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Abstract The use of inexpensive and biodegradable

deep-eutectic ionic mixtures as solvents for the electro-

chemical synthesis of conducting polymers could poten-

tially improve the sustainability of these processes and

reduce their economic cost. Such an unexplored approach

was investigated in this communication by growing a

model polymer such as polyaniline from a 1:2 mixture of

choline chloride and 1,2-ethanediol (the so-called Prope-

line) using potentiodynamic and potentiostatic electro-

chemical procedures. Beyond a preparation method, cyclic

voltammetry was also used to characterize the growth of

the polymers. The morphology of the films, and their

optical properties, were assessed ex-situ by means of

scanning electron microscopy and spectroscopic measure-

ments in the UV–vis. The polyanilines thus prepared

exhibited nanoparticulated morphology and high revers-

ibility to doping/dedoping which evidences fast charge

transport across the films. Excellent conductivities higher

than 50 S cm-1 were found under this approach.
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1 Introduction

The great chemical stability, high ionic conductivity, good

solubility, very low vapor pressure, and non-flammability

of room temperature ionic liquids (RTILs) have attracted

immense attention from many areas of chemistry and

industry [1–3]. As their recycling seems also feasible [4],

RTILs have been pointed as ‘‘green’’ alternatives to sub-

stitute traditional solvents in organic synthesis [5], catalysis

[6], electroplating [7], and so forth. The deep-eutectic

solvents (DES) are a special type of ionic liquids which can

be considered a low cost alternative to RTILs [8]. DES are

typically prepared by mixing salts of ammonium, phos-

phonium, and other analogs (with choline chloride being

part of the better studied systems) with a series of hydrogen

bond donors (HBDs; acids, amines, alcohols, and so forth)

to form an eutectic which melting point is lower than those

for their individual components [9].

The applications of these liquids as electrolytes in

electrochemical processes involve, to date, studies on metal

deposition (and their dissolution in electropolishing treat-

ments) [10] and their use in the dye-sensitized solar cell

(DSSC) [11]. Other applications involve biologic processes

such as the hydrolase catalyzed biotransformation [12] or

the extraction of glycerol from biodiesel [13]. However, to

the best of our knowledge, the potential of deep-eutectic

mixtures as solvents in organic synthesis has not been

adequately explored and the electropolymerization of

organic semiconductors from these mixtures has not been

approached before.
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In this respect, polyaniline (PANI) is one of the most

important organic semiconductors to be tested as a model due

to its good environmental stability, high electrical conductiv-

ity, easy of synthesis, and a quite reversible doping/dedoping

chemistry. These properties have led to their widespread uti-

lization in devices for energy conversion and storage

(including supercapacitors, batteries, and anodes for fuel cells)

[14, 15], sensors and biosensors [16], electrocatalysis [17], gas

separation [18], and electrochromic displays [19].

In recent years, organic semiconductors prepared from

RTILs have exhibited interesting properties in terms of sta-

bility, morphology, and surface area. Judging from the sim-

ilarities between RTILs and DES, it is hypothesized that

replacing the first ones by DES will bring polymers with

electrochemical and optical performances very similar to

those produce from RTILs, but at a much lower economic and

environmental cost. In this context, choline is a naturally

occurring biocompatible compound which is not hazardous if

it is released back to nature (pure or in the form of a deep-

eutectic mixture) following rapid biodegradation [13, 20].

1,2-propanediol is also a readily biodegradable substance that

can be used as HBD [21]. Since choline chloride and 1,2-

propanediol are inexpensive, the industrial processes using

their mixtures will also be more economically viable. With

the purpose of studying the feasibility of electropolymeriza-

tion processes in them, the electrosynthesis of the well-known

PANI has been attempted in an acidic mixture of choline

chloride and 1,2-propanediol, the so-called Propeline [22].

2 Preparation of PANI

Choline chloride (ChCl; Sigma–Aldrich, 98.0 %) and 1,2-

propanediol (Sigma–Aldrich) were mixed in a 1:2 ratio and

continuously stirred at 60 �C, in a thermostated three elec-

trode water jacketed cell, until an homogeneous and color-

less liquid was formed. The water content was estimated to

be between 300 and 400 ppm by means of the Karl Fisher

titration method. Then, aniline (Sigma–Aldrich, 99.5 %)

and sulfuric acid (Sigma–Aldrich, 98.5 %) were added to the

mixture to final concentrations of 0.7 and 1 M, respectively.

A Voltalab PGZ301 (Radiometer) potentiostat (con-

trolled through the software Voltammaster 4) was used for

the electrochemical measurements. Pt and Ag wires were

used as counter and pseudo-reference electrodes, respec-

tively. The working electrode was a GCE (Metrohm,

0.0314 cm2 area) polished with polycrystalline diamond

suspensions (1 and 3 lm) and sonicated for 15 min in

ultrapure water (18 MX cm) before its use. DES solutions

were de-aireated with N2 (N45 Air Liquid) for 15 min

before each experiment. PANI films were, then, grown

using the potentiodynamic cyclic voltammetry (CV) and a

potentiostatic chronoprocedure.

3 Results and discussion

3.1 Electrochemistry

Figure 1a illustrates the potentiodynamic growth of PANI

from the Propeline electrolytic solution described above

(CV-PANI-Prop). A selection of the first 40 CV-scans

applied between -0.2 and ?1.4 V (vs Ag wire), at

100 mV s-1 and 60 �C, is presented in the figure (just the

odd ones are shown). The first recorded scan (see figure

inset) presented a broad anodic peak around the upper limit

which is ascribed to the oxidation of aniline monomers.

Such a step initiates the polymerization process and, then, a

Fig. 1 a CVs obtained for GCE in 0.7 M aniline ? 1 M H2SO4

solutions in Propeline at 60 �C during the electrosynthesis of PANI

with 40 scans (just the odd ones are shown). The inset presents details

on the evolution of the first 3 scans. The scan rate was 100 mV s-1.

b CVs registered for CV-PANI-Prop films prepared with the same

number of CV-scans applied in a, and in the same medium, at

different scan rates: 200, 100, 50, 20, 10, and 5 mV s-1. The inset
displays the current density at the main cathodic peak for each case

(jC, empty circles) versus the square root of the scan rate (m1/2). The

dashed line represents the linear fitting of the experimental data
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film of PANI is subsequently grown, as deduced from the

subsequent decrease of this peak scan upon scan. The

continuous reduction in the amount of sites available for

monomer oxidation on the surface of GCE, due to the

physical deposition of the electrosynthesized polymer, may

likely explain the evolution of this peak. Importantly, this

behavior reflects as well that CV-PANI-Prop does not

follow an autocatalytic mechanism, agreeing with that

observed in aqueous media [23, 24].

Simultaneous with the decrease in this peak, a couple of

redox pairs developed with increasing the number of scans.

The shape of the corresponding CVs agreed quite well with

those previously reported for the electrochemical doping/

dedoping of films prepared from aqueous solutions (CV-

PANI-H2O), also characterized by a couple of quase-

reversible redox waves [25–28]. The greater was the number

of collected cycles the higher were the peak currents recor-

ded. This behavior also suggests that the load of polymer

deposited onto the GCE surface (and subsequently following

doping/dedoping upon potential change) continuously grew

along the time of the experiment. It is well-known that PANI

films prepared in aqueous acidic media (PANI-H2O) are

formed by domains of repeated benzenoid rings (Leuco-

emeraldine Base, LB, a fully reduced, yellow, and electri-

cally insulating state), alternated benzenoid and quinoid

rings (Emeraldine Salt, ES; proton-doped, green, and con-

ducting intermediate state), and repeated quinoid rings

(Pernigraniline Base, PB; a fully oxidized, violet, and also

insulating state) [25, 28, 29]. The transition between each of

these states in acidic aqueous electrolyte involves the cou-

pled transfer of 2 electrons and 2 protons, and can be induced

electrochemically by imposing a certain electrode potential.

By comparison with the well-known CV-PANI-H2O

system, we can ascribe the first pair of peaks (placed at

?0.67/?0.58 V in the CVs of Fig. 1a) to the oxidative

transition from LB to ES and its posterior reduction in the

negative-going potential excursion. Analogously, the pair

at ?0.89/?0.77 V may correspond to the further oxidation

of ES to PB and its backwards reaction [25, 28]. Under

certain conditions, CV-PANI-H2O can present, located

among them, a third pair of peaks which has been lately

attributed to the redox activity of p-benzoquinone/hydro-

quinone (BQ/HQ) side species formed upon overoxidation

of PB [28]. Figure 1a demonstrates that despite the high

upper potential used in these experiments, CV-PANI-Prop

can be grown upon a high number of scans without the

presence of these peaks or without observation of overall

peak decay, which might be taken as evidence supporting

the good stability of the films prepared under these limited

experimental conditions (films were prepared under iden-

tical conditions with more than 50 scans for conductivity

measurements, as it is discussed below). Thus, although

more stable PANI could be grown (with a higher number of

scans) using lower potentials, such a high potential was

initially chosen to guarantee the achievement of reasonable

polymerization rates in this solvent [30]. Interestingly, and

in contrast to that seen for dense matrices of CV-PANI-

H2O, the short peak-to-peak potential differences measured

in this case (DEP & 100 mV for both pairs) are a first

indication of the high degree of reversibility of redox

processes for CV-PANI-Prop.

The effect of scan rate, t, on the characteristics of

CV-PANI-Prop was also investigated. Panel 1b compares

the CVs recorded at several scan rates ranging between 5

and 200 mV s-1 for the film prepared in panel 1a.

Remarkably, the redox waves described herein were shown

to progressively merge into one single pair upon increasing

the scan rate. This is likely due to the difficulties to resolve

the two charge transfer processes involved in the doping/

dedoping of the polymer within the time domain given for

the experiments at high scanning rates. The inset of Fig. 1b

correlates the current density at the main cathodic peak (jC)

with t1/2. The data fitted quite well to a straight line

(R2 = 0.995). Linear jC versus t1/2 plots are usually taken

as confirmation that redox processes are controlled by the

slow diffusion of solution species toward the electrode.

Hence, the diffusion of anions and water into/out of the

polymer film during its potential-assisted doping/dedoping

(which is necessary to balance the changes induced in

polymer charge), seems to control the kinetics of the pro-

cess. This behavior has been observed, and confirmed by

means of in situ EQCM measurements, for other polymers

synthesized electrochemically [31]. The high viscosity of

Propeline at room temperature (89 cP) [7] could contribute

to the slow diffusion of solution species [32]. However, this

handicap has been balanced in these experiments by

keeping the electrolyte at a constant temperature of 60 �C.

The conclusion is that other factors may also contribute to

this behavior. It is well-known that the reversibility in the

doping of organic semiconductors is determined by the

mass and charge transport in the electrolyte as well as by

the electrical and structural properties of the polymer net-

work. From the electrochemical results obtained under

potentiodynamic control, CV-PANI-Prop films are strongly

suggested to consist of a network characterized with pores

of small size, likely in the nanoscale, but still easily per-

meable by solution species when compared to other

thicker, denser, more compact, and hydrophobic polymers

which exhibit lower reversibility in its doping/dedoping.

Further, our effort was focused in studying the potentio-

static electrosynthesis of PANI in this medium. To this end,

PS-PANI-Prop films were grown onto GCE by chrono-

coulometry at a fix potential of ?1.4 V (kept as high for

comparison purposes). Figure 2 presents the post-prepara-

tion CVs registered for the films grown with several step

durations (from 50 to 250 s, dashed lines). These were
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compared with the last scan obtained for CV-PANI-Prop

(dashed line). Step duration was kept intentionally low, to

avoid significant degradation of the polymer by overoxida-

tion of PB to side species. As expected, the profile exhibiting

the best developed peaks was obtained upon application of

the longest step (250 s). The figure inset reveals the exis-

tence of an obvious correlation between the step duration

and the charge passed on the corresponding CV.

Curiously, peak currents for the film prepared with 250 s

fell within the same order of magnitude with those for the

CV-PANI-Prop prepared with 40 scans. Nevertheless, the

changes observed in the shape of the CVs also suggest that

the redox state and quality of the films are also affected by

the synthetic procedure. For instance, a third oxidation peak

was observed as a shoulder at ?0.85 V. It could be argued

whether it accounts for the activity of side species formed

upon overoxidation of PB. However, no third reduction peak

is observed when the potential was scanned back (unless it is

overlapped with the second reduction peak at ?0.55 V).

Other differences involve: (a) the lower currents (and

potential: ?0.55 V) found for the oxidation of LB to ES,

(b) the higher intensity, potential (?1 V), and splitting of the

peak related with the oxidation of ES to PB, and (c) the

higher currents found in the backwards process at ?0.79 V.

Although deeper investigation is needed, these differ-

ences can be explained considering that PS-PANI-Prop

presents an enhanced population for the ES form when

compared with the CV-PANI-Prop. According to this view,

two types of ES forms will co-exist in the polymer during its

doping, i.e., ES domains potentiostatically formed during

the preparation process and those formed under their sub-

sequent potentiodynamic doping. The splitting of the single

peak corresponding to the oxidation of ES to PB in the CVs

of PS-PANI-Prop could be due to the different energies

associated with the oxidation of both types of ES forms.

Hence, it seems that the potentiostatic procedure yields

better grown polymers simultaneously doped to deeper states

which seems to affect the charge transport properties across

the films as demonstrated by the establishment of doping/

dedoping processes which are slightly more irreversible.

3.2 SEM

The morphology of both types of films was studied by

ex-situ SEM. Images were acquired in secondary electron

(SE) mode using an FEI Quanta 400 FEG/EDAX Genesis

X4 M microscope at CEMUP (Centro de Materiais da

Universidade do Porto). Figure 3 shows the micrographs

taken for films grown by potentiodynamic (10 scans) and

potentiostatic (100 s) methods (panels 3a and 3b, respec-

tively) in the same conditions described above. Their

comparison confirms that the potentiostatic approach

drives to better grown PANI networks (characterized by a

higher surface coverage and more compact structure) in

shorter times than the potentiodynamic procedure.

Details on the structure and morphology of these net-

works are shown in the insets. CV-PANI-Prop films formed

with such a low number of scans consisted of island-type

deposits distributed onto a barely uncovered electrode

surface. At this point, it is noteworthy that higher coverage

can be simply achieved by increasing the number of scans

(which was kept intentionally low for better comparison

with the potentiostatic approach). These films presented a

highly branched and crosslinked structure of PANI nano-

ribbons of about 100–80 nm width (and apparently lying

parallel to the electrode surface) with pores around

150–250 nm. On the other hand, the potentiostatic method

yielded a more homogenous and denser matrix of fibers,

which appeared to be mostly vertically oriented, exhibiting

a nanoparticulated morphology characterized by slightly

larger pores and particle sizes. Agreeing with the electro-

chemical data, these results confirm that PANI films pre-

pared by potential step are grown to a larger extent than

those prepared by CV procedures of comparable duration.

3.3 UV–vis spectroscopy and conductivity

measurements

Electrochromic properties and charge transport phenomena

through these films were investigated by means of ex-situ

spectroscopic measurements. UV–vis spectra were

Fig. 2 CVs obtained after the electrosynthesis of PANI onto GCE

from 0.7 M aniline ? 1 M H2SO4 solutions in Propeline at 60 �C by

potentiodynamic (CV-PANI-Prop) and potentiostatic procedures (PS-

PANI-Prop). The dashed lines show the profiles for PS-PANI-Prop

films prepared by the application of a potential step (from 0 to

?1.4 V) of 50, 150, and 250 s duration. The profile of a CV-PANI-

Prop film prepared with 10 scans between 0 and ?1.4 V is shown for

comparison purposes (straight line). The inset displays the charge

density integrated under the step (empty circles) and the regression of

the data to a straight line (black dashed line). The scan rate was

100 mV s-1 in all cases
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recorded on a Hitachi U-3000 spectrophotometer in the

range 300–800 nm and using 1 cm path length quartz

cuvettes. Optically transparent fluorine-doped tin oxide

(FTO, Pilkington TEC 8, 6–9 X sq-1, XopGlass, Castel-

lón, Spain) glass sheets were cleaned by sequential

immersion in ultrasonic baths of ethanol, acetone, and

ultrapure water (about 15 min each). Later, they were used

as working electrodes (immersed areas were measured with

a precision caliper) in the electrochemical preparation of

PANI. After preparation by different procedures, FTO/

PANI substrates were placed into the cuvette (perpendic-

ular to the light path) for the spectroscopic measurements.

To this end, PS-PANI-Prop films were electrosynthe-

sized at ?1.4 V for 100 s which was followed, or not, by

another 200 s at 0 V. The UV–vis spectra registered for the

films treated with, and without, such a dedoping step are

shown in Figure 4 (dashed and straight curves, respec-

tively) together with the chronoamperograms registered

during their preparation (figure inset). The films which

were not treated at 0 V were removed from the electro-

chemical cell at ?1.4 V (as indicated in the figure). The

spectrum obtained for a CV-PANI-Prop film prepared with

10 scans has also been included for comparison purposes

(dotted curve). In the latter case, the simple eye inspection

of the transparent substrates allowed us to witness revers-

ible changes in film color, from pale yellow (0 V) to

greenish-blue (?1.4 V), within each scan during its prep-

aration. These changes can be taken as a first confirmation

of the good electrochromic properties of CV-PANI-Prop.

The straight curve in Fig 4, agrees well with the typical

spectrum of PANI in a doped form which consists of a peak

at k = 440 nm (A440), a broad band in the range

500–800 nm (A500–800, with a maximum near 700 nm), and

a steep increase in the absorbance for k\ 400 nm (due to

strong UV absorption of the glass substrate). The position

of the first peak has been related to the protonation of the

PANI-H2O backbone, while the absorption band around

700 nm appears around 620 nm in the spectrum of the

latter and is attributed to n ? p* electronic transitions

[33–36]. This view was confirmed by the intense coloration

(greenish-blue) exhibited by the film as it is shown in the

picture inserts. As it is shown, the application of 200 s at

Fig. 3 SEM pictures taken ex-situ in SE mode for GCE electrodes

modified with CV-PANI-Prop (a) and PS-PANI-Prop films

(b) prepared with 10 scans between 0 and ?1.4 V and 100 s at

?1.4 V, respectively. The accelerating voltage was 15 kV and the

working distance (WD) ranged 8.5–10.8 mm in all cases. The insets
represent an increase of the magnification factor from 910,000–50,000

Fig. 4 Ex-situ UV–Vis spectra for a CV-PANI-Prop film prepared

with 10 CV-scans at 100 mV s-1 and removed at 0 V (dotted line)

and PS-PANI-Prop films grown by potential step to ?1.4 V of 100 s

followed (dashed line), or not (straight line), by 200 s at 0 V.

Transparent FTO substrates were used in all cases. The insets present

the amperometric transients (with the corresponding charges, Q,

measured under them) and the pictures taken for the different PS-

PANI-Prop films
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0 V introduced drastic changes in the spectrum (partial and

complete drop of A440 and A500–800, respectively) and, thus,

in the color of the film (pale yellow). Looking carefully to

the chronoamperogram, it is strongly suggested that ded-

oping is extremely fast: i.e., 200 s is a time much longer

than that necessary to achieve a nearly complete transition.

The magnitude of the absorbance for the dotted curve was

very low in the whole range of wavelengths investigated.

Owing to the more limited conductivity of FTO, 10 scans

may certainly lead to lower coverage than that observed in

Figure 3a. But after all, it still seems possible to discrim-

inate a profile similar to that exhibited by the dashed curve,

just as expected from the reversible color changes wit-

nessed during preparation. These results evidence that,

both, CV-PANI-Prop and PS-PANI-Prop films, are able to

undergo fast electrochromic transitions which is very

interesting for certain applications in optoelectronic sys-

tems (smart windows, and so forth).

Fast charge transport processes in organic semiconduc-

tors require good organization in the layers and few

defects, or charge traps, which may also be reflected in the

electrical properties of these films. Accordingly, conduc-

tivity measurements were carried out by means of the

standard four-probe technique using a custom fabricated

cell. The conductivity (r) of CV-PANI-Prop films prepared

onto FTO substrate with 60 CV-scans and removed from

solution at ?1 V under a strong green coloration (typical of

the conducting ES form) was measured (upon gentle

removal of residual ionic liquid using a soft laboratory

paper) following the Van de Pauw approach:

r ¼ ðln 2=pdÞ � ðI=VÞ ð1Þ

where I is the current applied between 2 of these probes

(0.1 A) and V is the voltage measured between the other

couple of points (taken here as the average of 10 inde-

pendent measurements). Film thickness (d) was determined

to be around 10 lm from section images taken by SEM.

The measured conductivity achieved a value of

r = 56 S cm-1 for the CV-PANI-Prop (60 scans). This

value is around ten times higher that for PANI-H2O syn-

thesized by chemical or electrochemical means, which

typically fall in the range between 2 and 6 S cm-1 [37, 38].

The chemical doping of PANI-H2O has been reported to

increase these values in one order of magnitude to

r = 20 S cm-1 [37].

Two types of intermolecular polymer chain conforma-

tions have been suggested to explain these differences:

(a) a highly cross-linked coil structure characterized by

enhanced inter-chain H-bonding network which introduces

ring twisting and disrupts p-conjugation in the polymer

backbone, thus, attenuating the conductivity [37], (b) a

more expanded coil structure in which the H-bonding

network is partially broken by the action of doping

molecules (such as m-cresol or THF) which strongly

interact with the polymer. In the latter case, conductivity

is increased owing to two types of effects: (a) conjugation

defects are reduced as planarity between neighboring

rings is enhanced; (b) a greater degree of polymer crys-

tallinity is achieved. Conductivities in the range

35–50 S cm-1 have also been reported for PANI depos-

ited onto a self-assembled monolayer terminated with

certain transition metal complexes. The establishment of p
type interactions between the p systems in the conjugated

polymer and in the surface coordinated species were

suggested to substantially stabilize an expanded coil

conformation [39].

Thus, the use of Propeline as a preparation medium is

demonstrated to induce a ten times increase in the con-

ductivity of PANI with respect to that prepared in water.

This result evidences the strong impact of the HBD species

in the electrical properties of the polymer. The massive

presence of choline and, specially, 1,2-ethanediol (a strong

and bidentate H bond donor), may certainly disrupt the

inter-chain H-bonding network, thus, favoring an expanded

coil structure that explains the excellent conductivity

found.

4 Conclusions

PANI films in the nanoscale can be easily prepared from

mild Propeline electrolytes under potentiodynamic or po-

tentiostatic procedures. The latter method has been shown

to produce slightly better grown, more doped, and, poten-

tially, more defective films when prepared during compa-

rable times. Despite these differences, films with good

quality have been obtained in both cases under the condi-

tions investigated, as demonstrated by the good electroac-

tivity, fast electrochromic transitions, and very high

conductivities exhibited in all cases. Despite the fact that

more work is needed to understand the correlation between

DES properties and polymer performance (with the pur-

pose of tailoring optical and electrical properties), in a

general vein, the feasibility of the electrochemical syn-

thesis of organic semiconductors since biodegradable and

inexpensive ionic mixture has been demonstrated here.

These results allow us to envision a future picture in which

certain electropolymerization processes, currently per-

formed from toxic organic solvents, can be adapted to be

performed from the more environmentally friendly DES

solvents.
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