (from 1.46 to 1.47 Å), and the C-N-C bond angle 

increases by 1.30°. Even though these changes are not very large, it is important to bear in mind that 

they could represents an appreciable overall change, once propagated along the polymeric chain. 

Moreover, these changes are more pronounced for oxidized POMA, leading to an important 

structural reshaping. In the presence of perchlorate, the oxidation causes an increase in the C-N-C 

bond angle and a decrease of C-N bond length of 15.8% and 6.12%, respectively. Oxidation also 

provokes an increase of the dihedral angle of 38.6% in the presence of ClO4
-
, as opposed to 32.8% 

in its absence. This suggests that the presence of perchlorate leads to an increase in the twisting of 

the monomeric units, leading to a slight chain shortening. Macroscopically, such shortening is 

associated with a change in volume that, as described in different papers[62,66,67] and in Figure 6, 

could be responsible for the polymer degradation when submitted to electrochemical cycles.  

The PTAA chain was simulated following previous DFT work, in which the poly(3-

hexylthiophene) was simulated[35]. In the present case, we describe only four monomeric units 

applying PBC to simulate long polymer chains. PTAA displays a helicoid structure, each 

monomeric unit twisting with respect to the previous one by approximately 60°. Mulliken charge 

analysis shows charge accumulation at the −COO
-
 residue, with -0.599, -0.822 and –0.831 at C, =O 

and −O
-
, respectively. In addition, the −COO

-
 group has resonance as demonstrated by BO 1.47 for 

C−O bonds. 

In the POMA/PTAA case, the C-N bonds present  smaller values which could be related to 

the π−π interaction between the two chains. There is a decrease in the POMA dihedral angles, from 

37.2° to 28.4°, meaning that the POMA monomeric units are less twisted due to their interaction 

with PTAA chain. For the POMA/PTAA oxidized supermolecules, there is also a decrease in these 

parameters compared to pure POMA one. As consequence, in the LBL film, POMA does not swell 

too much due to the decrease in the torsion of the aromatic rings. It is also observed a chain 

shortening of 4.23% and 9.22% bond angle decrease. Table 2 summarizes all the calculated changes 

(The absolute values are present in Table S1 in the Supplementary Information). 
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Table 2: Changes in important structural parameters upon POMA oxidation as obtained by DFT 

calculations. 

 

 

The interaction between POMA and each molecule revealed a very significant result. For 

reduced POMA/PTAA, a total energy reduction was observed, which is1.96 Eh (53.22 eV mol
-1

) 

compared to pure POMA. On the other hand, only a small decrease in energy, 0.0449 Eh (0.127 

eV mol
-1

), is observed for reduced POMA+ClO4
-
.  This is result means that POMA/PTAA is much 

more stable than POMA+ClO4
- 
supermolecules.  

We have also calculated the interaction of two POMA chains, reduced and positively 

charged. As expected, in the case of oxidation of cast polymer chains, the layers tend to separate 

due to electrostatic repulsion (Figure 7a), which is somewhat minimized by intercalation of counter-

ions. On the contrary, this separation is not observed in the case of the interaction of POMA and 

PTAA in the LBL structure (Figure 7b). This is also an expected result because, the 

protonation/deprotonation of the COOH residue in the PTAA acts as charge compensating, and 

thereby charge repulsion is avoided. In order to test this hypothesis, an additional computational 

experiment was carried out to calculate the equilibrium distance between two chains. In the case of 

two POMA chains, equilibrium distances are 3.60 Å for reduced and 3.85 Å for positively charged 

molecules, i.e., the equilibrium distance increases by 6.9 % upon oxidation. On the other hand, in 

the case of POMA/PTAA a 1.2% decrease from 3.42 to 3.38 Å in the equilibrium interchain 

distance was found, in agreement with the proposition that the volume change is smaller in the case 

of LBL films. Energy curve plots are presented in Figure S4 of the Supplementary Information. 

 

 Pure POMA POMA + ClO4
-
 POMA/PTAA 

C−N bond lengh / % -6.85 -6.12 -4.23 

C−N−C angle / % 14.4 15.8 9.22 

Dihedral angle / % 32.8 38.6 20.8 
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Figure 7: Graphical representation of polymer chain behaviour during the oxidation process in the presence 

of the anion and the polyanion. 

 

Looking at both series of experiments it is possible to correlate the magnitude of film 

swelling due to inherent redox process of conducting polymers with its durability. Cast films 

depend on ion intercalation from the solution for charge neutralisation, which requires a mass 

transport step, leading to low response times and short life-time due to the concomitant structure 

changes. On the contrary, LBL films have an in-built charge-compensation system, which 

suppresses the mass transport step at least partially, and reduces the extent of conformational 

change associated to the oxidation of the polymer chains, decreasing the response time and 

increasing the material’s lifetime. 

4. CONLUSIONS 

The results shown that layer-by-layer POMA/PTAA films have improved electrochemical 

properties such as capacitance values. It has been shown that the positively and negatively charged 

layers, i.e., POMA and PTAA, respectively, presents conformational changes and electrochemical 

behaviour compared to cast POMA samples. Furthermore, the computational experiments shown an 

additional decrease in the energy minimization compared to individual polymer layers. From a  

thermodynamic point of view, this is an important issue to explain the enhance in the film stability.  

Besides, in the LBL films, the twisting of the polymer chain due to the oxidation is 12% less while 

the chain shortening is 5% compared with the casting ones.  This theoretical result is supported by 

the EIS data, which showed a decrease in the swelling of the LBL films of 50% compared to 

casting ones. Finally, all these results lead us to proposed that the PTAA acts beyond a charge-

compensator layer, , working as a backbone structure that mechanically stabilize the  POMA layer, 

leading to an increase in the durability, and improving the electrochemical properties. 
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FIGURE CAPTIONS 

 

Figure 1: Graphical representation of the two-braches (top) and the one-branch (bottom) 

transmission-lines models used to analyse the EIS data. 

 

Figure 2: Cyclic voltammograms for cast POMA (left) and LBL POMA/PTAA films (right) in 0.1 

mol L-1 LiClO4 in actenitrile at 20 mV s-1. (a) 60 (b) 80, (c) 100 and (d) 120 µL; (e) 60 (f) 80, (g) 

100 and (h) 120 bilayers; performed in LiClO4 0.1 mol L-1/ACN at 20 mV s-1. 

 

Figure 3: Bode plots for 80 uL POMA cast films (left) and 60 bilayers LBL films (right) in 0.1 mol 

L-1 LiClO4 in acetonitrile at -0.30 V (black squares) and 0.70 V (blue circles). V = 10 mV. 

 

Figure 4: Double-layer capacitance as function of applied potential for casting and LBL films. 

 

Figure 5: Dependence of Rct on the applied potential for (a) 60 µL cast polymer films and (b) 60 

bilayers LBL films. The dashed line corresponds to the anodic sweep of the corresponding cyclic 

voltammogram, shown in Figure 3. The dependence on appied potential of Rct of all the films 

prepared by polymer casting and LBL assembly are shown in (c) and (d), respectively. 

 

Figure 6: Relative changes of Rpore (top) and Rct (bottom) with applied potential for polymer cast 

films (left) and LBL films (right). 

 

Figure 7: Graphical representation of polymer chain behaviour during the oxidation process in the 

presence of the anion and the polyanion. 
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TABLE CAPTIONS 

 

Table 1: Some structural parameters from the DFT calculations for POMA in reduced and oxidized 

states. 

 

Table 1: Some structural parameters from the DFT calculations for POMA in reduced and oxidized 

states.Table 2: Changes in important structural parameters upon POMA oxidation as obtained by 

DFT calculations. 
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Table 1: Some structural parameters from the DFT calculations for POMA in reduced and oxidized states. 

 

 

 

 

 
Neutral POMA (reduced 

form) 

Positively charged POMA 

(oxidised form) 

Aromatic C−C bond length / Å 1.40  1.51 / 1.37 

Aromatic C−C bond order 1.49 1.12 / 1.97 

C−N bond length / Å 1.46 1.36 

C−N bond order 0.988 1.51 

C−N−C angle / ° 119.6 136.4 

Rings dihedral angle / ° 37.2 49.4 

N Mulliken charge -0.618 +0.987 

O Mulliken charge -0.563 -0.568 
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Table 2: Changes in important structural parameters upon POMA oxidation as obtained by DFT 

calculations. 

 

 

 Pure POMA POMA + ClO4
-
 POMA/PTAA 

C−N bond lengh / % -6.85 -6.12 -4.23 

C−N−C angle / % 14.4 15.8 9.22 

Dihedral angle / % 32.8 38.6 20.8 
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