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Abstract

Flexible conductive polyelectrolyte multilayer films built upon anionic poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and cationic poly(3-
hexylthiophene)-based conjugated polyelectrolytes (P3HT-R) containing imidazolium,
pyridinium and phosphonium ionic groups were prepared using electrostatic layer-by-layer
assembly. Adsorbed amount of each polyelectrolyte strongly increases when divalent cations
(Ba?*) are employed as electrolyte and when the rinsing step is avoided during the build-up.
The electrical properties of these (P3HT-R/PEDOT:PSS), multilayer films were then
investigated using the van der Pauw method leading to an average conductivity of ~2 S.m™.
Semiconducting behavior of these organic coatings was demonstrated by the direct
relationship between the conductivity and the temperature. (P3HT-R/PEDOT:PSS),
multilayer films exhibited p-type semiconducting behavior as showed by Seebeck
measurements. Finally, these films were successfully deposited onto flexible polymer sheets
and their conductivity was found to be not affected by applying a bending stress.

Keywords : Conductive polyelectrolyte multilayer, Layer-by-layer, P3HT-based conjugated

polyelectrolyte, PEDOT:PSS, Seebeck effect.
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1. Introduction

n-conjugated polyelectrolytes (CPEs) have been the subject of tremendous interest in the
recent years as they combine the semiconducting properties of conjugated polymers with
charge-mediated behavior of polyelectrolytes, thanks to their m-conjugated backbone and
ionic side chains[1]. Compared to neutral conjugated polymers, CPEs are soluble in polar
solvents such as water and methanol, which allows their use in a wide range of applications
such as biological sensors[2, 3], biomedical imaging[4, 5], photovoltaic cells[6] and organic
light-emitting devices[7, 8]. Since the conformation of the polymer backbone directly
influences the optoelectronic properties of CPEs, understanding and developing self-assembly

strategies to control the CPE conformation is of crucial importance[9, 10].

Self-assembly is an elegant approach for obtaining conjugated polymer nanostructures with
defined orientation and size[10, 11]. In the case of CPEs, their inherent amphilicity enables
their self-assembly into ordered aggregates in both solution and solid phases[12-14]. Their
self-assembly may also be manipulated by combining them with oppositely charged
substances such as metal ions and complexes[15-18], DNA[19, 20], surfactants[21-23] and
polymers[24] for building complex supramolecular structures. In this respect, electrostatic
layer-by-layer (LbL) deposition process based on the sequential adsorption of oppositely
charged species represents an easy and convenient strategy for obtaining CPE films with
controlled composition, architecture and properties at the nanometer scale[25, 26]. Such LbL-
based deposited CPE films can be exploited into organic electronics as components of organic

light-emitting devices[27, 28] and polymer solar cells[29-31].

Polythiophenes-based CPEs have emerged as a fascinating class of materials for organic
electronics due to their high conductivity, stability and processability[32-34]. In addition, the
availability of robust synthetic protocols (e.g. Kumada catalyst transfer polycondensation[35-
37]), allows the preparation of multiple polymer topographies (homopolymers, random/block
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copolymers) with a high degree of control over the final structure and molecular weight. The
first LbL self-assembly of polythiophene-based CPEs was reported by McCullough et al.
leading to structurally ordered nano-layered sheets of conducting polymers exhibiting
electrical conductivities of 0.04 S.cm™.B® More recently, Buriak’s group combined a cationic
pyridinium-based poly(3-hexylthiophene) (P3HT) CPE (P3HT-R) with a colloidal suspension
of poly(3,4-ethylenedioxy thiophene):polystyrene sulfonate (PEDOT:PSS) through a LbL
assembly process for inverted polymer solar cell device[29, 30], allowing to improve the film-

forming property and stability of CPEs.

In this present work, we examined a broader array of CPEs based on a common
polythiophene backbone, but bearing different ionic end groups (P3HT-R): poly(3-[N-(1-
methylimidazolium-3-yl)hexyl]-thiophene-2,5-diyl)] (P3HT-Im), poly(3-[6°-
trimethylammonium)hexyl]-thiophene-2,5-diyl] (P3HT-NMe3) and poly(3-[6°-
trimethylphosphonium)hexyl]-thiophene-2,5-diyl] (P3HT-PMe3) (Scheme 1). The growth of
the electrostatic LbL films based on these cationic P3HT-R and the colloidal suspension of
anionic PEDOT:PSS were investigated using a combination of in situ optical reflectometry,
profilometry and atomic force microscopy (AFM). The electrical properties of these
polyelectrolyte multilayers films deposited onto rigid and flexible substrates were then
evaluated by van der Pauw method and Seebeck experiments. It was in particular showed that
their conductivity is not modified by applying a bending stress onto the polymer flexible

substrate.
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Scheme 1: Chemical structures of the employed polythiophene-based conjugated

polyelectrolytes P3HT-R.

2. Experimental Section

Chemicals and materials.

Cationic polythiophenes were synthesized as previously reported[20]. First, a Kumada
catalyst-transfer polycondensation (KCTP)[39] was used to prepare the regioregular head-to-
tail bromide-bearing polythiophene precursor polymer (P3HT-Br). The number-averaged
molecular weight (M,) was determined by SEC analysis (M, ~ 13 500 g.mol™, B = 1.27)
Finally, the bromide precursor copolymers were converted to the conjugated polyelectrolytes
(P3HT-R) by treatment with 1-methyl-imidazole, trimethylamine and trimethylphosphine
leading respectively to polymers P3HT-Im (Poly(3-[N-(1’-methylimidazolium-3-yl)hexyl]-
thiophene-2,5-diyl ~ bromide)), P3HT-NMes  (Poly(3-[6’-trimethylammonium)hexyl]-
thiophene-2,5-diyl bromide)) and P3HT-PMe; (Poly(3-[6’-trimethylphosphonium)hexyl]-
thiophene-2,5-diyl  bromide)). Poly(3,4-ethylenedioxythiophene):polystyrene  sulfonate
(PEDOT:PSS) aqueous solutions (Clevios PH) were purchased from Heraeus. Sodium

chloride (99,5%) and barium chloride (>99%) salts were purchased from Sigma-Aldrich.



Multilayer film characterization.

The growth of (P3HT-R/PEDOT:PSS) multilayer film was monitored in situ using an
homemade optical fixed-angle reflectometer [40]. Normalized reflectometry output (AS/Sy) is
semi-quantitatively proportional to the adsorbed amount of polymer (mg.m?). Oxidized
silicon wafers (105 + 0.5 nm of SiO) were used as substrate after cleaning with piranha
solution. The transmission UV-Vis spectra of polymer films adsorbed onto glass substrates
were recorded on a Perkin Elmer Lambda 35 spectrometer. The surface morphology of
polymer films was investigated, without any metallization, using a high-resolution scanning
electron microscope (SEM) Quanta 450 W from FEI with an electron beam energy of 5 keV.
Thickness of each film was then measured with a profilometer (VEECO, Model Dektak 150)
equipped with a diamond stylus having a 12.5 um tip radius. Electrical conductivity of the
films was investigated using the van der Pauw technique. Four contacts were realized by
pressing probes made of nickel coated by a thin layer of gold. Using the same system,
Seebeck effect (thermoelectric effect) was monitored by measuring electrical voltage between
two probes resulting from an applied temperature gradient. A part of the substrate coated by
the multilayer film was placed onto a stage maintained at 20 °C during all the experiment and
the other part was placed onto a heating holder. Temperature of the hot point was
progressively increased and the resulting voltage between the two probes was measured in

view of obtaining the seebeck coefficient.

3. Results and Discussion

Multilayer film growth: in situ investigations. Before measuring film intrinsic properties,
the growth of multilayer films based on cationic CPEs P3HT-R and the negative
(PEDOT:PSS)'Na* complex was investigated using optical reflectometry. lonic strength (1) of

polyelectrolyte solutions was fixed at 0.003 M and pH was adjusted at 5.5. After the injection



during 5 min of a polymer free solution, a P3HT-R solution was injected during 10 min
leading to an increase of the reflectometry output (Figure 1) and thus, indicating the
adsorption of P3HT-R onto silicon oxide substrate. This adsorption is due to electrostatic
interactions operating between cationic side groups of P3HT-R and negative charges on the
silicon oxide surface. Indeed, based on the isoelectric pHy,c (1-2) of silicic acid (Si(OH)a), at
pH 5.5, silanol groups (SiOH) become deprotonated to form silanolate species (SiO") [41].
Due to charge overcompensation by P3HT-R", the surface becomes then positively charged
allowing its association with (PEDOT:PSS) in the subsequent injection step. Actually, when
PEDOT:PSS solution was injected, AS/Sy increases and reaches a plateau (Figure 1). The
strong association of PEDOT:PSS with P3HT-R could be due to the combination of two types
of interactions: the electrostatic interactions between the positive charges of P3HT-R and
negative sulfonate groups of PSS, and the =-stacking interactions operating between the
aromatic cycles of each type of polyelectrolytes. The growth of the multilayer films (Figure 1)
was monitored until the substrate was coated by five bilayers (P3HT-R/PEDOT:PSS)s. No
effect of the cationic side groups (Im, NMes, PMe3) was noticed whatever the type of salt
employed to fix the ionic strength during the film growth. This latter is more sensitive to the
molecular weight of the polymer [42, 43]. In our case, since all the P3HT-based CPEs exhibit
the same molecular weight, similar sizes in water are expected and thus, explains why no

effect of the ionic side groups onto the film growth is noticed.

Type of salt (Na* or Ba®*) was also modified according to our previous studies focused on the
growth of multilayer film made of poly(diallyldimethylammonium chloride) (PDDA) and
PEDOT:PSS [44]. As for (PDDA/PEDOT:PSS), film, multilayer prepared using barium
chloride salt exhibits an higher adsorbed amount demonstrating the effect of Ba** ions. By
screening the negative charge of sulfonate groups, the formation of the electrostatic barrier is

delayed, increasing the adsorbed amount of PEDOT:PSS. These results are consistent with



previous studies showing that multivalent ions usually act as adsorption promoter [45]. The
main driving force for the build-up of (P3HT-R/PEDOT:PSS), film is unambiguously

electrostatic interactions because of the significant effect of divalent ions.
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Figure 1: Reflectometry output as a function of time during P3HT-R/PEDOT:PSS multilayer
formation for different ions (Ba?*, Na*) and different R side P3HT groups (-Im, -NMes, -

PMes). Polyelectrolyte concentration = 0.01 g.L™, pH = 5.5, | = 0.003 M.

In order to determine the type of multilayer growth regime (linear or exponential), the
adsorbed amount of cationic and anionic polymer for each adsorption step was calculated
from the data of the Figure 1 and are plotted in Figure 2. For multilayer build-up using NaCl,
the adsorbed amounts of polyelectrolytes P3HT-Im and PEDOT:PSS are constant whereas
when BaCl, is used, AS/S, increases at each adsorption indicating a clear change of growth
regime. With Na* ions, the multilayer grows in a linear regime while an exponential regime
appears in the presence of Ba?*. This type of growth is due to an in and out diffusion process
of at least one of the two polyelectrolytes used in the film construction [46]. We suggest that

the polyelectrolyte which diffuses may be P3HT-Im for two reasons. First, the size of this



cationic CPE is very small (Mn ~ 13500 g.mol™) compared to PEDOT:PSS. Then, the
screening of PSS negative charge by Ba”** embedded in the film can facilitate the diffusion of

P3HT-Im into the multilayer film.
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Figure 2: Values of reflectometry output (AS/Sp) at the plateau for each polymer adsorption
step as a function of the number of layers for a (P3HT-Im/PEDOT:PSS)s multilayer film.

Polyelectrolyte concentration = 0,01g.L™, pH = 5.5, [NaCl] = 0.003 M, [BaCl,] = 0.001 M.

Film properties: Process modification and side group effect.

Two multilayer build-up processes were tested: one including a rinsing step between each
polyelectrolyte adsorption and a second without. This modified process was tested for the
adsorption of 10 and 20 (P3HT-R/PEDOT:PSS) bilayers. The thicknesses of (P3HT-

R/PEDOT:PSS) multilayer film were then determined by profilometry.
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Figure 3: (P3HT-R/PEDOT:PSS), film thickness as a function of: (i) the ionic side group (Im,
NMes, PMej3), (ii) the number of adsorbed bilayers, (iii) the addition of a rinsing step during

the build-up. [P3HT-R] = 0.1 g.L}, [PEDOT:PSS] =1 g.L, pH = 5.5, [BaCl,] = 0.001 M.

As shown in Figure 3, a clear effect of the process on the film thickness was noticed. Indeed,
film thickness increased significantly when the rinsing step is not applied. When the substrate
is rinsed, weakly adsorbed polyelectrolyte chains are removed leading to a decrease of the
thickness [47]. The type of the P3HT side group seems to slightly affect the film thickness
(around 50 to 100 nm) for rinsed substrate. On the contrary, when 20 bilayers of (P3HT-
R/PEDQOT:PSS) are deposited without rinsing, film thickness varied from 195 + 10 nm for
P3HT-PMe; to 324 + 160 nm for P3HT-Im. Such difference may be explained by different
film (P3HT-R/PEDOQOT:PSS) density for these two CPEs. Reflectometry is sensitive to the
optical mass which is equal to 4n x d where 4n is the variation of the refractive index and d
the film thickness. Since the optical mass (adsorbed amount) is the same for the three cationic
P3HT-R, an increase of thickness implies a decrease of refractive index and thus, film density.

As such, the film density (i.e refractive index) increases for multilayer incorporating P3HT-R



in the following trend: P3HTIm < P3HT-NMe; < P3HT-PMes. This is consistent with the
surface morphology obtained by SEM analysis in Figure 4 which show a progressive

smoothing from P3HT-Im, P3HT-NMej to P3HT-PMes.

Figure 4: SEM images of multilayer films made of: a) (P3HT-Im/PEDOT:PSS)y0, b) (P3HT-

NMes/PEDOT:PSS)s0, ¢) (P3HT-PMes/PEDOT:PSS)0.

The optical properties of (P3HT-R/PEDOT:PSS) multilayer films depicted in Figure 3 were
then analyzed by UV-vis absorption spectroscopy. Their absorption spectrum show two bands
at 450 nm and 930 nm corresponding respectively to P3HT-R [48] PEDOT:PSS. [49] (See
Supporting Information, Figure A). Absorbance of P3HT-R and PEDOT:PSS embedded into
the polyelectrolyte film increases linearly as a function of the film thickness independently
from the nature of the side group. Such linear relationship indicates a well-controlled
accumulation of the electrostatic LbL films and a homogeneous distribution of PEDOT:PSS

and P3HT-R CPEs inside the film.

Electrical conductivity and activation energy

Using data extracted from the van der Pauw technique, the electrical conductivity of each
(P3HT/PEDOT:PSS) LbL system was measured. Note that no rinsing step was applied during
film preparation in order to rapidly produce thick films. Values of conductivity are
summarized in Table 1. For the other LbL films e.g. shown in Figure 3, no conductivity was

determined (films were too much resistive). Indeed, the value of conductivity wasn’t
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calculated due a poor correlation between the recorded tensions and intensities[50].
Conductivity increases with the temperature showing the semiconducting-like behavior of
these LbL films. At 150 °C, the films containing P3HT-Im and P3HT-PMe; exhibit a
conductivity of 3 S.m™ while the conductivity is 5 S.m™ for P3HT-NMes-based film. The
association of these two conductive polyelectrolytes in LbL films allows achieving a
conductivity superior to that of multilayer film made of a conductive polyelectrolyte and an
insulating polyelectrolyte [44, 51]. For (P3HT-NMes/PEDOT:PSS) film, conductivity does
not depend on the film thickness e.g. for the number of adsorbed bilayers. This indicates that

film is homogenous and each polyelectrolyte is well distributed into the film.

Thickness Conductivity (S.m™)
P3HT side group N
(nm) 30°C 50°C 100°C 150°C 100°C 50°C 30°C
Im 20 324 150 193 288 334 291 270 219
NMe; 10 134 246 3.10 420 5.02 423 333 39
NMe; 20 283 219 280 433 539 462 339 263
PMe; 20 195 - - 297 314 3.33 - -

Table 1: Conductivity of (P3HT-R/PEDOT:PSS), films as a function of: (1) the ionic side

group, (2) the number of bilayers (N) and (3) the temperature.

Due to the P3HT-R/PEDOT:PSS film semiconductive properties which is thermally activated,
Arrhenius model can be used to calculate the activation energy. Consequently, from the slopes
of the variation of In ¢ with the reciprocal temperature (Figure 5), the activation energies (Ea)
were calculated. Whatever the nature of stacked polyelectrolytes, the activation energy was
the same and was equal to 72 + 2 meV. This low value correlates with materials containing

electrons as free carriers. Indeed, an electronic conduction process is characterized by an
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activation energy of few tens of meV [52]. Once again, the nature of side groups of P3HT

does not affect the electronic conduction mechanism.
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Figure 5: Arrhenius plot for P3HT-R/PEDOT:PSS multilayer films. [P3HT-R] = 0.1 g.L ™,
[PEDOT:PSS] =1 g.L™, pH =5.5, [BaCly] = 0.001 M.

Type of charge carrier: Seebeck effect

In order to determine the n or p type character of the semiconductor multilayer film, samples
were placed between two heating plates. Seebeck effect reveals if an induced thermoelectric
voltage is recorded when a temperature difference across the sample is applied. Before
analysing multilayer films, drop casting of P3HT-R and PEDOT:PSS were carried out to
prepare a thick film of each polyelectrolyte. Variation of the tension as a function of the
temperature’s gradient is plotted in Figure 6. Results show a linear increase of the tension
indicating that the charge carrier is p-type for both films. Same experiments were then
performed using LbL film. In all cases, the slope was positive indicating that(P3HT-
R/PEDOT:PSS), films are p-type semiconductor material and conduction is ensured by

positive charges (holes).
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Seebeck coefficients e.g. values of the slope, are summarized in Table 2. For drop casted
films, Seebeck coefficient is equal to 1200 pV.K™* for P3HT-Im and to 26.0 pV.K™ for
PEDOT:PSS. These coefficients are in agreement with those reported in the literature [53-55].
For multilayer films, the Seebeck coefficient is between the coefficients of drop casted films.
A lower value was found for (P3HT-Im/PEDOT:PSS), film. This could be explained by the
presence of imidazole ring. Indeed, =n-staking interaction between imidazole ring and either
styrene or thiophene ring could modify the conduction. Seebeck coefficient values may vary
from —100 pV.K* to +1000 pV.K™. For (P3HT-Im/PEDOT:PSS),, due to the value of
Seebeck coefficient, potential applications can be found for systems based on thermoelectric
effect. Finally, by controlling the amount of P3HT-Im and PEDOT:PSS into the multilayer,

Seebeck coefficient of the films could be adjusted to a required value for a specific

application.
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Figure 6: Variation of the tension as a function of the temperature’s gradient for: a) Drop

casted film of P3HT-Im and b) Drop casted film of PEDOT:PSS.
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Seebeck Coefficient

Film system (VKD
Pure P3HT-Im 1200
Pure PEDOT:PSS 26
(P3HT-Im/PEDOT:PSS)y 219
(P3HT-NMey/PEDOT:PSS) 262
(P3HT-PMes/PEDOT:PSS),0 270

Table 2: Seebeck coefficients of multilayer films. [P3HT-R] = 0.1 g.L™, [PEDOT:PSS] = 1
g.L™, pH =5.5, [NaCl] = 0.003 M.

Electrical conductivity of LbL films on flexible substrate

(P3HT-Im/PEDOT:PSS),, multilayer was deposited onto a flexible polyvinyl chloride (PVC)
sheet with a thickness of 0.15 mm. Substrates (40mm x 25mm) were cleaned by dipping in
ethanol and rinsed with ultrapure water. After functionalization, sample was placed between
the jaws of a vice (See Supporting Information, Figure B). Four copper wires were then
glutted on the top of multilayer film using silver-filled electro conductive coating substance
(Ecolit 342) and connected to the van der Pauw apparatus. Finally, by rotating the screw that
connects both jaws, PVC sheet was progressively curved with a radius of curvature ranging
from +oo to 6.0 mm (See Supporting Information, Figure B). Conductivity of (P3HT-
Im/PEDOT:PSS), films prepared with NaCl or BaCl, at same ionic strength was measured at
25 °C (Table 3) as a function of the radius of curvature. In all cases, the conductivity was not
modified even for a high bending stress. The structure of the films resists to the applied
physical force. Moreover, conductivity is the same whatever the salt used as electrolyte. lons
embedded in the film namely sodium or barium cations do not disturb the conductivity for a

low bending stress as well as a high bending stress. Consequently, valence of ions only affects
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the growth of the film as shown by the difference of film thickness (110 nm for NaCl and 295

nm for BaCly,)

Radius of curvature Conductivity
(mm) (S.m™)

NaCl BaCl,
00 1.15 1.20
16.9 1.22 1.13
13.0 1.27 121
10.3 1.40 1.15
8.6 1.74 1.15
7.5 171 1.20
6.7 1.27 1.17
6.3 1.28 1.07
6.0 1.43 1.21

Table 3: Conductivity as a function of the radius of curvature for (P3HT-Im/PEDOT:PSSpy)20
multilayer films, [P3HT-R] = 0.1 g.L™, [PEDOT:PSS] =1 g.L!, pH = 5.5, lonic strength =

0.001 M at 20 °C.
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4. Conclusions

Multilayered films were successfully prepared from cationic P3HT-based CPEs bearing
different ionic side groups and anionic PEDOT:PSS by using electrostatic LbL assembly. The
growth of the (P3HT-R/PEDOT:PSS) LbL films was found to be not dependent of the nature
of the P3HT ionic side group as shown by in situ reflectometry analysis. On the contrary, the
valence of the electrolyte ions was identified as a key parameter influencing the film growth
since adsorbed amount of each polyelectrolyte increases when monovalent ions (Na*) used to
fix the ionic strength are replaced by divalent ions (Ba®"). Similarly, the film thickness
increases when the rinsing step between each polyelectrolyte adsorption is removed.

Electrical properties of thin P3HT-R/PEDOT:PSS multilayered films were then investigated.
Film prepared using P3HT-NMe; was more conductive than those produced using P3HT-
PMe; or P3HT-Im. Films Conductivity increases with temperature demonstrating a
semiconducting-like behavior of the LbL films with the same activation energy for the three
P3HT-R/PEDOT:PSS films. This value of activation energy indicates that the conductivity in
these organic materials is electronic. Then, the Seebeck measurements allow determining that
P3HT-R/PEDOT:PSS multilayered films are p-type organic semiconductors.

Finally, P3HT-R/PEDOT:PSS multilayers were deposited onto a PVC flexible sheet. It was
shown that conductivity is not affected by applying a bending stress on the PVC sheet. As
such, these hybrid films can be exploited in deformable thermoelectronic devices and more
specifically, in flexible organic electrics such as an hole transporting layer in OLEDSs or as

cathode interface materials in solar cells.
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Supplementary materials:
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Figure A: Absorbance values of P3HT-R and PEDOT:PSS from (P3HT-R/PEDOT:PSS),

multilayer films as a function of their thickness. a) 450 nm for P3HT-R, b) 930 nm for

PEDOT:PSS.

Figure B: Experimental set-up for film conductivity measurements as a function of the radius

of curvature (R¢).
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