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ABSTRACT: The methodologies for producing composites materials based on conducting
polymers (CPs) and 3D printed polymeric items are promising to combine the complex geometries
of 3D objects with the charge transport properties of CPs. Among the latter, polyaniline (PANI)
has an edge thanks to its peculiar electrochemical behavior. Synthesis protocols starting from the
aniline monomer to produce PANI phase are consolidated, however a series of controversies is
related to the use of this reactant, including potential toxicity. To obtain safer synthetic procedures
for fabricating electrical and electrochemically active 3D composites materials, this research
exploits an alternative precursor, namely the aniline dimer (DANI), for the in-situ synthesis of
polydianiline (PDANI) via oxidative polymerization within 3D printed polyethylene glycol
diacrylate (PEGDA) objects. Factors such as the molecular weight and swelling degree of PEGDA
matrix, as well as the nature of the PDANI’s dopant agents are found crucial to modulate the type
of redox mechanism, the charge transport properties and the impedimetric response of 3D printed
PEGDA-PDANI composites. The possibility to produce PEGDA objects in complex 3D shapes
(discs, dumbbell and trabecular structures), coupled with the charge transport and electroactive
performances of the PDANI filler, are promising for exploiting PEGDA-PDANI systems as active

interfaces in a wide range of electronic applications.

INTRODUCTION



3D printing technologies, also branded as additive manufacturing (AM), have demonstrated a
significant impact on a wide range of industries and fields, including product design, prototyping
and production ¥4,

AM allows designers and engineers to create 3D objects with complex and customized shapes,
increasing design flexibility and leading to the development of innovative products with enhanced
functionalities °*'. Among the different 3D printing technologies, light induced ones
(stereolithography — SL and Digital Light Processing — DLP) are well acknowledged for their
superior precision and possibility to produce complex objects without the use of sacrificial
materials 2.

Most 3D printable polymers are poor conductors of electricity, while many industrial,
biomedical and research applications, ranging from biomedical devices to soft robotics®, from
stretchable electronics® to artificial muscles, from chemical sensors to transistors®, from
microelectromechanical systems to smart prosthetic devices®, require electrical stimuli
transmission. To overcome these limits, the scientific community is exploring materials #, printing
techniques * and post-processing methods to make the 3D printed objects electrically responsive?.
For example, conductive inks based on the incorporation of conductive fillers within the polymeric
matrix 85 were purposely formulated for specific 3D printing processes, such as direct ink writing
16, Alternatively, a valid approach is to deposit electrically conductive coatings on the 3D printed
objects surfaces. In this context, electrically conductive polymers (CPs) are largely used, since
they allow to maintain the mechanical performances of the 3D substrates, while improving their
electrical conductivity "8,

In addition, their use has the advantage to tailor the charge transport properties of the final

objects by adjusting the composition of the polymer and the reaction conditions during the



synthesis process, along with cost effectiveness and versatility. The process of coating 3D printed
items with CPs typically involves the application of a thin layer of the polymer onto the surface of
the object, either by brushing, spraying, or dip-coating °. However, a more fascinating route
consists in exploiting the in-situ polymerization of monomers or polymeric precursors to produce
functional polymeric coatings, directly on the surface of the 3D objects 2%, Such an approach has
the advantage to eliminate the need for isolating and purifying the polymer product, which
simplifies the synthesis process and reduces the production costs 2224, Moreover, this strategy
allows for the formation of the polymeric phase even within the host matrix, producing composite
materials in which a continuous conductive network is formed both on the surface and within the
whole 3D printed object. The monomers typically used for in-situ polymerization include aniline
(ANI), 3,4-ethylenedioxythiophene (EDOT) and pyrrole to respectively produce polyaniline
(PANI), poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) 228, In this scenario,
PANI has an edge over the other CPs due to the combination of several properties, such as high
synthesis yield by chemical oxidative polymerization, high electrical and ionic conductivities, high
electrochemical activity, low cost for large-scale production and high stability in both air and water
2128 pANI films or composites have found large use in bioelectronics as main element in sensing,
21.29-31 memory *222 and so on devices %3134 In this view, the exploration of different deposition
methods, 3D geometrical factors and innovative synthesis protocols may pave the way for the
exploitation of PANI properties in several applications 11:126:35-37,

Although the synthetic protocols starting from the ANI monomer are consolidated and effective
7293840 4 series of controversies is related to the use of this reagent, including a potential toxicity
4142 Tn order to obtain safer procedures, a key task of this research is to optimize the synthesis of

PANI phase starting from the precursor N-phenyl-p-phenylenediamine (NPPD), also known as



dianiline (DANI). According to some studies, the involvement of such an aromatic diamine instead
of ANI brings some typical advantages ****¢. For example, DANI shows greater air and

4647 and is more soluble in polar solvents *’, thus resulting as a valid

temperature stability
alternative for chemical reactions *®*’. In this view, DANI is not only a handier reagent for
processing operations, but also becomes a safer choice for a variety of applications, ranging from
consumer goods to medical devices +.

Despite the molecular structure of polydianiline (PDANI) is the same as that of PANI * few
literature is reported on the synthesis protocols based on using DANI as a precursor 464951 The
probable first synthesis of DANI oligomers can be traced back to 1930, when Yoffe et al.
polymerized oligoaminodiphenylamines by the chemical oxidation of DANI with ferric chloride
followed by reduction with phenylhydrazine *’. More recently, Cirié-Marjanovi¢ et al. investigated
the PDANI synthesis via chemical oxidation of DANI with ammonium persulfate (APS) as
oxidizing agent, focusing on the dependence on the APS:DANI molar ratio *’. In the last years,
Zhao et al. prepared PDANI materials by using different organic or inorganic acids as dopants,
under the presence of cetyltrimethylammonium bromide (CTAB) as a structure-directing agent **.
Anyway, to the best of our knowledge, in-situ polymerization protocols to produce electrically
conductive and electrochemically active phases from DANI within 3D printed objects have never
been settled yet.

In this context, the novelty of this research consists in the optimization of the PDANI synthesis
starting from the DANI precursor, and the evaluation of the role and effects of several doping
agents, such as HCI, H2SOs, (1S)-(+)-10-camphorsulfonic acids. The developed protocol has been

adapted to an in-situ PDANI synthesis within the meshes of a polymer largely used in light-induced

3D printing, namely polyethylene glycol diacrylate (PEGDA), to produce electrically conductive



3D components 2. Specifically, the polymer growth is obtained by means of a chemical oxidative
polymerization of the DANI precursor by using APS as oxidant agent in acidic media for
producing PDANI species in the emeraldine salt (ES) configuration, which is the electrically
conductive form of the polymer. Scanning Electron Microscopy (SEM), Raman spectroscopy,
Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) analyses were
performed for evaluating morphology, molecular structure and electroactivity of the samples.
Factors such as PEGDA molecular weight and nature of the doping agents were taken into account
to tune the performances of the produced 3D materials. In particular, the PEGDA swelling degree
and the size of the dopant anions were found crucial parameters to tailor the type of redox
mechanism, the charge transport properties and the impedimetric response of the composite
objects.

Considering that the working principle of several organic electronic devices is based on the
evolution of the redox signals 2, the possibility to produce PEGDA substrates in complex 3D
shapes and geometries (discs, dumbbells, and trabecular structures), associated to the capability to
provide specific electronic and electrochemical properties by CPs are promising aspects in the
view of exploiting these hybrid systems as active interfaces in a wide range of electronic and
electroanalytical applications. Moreover, the identification of non-toxic precursors, the use of
environmentally friendly solvents and low quantity of reactants are desirable requisites for a more
sustainable development of industrial, biomedical, and scientific research.

Overall, the in-situ growth of CPs within 3D printed objects provides a way to enhance the
performance of the final product and simplify the manufacturing process, making it a promising
approach for various applications in industries ranging from aerospace to medical devices and

consumer goods.



MATERIALS AND METHODS

CHEMICALS

Aniline (ANI), ammonium persulphate (APS), sodium chloride (NaCl), dimethyl sulfoxide
(DMSO), hydrochloric acid (HCI), sulfuric acid (H2SOs4), (1S)-(+)-10-camphorsulfonic acid
(CSA), ethanol, polyethylene glycol diacrylate (PEGDA) with three different molecular weights
(namely, MW ~250, 575 and 700 Da) and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO), used as photoinitiator, were purchased from Merck and used as received. N-phenyl-p-

phenylenediamine (NPPD or DANI) was purchased by Alfa Aesar.

SYNTHESIS OF PDANI AND PANI SAMPLES

Reference and comparative PDANI and PANI samples were produced by means of chemical
oxidative polymerization of DANI and ANI precursors, respectively, by using APS as oxidant
agent. Equimolar amounts of reactants were allowed to react after an initial dispersion of the
monomer in DMSO and the oxidant in 1 M HCI aqueous solution. Specifically, to promote the
polymerization, APS/HCI solution was slowly dropped to the DANI/DMSO or ANI/DMSO
solution kept at 0-5 °C by means of an ice bath. The syntheses lasted for 24 h, then the products
were repetitively filtered and washed by water and ethanol to obtain dark green PDANI and PANI
powders. Before the characterizations, the obtained samples were dried in air for 24 h. Table S1

lists the concentrations of the precursors and reagents used for the polymerization process.

3D PRINTING OF PEGDA SAMPLES

3D PEGDA supports were produced starting from photocurable formulations obtained by
ultrasounds dispersion of 1%wt BAPO photoinitiator in three PEGDA batches at different MW,

namely PEGDA-250, PEGDA-575 and PEGDA-700. The different STL files were prepared using



SolidWorks software. The printing process was performed by means of an Asiga (Alexandria,
Australia) MAX X UV 27 DLP printer, equipped with a 385 nm LED light source. Irradiation
times were 1.1's, 1.5 s and 2 s for PEGDA-250, PEGDA-575 and PEGDA-700, respectively. Layer
thickness was set at 100 um, light intensity was fixed at 40 mW/cm?. After printing, the samples
were firstly soaked in an ethanol/water solution (50/50 v/v) to eliminate uncured resins, and then
post cured for 5 min in a Robot Factory (Mirano, Italy) UV chamber equipped with a medium-

pressure mercury lamp with light intensity of 12 mW/cm?.

FABRICATION OF 3D PEGDA-PDANI AND PEGDA-PANI SAMPLES

The PEGDA-PDANI and reference PEGDA-PANI samples were produced according to a
general protocol aimed at evaluating the effect of (i) the MW of the PEGDA matrix and (ii) the
nature of the anionic dopant on the growth of the PDANI and PANI phases and their structural and
functional properties.

(1) The different PEGDA samples, i.e., PEGDA-250, PEGDA-575 and PEGDA-700, were
initially immersed for 24 h in DANI/DMSO or ANI/DMSO solutions for achieving an effective
permeation of the starting monomer within the PEGDA matrix.

(i1) Subsequently, the APS oxidant was dissolved in the three different acidic media, i.e., 1 M
HCI, 1 M H2SO4 and 1 M CSA, which were slowly dropped on the precursor impregnated PEGDA
samples stored at 0-5 °C by means of an ice bath.

In this way in-situ polymerizations of DANI and ANI were promoted within the meshes of the
PEGDA structures while maintaining the precursor/oxidant amount equimolar and varying the
anionic dopant. The polymerization reactions lasted for 24 h, after that the products were

repetitively washed by water and ethanol and gently dried in freezer at 0-4°C.



The names of samples along with the experimental parameters for the synthesis processes are
reported in the Supporting Information. More in detail, Table S2 lists the produced 3D
nanocomposites objects, along with the experimental parameters investigated to evaluate the
effects of the insulating matrix; Table S3 reports names and synthesis conditions for the in-situ
polymerization process within the 575 Da molecular weight PEGDA scaffolds to study the effects
of the precursors; Table S4 lists the names and synthesis conditions for the production of 3D

nanocomposite objects to assess the effects of the dopant agents.

CHARACTERIZATION TECHNIQUES

The samples’ morphology was analyzed by means of an ultra-high-resolution Field Emission
Scanning Electron Microscope (FESEM, Zeiss Supra 40, Carl Zeiss AG). Cross-section of the
samples was obtained by cryofracturing the printed specimens in liquid nitrogen.

Raman spectra were collected in the range between 1000 and 1800 cm™' by means of an Xplora
ONE™ (Horiba) instrument, under a laser source at 785 nm, 1% power, 100x magnification and
3 cm! spectral resolution with a grating set at 1200T. The Raman spectra were normalized and
deconvolved by Lorentz function lines to derive position, amplitude, and integrated intensity for
each peak.

The electrical conductivity was studied by performing /-V characteristics by using the four-probe
technique. The probes were connected to a Keithley 6221 current source and a Keithley 2700
multimeter, controlled by LabVIEW interface. The electrical conductivity of the samples was
calculated according to the procedure reported in Ref >>.

Electrochemical and impedimetric measurements were carried out in a standard one-
compartment three-electrode cell by means of a Palm Sense compact electrochemical workstation.

The produced samples acted as working electrode by using Pt foils as electrical contacts, a



saturated calomel electrode (SCE) and a Pt foil were used as reference and counter electrode,
respectively. Cyclic voltammetry curves were collected in the (-0.2 + +0.8) V potential range and
at different scan-rates in 1 M HCI solution. EIS plots were acquired in 1 M HCI solution at
frequencies varying from 1 Hz to 40 000 Hz, by applying a sinusoidal wave of 50 mV of amplitude
superimposed to voltage bias ranging from 0 to +0.8 V. Fitting operation and data analysis were
performed by using PSTrace software.

All the measurements were performed at room temperature (RT) on three replicas for each

typology of sample.

RESULTS

The results of the preparation of PANI and PDANI samples are reported in Figure S1 and show
that the DANI precursor does not alter the polyaniline structure as pointed out by SEM images,
deconvolved Raman spectra and CV curves. Therefore, from a morphological, structural, and
electrochemical perspective the substitution of ANI with DANI does not induce marked

differences in the two final materials.

THE MOLECULAR WEIGHT AND THE SWELLING DEGREE OF PEGDA MATRIX

The general scheme adopted to grow PDANI and PANI phases within 3D PEGDA scaffolds by

in-situ chemical oxidative polymerization routes is reported in Figure 1.
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for 2dh APS

solution

Polymerization

Figure 1: General scheme of the in-situ polymerization within PEGDA matrix via chemical oxidation methods. X-

represents the dopant agent involved in the polymerization processes.

The permeation and adsorption of the precursors within the meshes of PEGDA scaffolds can be
considered as pivotal steps to accomplish the in-situ polymerization processes. In fact, the
adsorbed molecules are expected to behave as nucleation seeds for the following polymerization
process. This issue was investigated by evaluating how the different PEGDA supports can
influence the permeability to ANI and DANI molecules. It is well accepted that the molecular
weight influences the crosslinking density (which decreases with MW increasing) and, in turns,
the permeability or swelling of the final PEGDA hydrogel. The ANI and DANI polymerizations
provided hybrid PEGDA-based composites with clearly different features. In Figure 2 are reported
representative pictures showing the PP-250, PP-575 and PP-700 samples, produced by means of
DANI polymerization within PEGDA-250, PEGDA-575 and PEGDA-700 substrates,
respectively. For this set of experiments, the smallest dopant agent (i.e., CI" ion) was chosen to

guarantee a homogeneous doping process, regardless the cross-linking density values.
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PP-700

Fracture
f PEGDA substrates @=@=@ PDANI chains

Figure 2: Pictures showing the PP-250, PP-575 and PP-700 samples with a disk geometry. Inset: Representation of

the PDANI chains grown within the meshes of the PEGDA substrates.

We can observe that the PP-700 sample shows several cracks and exfoliations while the PP-250
and PP-575 samples are characterized by a rather widespread structural integrity. This outcome
indicates that the low crosslinking density, associated with the highest MW, makes the PEGDA
700 support not suitable to work as hosting matrix, reasonably because the drying process leads to
fractures and delamination. On the other hand, electrical measurements provided conductivity
values on the order of 10 and 10* S -m™! for PP-250 and PP-575 samples, respectively. The lower
conductivity of PP-250 sample suggests that the high crosslinking density characterizing this
substrate does not allow for a homogeneous distribution of both the starting monomer and the final
conducting polymer within the PEGDA meshes, as schematically depicted in Figure 2. In view of
the better mechanical and charge transport properties exhibited by the PEGDA-575-based

composites, PEGDA-575 items were thus selected as substrates for further experiments.
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THE EFFECT OF DIFFERENT MONOMERIC PRECURSOR

Figure 3 shows the results of a comparative study between two composite samples produced

with the PEGDA-575 support and the two different ANI and DANI precursors. In particular, in

Figure 3-a is reported a photo showing PEGDA-PANI and PEGDA-PDANI dumbbell shaped

objects; Figure 3-b shows the respective Raman spectra; Figure 3-c and d illustrates the CV curves

recorded at various scan rates in 1 M HCl medium by the two samples.
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Figure 3: (a) Photo showing PEGDA-PANI and PEGDA-PDANI samples with a dumbbell geometry produced starting

from PEGDA 575 supports: (b) representative deconvolved and normalized Raman spectra along with signals’
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attribution and CV curves for (c) PEGDA-PANI and (d) PEGDA-PDANI samples at a scan rate varying from 5 to

200 mV/s in 1 M HCI solution.

The different coloring shown by the two composite samples (Figure 3-a) indicates that the
synthesis of PDANI in PEGDA matrix took place in a much more homogeneous way than that of
PANL. In fact, in the first case the formation of a uniformly colored emerald-green object was
easily accomplished. This result can be explained by probable better interactions between the
different starting monomers and PEGDA, which, in turn, were reasonably induced by their
different solubility and reactivity in the reaction environment. The interactions between the
PEGDA and PDANI phases reasonably occur between the polar groups along the polymeric
backbones **. The Raman spectra of both the samples (Figure 3-b) indicate that the use of DANI
precursor does not alter the PANI molecular structure, in perfect line with the result obtained for
pure PDANI and PANI samples (Figure S1). In particular, the signals related to semiquinonoid
(SQ) units indicate that both PANI or PDANI chains are mainly grown in the emeraldine salt (ES)
configuration inside PEGDA meshes **°°°°_ An in-depth analysis of the Raman spectra performed
through the deconvolution operation allows for evaluating the protonation degree (PD%) of the
main chains. In particular, the PD% was derived by the ratio between the integrated intensity of
the peaks around 1320 cm™ and 1255 cm™!, respectively related to the protonated and deprotonated

benzenoid units 7, by using Eq (1) %%

o — A1320
PD% A1225+A41320 x 100 (1)
where A is the integrated area of the respective peaks. The similar PD% values of 85 and 81%,

respectively found for PEGDA-PDANI and PEGDA-PANI samples, corroborate that the CPs

produced within the PEGDA scaffolds possess comparable structural features.
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The electroactivity was preliminarily evaluated by cyclic voltammetry measurements in 1 M
HCI solution. As shown in Figure 3-c, the CV plots of PEGDA-PANI exhibit two broad oxidation
peaks spread between +0.1 and +0.7 V and a single broad reduction signal at ca +0.15 V.
Conversely, the CV curves of PEGDA-PDANI (Figure 3-d) show a scarcely detectable redox
couple in the (+0.10 + +0.20) V range, plausibly produced by the concomitant effect of hydrogen

adsorption/desorption processes and the initial oxidation of the polymer chain >

, and two clearly
distinguishable redox couples, A-A’ and B-B’ signals, located in the (+0.50 + +0.70) V potential
range. The black dashed arrows depicted for these latter indicate the shift of the anodic and
cathodic peaks towards greater and lower potentials, respectively, with the increasing of the sweep
rate. Such a trend can be explained with the occurrence of redox processes under a diffusion
regimen. Regarding the attribution of these signals, we can recall that polyaniline exists in different
oxidation states, whose the more distinctive are the fully reduced leucoemeraldine (L), the
semioxidized emeraldine (E), and the fully oxidized pernigraniline (P) form. In this view, the A-
A’ and B-B’ redox pairs can be reasonably associated to the conversion among the different
oxidation states of PANI, 36! as well as to the transformation between the intermediate p-

6264 Anyhow, the comparison between the

benzoquinone and hydroquinone forms.
voltammograms of the two samples clearly points out that the electrochemistry of the polymer

backbone is much more defined for PDANI than PANI based composite.

THE ROLE OF DIFFERENT DOPANT AGENTS

The evaluation of the dopant’s role and the potential effects on the structural and function
properties of the final products were investigated by focusing on PDANI phase. At the aim, a series

of PEGDA-PDANI (PP) objects were fabricated by using CI", SO4* and CS" as dopant agents for

15



producing PP-CI, PP-SO4 and PP-CS samples, respectively (Table S3). Photos, Raman spectra and

a schematic representation of the doping processes are reported in Figure 4.
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Figure 4: (a) Pictures showing PP-CI, PP-SO4 and PP-CS samples; (b) typical normalized and deconvolved Raman
spectra along with peaks’ attribution (c) schematic representation of the doping processes accomplished by different

dopant agents.

As shown in Figure 4-a, the pictures indicate the maintenance of integrity of the pristine PEGDA
substrates for PP-Cl and PP-CS samples. Conversely, cracks and exfoliations are observed for PP-
SO4 sample, which are probably due to the harsh environment of the 1 M HoSO4 solution. Although
the acidic concentration was the same for all the PDANI syntheses, it is worthy to consider that
the sulfuric acid is a strong dehydrating agent. Therefore, the involvement of this chemical species
probably produces a degradation of the PEGDA chains.

The structural features of the PDANI phases were evaluated by means of Raman spectroscopy
analysis. As shown in Figure 4-b, all the samples exhibit the signals typical of ES configuration.
According to equation (1), a protonation grade (PD%) of 82, 89 and 78% was respectively derived
for PP-CI, PP-SO4 and PP-CS, indicating that the dopant produces no substantial effects on the
molecular structure of main chains. On the contrary, an electrical conductivity value of ~ 2.0 x 10
4 1.2 x 10 and lower than 1.0 x 10 S - m™! was respectively derived for PP-Cl, PP-SO4 and PP-
CS. This result suggests that the incorporation of the big dopant CS™ anions within PDANI chains
is somewhat sterically hampered by the PEGDA structure as graphically represented in Figure 4-
c. Therefore, despite the remarkable protonation grade of PP-CS sample, a low doping level of the

PDANI phase was plausibly obtained as to produce a PP-CS composite with moderate charge

17



transport properties. On the contrary, the small radius of the Cl- and SO4> anions are supposed to
easily enter the hybrid PP matrices as to give slightly more conductive composite materials.

A study of the electroactivity of the PEGDA-PANI samples was carried out by means of CV
measurements at various scan rates in 1 M HCI medium. CV curves, anodic peak current values
as a function of the root scan rate and electrochemical stability test of the samples are reported in
Figure 5.

As shown in Figure 5-a, the A-A’ and B-B’ redox couples are observed in all the

voltammograms. In Figure 5-b the values of the anodic peak current (If) for the B-B’ couple are
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Figure 5: (a) CV curves at 5-15-30-60-120 and 200 mV/s in HCI 1M solution and (b) anodic peak current values as a

function of the root scan rate for PP-CI, PP-SO4 and PP-CS samples. The R? values derived by the fitting operation are
0.992, 0.966 and 0.994 for PP-Cl, PP-SO4 and PP-CS samples, respectively. (¢) Current and charge stability performances

for PP-CI samples at the scan rate of 30 mV/s in HC1 1M solution.
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graphed as a function of the square root of the scan rate. The linear fitting of the experimental data
indicates that the redox reactions producing these electrochemical signals occur under a diffusion
regimen in all the samples. In line with the electrical characterization, the lower current values (~1
nA) are recorded for PP-CS, while similar current values approaching 250 pA are obtained for PP-
Cl and PP-SOs. These latter also show slopes which are two orders of magnitude higher than that
of PP-CS. Finally, for all samples, the ratio between the absolute values of the anodic and cathodic
peak currents is always greater than 1 at each scan rate. Taken together, all of these results suggest
that the electrochemical processes emphasized by the voltammograms are generated by quasi-
reversible reactions involving charge transfer processes of PDANI chains .

As it is well established in the literature, during an electrochemical event the structural changes,
associated with the electron transfers from and onto the backbone of a CP, are typically
accompanied by ion exchanges with the surrounding electrolytic solution for charge balancing.
The mechanisms underlying these processes can involve anion or cation exchanges, and for
PDANI phase they can be respectively described be the following Egs. (2) and (3)'!:

PDANI + nA~ 4+ nH,0 = (PDANI®™®: (A7),: nH,0) + ne~ (2)

PDANI: (A7),: (C*),, = PDANI"™: (A7), + ne"+nC*  (3)

The involvement of small size dopants, as in the case of Cl- and SO4*" ions, is expected to drive
the pathway based on anion exchange (Eq.2). According to this route, the oxidation reaction would
encompass the insertion of anions, and a consequential swelling of the polymer matrix, whereas
the reduction would be accomplished through the expulsion of anionic species and the subsequent
shrinking of the polymer volume °¢. Conversely, the use of big size dopants, such as CS™ ions,

would determine redox mechanisms based on cation exchange®’®

, where the opposite
conformational modification is achieved by the expulsion and insertion of cations during oxidation

and reduction processes, respectively (Eq.3). The collected CV measurements disclosed that the
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doping process achieved by the incorporation of the big CS™ anions produces PDANI phases with
rather modest electrochemical activity. In contrast, the PEGDA matrix does not significantly
obstacles the incorporation and exchange of the small Cl- and SO4* ions, resulting in a best
performing electrochemical behavior for both PP-Cl and PP-SO4 composites. Finally, a last
consideration can be made about the electrochemical stability curves reported in Figure 5-c. We
can observe that for PP-Cl sample, both current and charge variations are rather stable over at least
10 cycles within the investigated voltage range of (-0.2 +0.8) V.

In the view of the overall results, we can reasonably assume that the chloride ion is the most
effective dopant in producing a 3D PEGDA-CP based object in which there is the proper
combination of structural, mechanical and charge transport properties exploitable for compelling
applications.

Therefore, further electrochemical analyses were carried out only on the PP-Cl sample by means

of in-depth EIS measurements.
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Figure 6: (a) Bode, (b) Nyquist and (c) negative phase angle EIS curves (straight lines) recorded for PP-Cl samples
in 1 M HCI and relative fits (dotted lines); (d) equivalent electrical circuit to fit experimental data, where: Rq, is
solution resistance, Cy; is the double layer capacitance at the electrode surface, R, is the charge transfer

resistance), Z,,is the Warburg resistance, C, and R, are the bulk capacitance and resistance, respectively.

In Figure 6 are reported the EIS data recorded for PP-Cl samples in 1 M HCI at the applied bias

0f0,0.1,0.2,0.3,0.4, 0.5, 0.6, 0.7 and 0.8 V, along with the simplest equivalent electrical circuit

used for the fitting operation. The variation of the impedance spectra depending on the applied
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voltage bias confirms once more the electroactivity of the sample. In particular, the spectra
obtained at low bias (< 0.1 V) show the highest |Z| values, realistically due to the L form of the
PDANI phase. With the bias increasing, the impedance absolute value progressively decreases up
to reaching a minimum at 0.5 V. At this potential, the conversion to the E form can be considered
completed. The further potential increase results in a parallel increase in |Z| attributable to the full
oxidation of the PDANI chains. The easier circuit able to fit these redox transformations is reported
in Figure 6-d where the R, C;; and R, elements represent the electrolyte solution resistance, the
double layer capacitance and the charge transfer resistance, respectively ¢°. Different phenomena
can contribute to the Warburg element (Z,,) such as surface inhomogeneities at
electrode/electrolyte interface, hydrogen adsorption/desorption processes and dynamic disorder
related with the anions’ exchange between the solution and the composite bulk *7°. The C, and
R, components can be instead related to the composite bulk capacitance and resistance,
respectively 1.

Qualitative information on the magnitude and the trend of the different elements are reported in
Table S5 and Figure S2, respectively. At each investigated potential, R varies only between 12
and 14 Q values, indicating a low solution-composite interface resistance’”. Analogously, C, and
R;,, were found to vary in the 1-5 pF and 1-6 Q small ranges, respectively. On the contrary, the bias
application strongly tunes the values of the interface parameters, such as Cy, R, and Zy,
disclosing that the interface properties are function of the oxidation states of PDANI chains. From
the evolution of the fitting parameters with the applied bias, the conversion among the different
oxidized forms of the PDANI phase is definitely confirmed (Figure S2). In fact, from an initial
high value at 0 V, as the bias increases R.; progressively decreases up to a minimum at 0.5 V

following the fully conversion from L to E form. The further bias increase induces a 400% rise in
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R, in line with the E to P conversion reaction. These hypotheses are well confirmed by the
evolution of Cy;. According to the voltametric measurements (Figure 5), the significantly low
value of Cy4; at 0.5 V corroborate the occurrence of a faradic redox reaction. In contrast, an increase
in Cy4; value is recorded when non-faradic events take place. The overall electrochemical and
interface properties changes of the PP-Cl system as a function of the oxidation state of PDANI
chains convincingly point out that the PDANI filler can promote effective ion exchange with
surroundings by transducing ionic current into electronic current via an efficient redox reaction 3.
In this view, the produced PP-CI composite exhibits characteristics potentially exploitable in all
those applications which require electrically and electrochemically active 3D materials.

To validate the efficiency of the proposed approach for producing objects with complex
architectures, PEGDA items with sophisticated shapes were tested as substrates for in-situ
polymerization of DANI.

In Figure 7 are shown photos of 3D printed PP-Cl samples with complex trabecular, dumbbell

and cut disc geometries, along with low and high magnification cross-section SEM images

showing the PEGDA multi-layered texture and the PDANI filler morphology.
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Figure 7: Pictures showing PP-Cl objects with (a) trabecular, (b) dumbbell and (c) a disk’s cross section
geometries; (d) high and (e-f) low magnification cross section SEM images for the PP-Cl samples to observe

the multilayered texture of PEGDA objects and the morphology of PDANI fillers, respectively.

From the pictures (Figure 7-a, b) we can observe as the optimized protocol allows for
successfully producing compact and homogeneous coloring and texture also for the printed objects
with intricate trabecular and dumbbell shapes. The dark green coloration can be obviously related
to the ES form of PDANI chains. The cross-section image of a cut PP-CI disc (Figure 7-c)
undoubtedly evidences that PDANI phase has uniformly grown within the PEGDA matrix,
emphasizing that the proposed in-situ synthesis method permits the effective formation of a
composite material. The cross section SEM image (Figure 7-d) highlights the multi-layered
architecture of PEGDA-PDANI samples, given by the typical layer-by-layer deposition of 3D
printing procedure!!. Analogously, the smooth surface exhibited by this sample is in line with the
high-quality surface finishing commonly achieved by means of light induced 3D printing

technique 7*. Finally, a more in-depth observation of the morphology of sample cross-section
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shows that actually PDANI globules are uniformly and densely distributed within the PEGDA

matrix (Figure 7e-f).

CONCLUSIONS

The present research was focused on developing protocols for the in-situ oxidative
polymerization of conjugated monomers within 3D printed PEGDA substrates to produce
electrically conductive and electrochemically active PEGDA-based composites. Investigating ANI
and DANI monomers as starting precursors, it was found that the synthesized PDANI filler gave
PEGDA-PDANI objects with charge transport properties improved with respect to those of
PEGDA-PANI ones.

The molecular weight of PEGDA matrix and the role of the PDANI chains’ dopant were also
studied as factors able to strongly modulate the properties of the final composite. The PEGDA
system with medium molecular weight and swelling degree was identified as the proper substrate
for growing PDANI phase with remarkable electrochemical activity, by maintaining at the same
time the mechanical features of the pristine PEGDA support. Regarding the nature of the dopant
agent, we pointed out that the use of small counterions of monoprotic acids, such as CI” ions, was
decisive to guarantee reliable charge transfer and transport properties, impedimetric response, as
well as structural integrity of the final material.

The possibility to produce PEGDA items with complex 3D shapes and geometries able to
support the in-situ polymerization to give functional composites was finally checked.

The collected results can be considered a proof of principle for extending the proposed

preparation protocol to a large-scale production of various 3D objects with sophisticated
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architectures that could be effectively exploited in multiple applications, ranging from electronics

to energy storage, as well as to biomedical devices.
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