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ABSTRACT

Poly(3,4-ethylenedioxythiophene)—polystyrene sulfonate (PEDOT:PSS) conjugated polymer
blend and a cationic poly(3-hexylthiophene) (P3HT)-based conjugated polyelectrolyte
incorporating imidazolium ionic side groups were first adsorbed as monolayer on inorganic
colloidal particles. At the plateau of adsorption isotherm, adsorbed amount of PEDOT:PSS on
alumina particles appears lower than the adsorbed amount of P3HT on silica particles. Both
polyelectrolytes strongly modify the surface charge of particles as reveals by zeta potential
variation. Functionalized particles were then assembled using Layer-by-Layer method in
order to prepare (PDDA/Al,O3-PEDOT:PSS), and (SiO>-P3HT/PEDOT:PSS), conductive
multilayer film. Thicker PDDA/A1,03-PEDOT:PSS films were elaborated when a drying step
was added during the build-up. The same effect was observed when composite particle
concentration was increased from 1 to 10 g.L!. Electrical behavior was completely modified
in comparison with PDDA/PEDOT:PSS assembly. After heating at 150°C, no conductivity
was detected due to visible cracks on SEM images. For SiO>-P3HT/PEDOT:PSS assembly,

thickness is higher than for PDDA/A1,O3-PEDOT:PSS assembly using the same experimental
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procedure. However, even if two conductive polyelectrolytes were embedded into the film,
conductivity was too low at 30°C to be measured by van der Pauw technique probably due to

the cracking of the film induced by silica particles incorporation.

KEYWORDS: PEDOT:PSS, Multilayer, Conjugated polyelectrolyte, Polythiophene,

Inorganic colloidal particle, Conductivity, Composite film.

INTRODUCTION

Conjugated polymers are nowadays an attractive class of materials to prepare thin conductive
films for a wide range of applications such as organic light emitting diodes, electrochromic
devices, sensors, capacitors or solar cells [1]. Aqueous dispersion of conjugated polymers
have notably attracted considerable attention leading to the printing of flexible, transparent,
and biocompatible conducting films, which can be useful for a wide range of applications
including energy [2-4] or biomedical devices[5-8]. Because of its high conductivity,
environmental and electrochemical stability, water solubility, biocompatibility and
transparency in the visible range [9], the current material of choice for many applications is
poly(3,4-ethylenedioxythiophene):polystyrene  sulfonate = (PEDOT:PSS).[10,11] More
recently, Teconjugated polyelectrolytes (CPEs), have emerged as a promising alternative for
elaborating aqueous dispersion of conjugated polymers since due to the presence of ionic side
chains, they can be dissolved in aqueous media. Their intrinsic structure allow them to
combine the physicochemical behavior of the polyelectrolytes with the optical and electronic
properties of conjugated polymers [12,13]. Poly(3-hexylthiophene) (P3HT)-based conjugated
polyelectrolytes have been in particular developed to elaborate organic conductive films

finding applications in organic transistors [14,15] or organic solar cells [16-18].



To prepare thin conductive films based on PEDOT:PSS conjugated polymer blend or CPEs,
several conventional techniques are available: dip coating, spin coating or drop casting. To
elaborate complex film architectures, the layer-by-layer (LbL) technique is particularly
appropriate due to its simplicity, robustness, low cost and versatility [19-21]. Using this
technique, PEDOT:PSS can be associated with traditional polyelectrolytes such as
poly(allylamine hydrochloride) (PAH), polydiallyldimethylammonium chloride (PDDA) or
Polyethylenimine (PEI). The electrical conductivity of the resulting films can be tailored to
the targeted applications but generally remains lower than pure PEDOT:PSS film due to the
use of insulating polyelectrolyte. Considering multilayer films, conductivity mainly depends
on the chemical parameters used during the build-up process if no post treatment is applied.
To improve conductivity, which is an essential parameter for the performance of the organic
devices, insulating polyelectrolytes can be replaced by CPEs or metal nanoparticles.
McCullough et al. have notably described the LbL assembly of anionic and cationic
regioregular polythiophene-based CPEs leading to conductivity around 0.04 S.cm™ [22].
More  Recently, Buriak et al. reported the wuse of pyridinium-based
polythiophene/PEDOT:PSS bilayers film as hole transporting layer in organic solar cells
showing significant long-term stability and good photovoltaic performance [23,24]. Metallic
silver nanoparticles were also combined with PEDOT:PSS leading to a conductive hybrid
polyelectrolyte multilayer with an ordered architecture [25].

Exploiting metallic nanoparticles for LbL assembly represents a promising approach since in
the colloidal dimensions, the total surface developed by one gram of particles, named specific
area, is generally more than 100 m?. Consequently, particles can be used to adsorb a large
amount of CPEs prior to their self-assembly by LbL technique with another polyelectrolyte

leading to produce conductive hybrid multilayer film.



Based on this approach, we decided to investigate the assemblies of functionalized silica or
alumina colloidal particles with PEDOT:PSS and an imidazolium-based polythiophene CPE
(named here P3HT). Adsorption isotherms of PEDOT:PSS on alumina particles and P3HT on
silica particles were first determined in order to maximize the adsorbed amount of conjugated
polymers on particles. Composite Al,O3-PEDOT:PSS was then assembled with P3HT and
SiO2-P3HT with PEDOT:PSS to prepare multilayer film. Effect of several parameters
(composite particle and polymer concentrations, number of deposited bilayers, rinsing and
drying steps) on film thickness and conductivity was investigated. Finally, scanning electron
microscopy (SEM) was carried out to characterize the film morphology and to understand

their electrical conductivity behavior.

EXPERIMENTAL

Chemicals, solutions and substrates

Powder of alumina particles with an average particle size of 50 nm (TEM analysis provided
by the supplier) were purchased from Sigma-Aldrich. Silica nanoparticles Bindzil 30/220 (30
wt.% SiO> suspension in water, 20 nm average particle size) were purchased from Eka
Chemicals AB. Particles were functionalized by adsorption of conjugated polyelectrolytes.
The anionic conducting polyelectrolyte poly(3,4-ethylenedioxythiophene) — poly(styrene
sulfonate), PEDOT:PSS (Clevios PH) was purchased from Heraeus. Poly(3-[N-(1-
methylimidazolium-3-yl)hexyl]-thiophene-2,5-diyl bromide)), P3HT (M ~ 13 500 g.mol! , D
= 1.27) was used as cationic polyelectrolyte and was synthesized as previously described [26].
Poly(diallyldimethylammonium chloride), PDDA (Sigma-Aldrich, My 100 000-200 000
g.mol™) was also used to build-up multilayer films. Other chemicals were obtained from

Sigma-Aldrich and were used without further purification.



Polyelectrolyte and particles solutions were prepared in ultrapure water (Milli-Q Plus,
Millipore, resistivity > 18 MQ.cm). Polyelectrolyte concentrations were ranged from 0.25
gL' to 1 g L'! and ionic strength was fixed at 3.10 M using NaCl. Particles were dispersed
in 3.10° M NaCl solutions up to desired concentrations. pH of solutions was adjusted by
addition of HCI or NaOH solution.

Substrates were oxidized silicon wafers (105 £ 0.5 nm of SiO;) purchased from ACM
(France) and cleaned, before experiments, by using Piranha solution (3:1 volume ratio of
concentrated H2SO4 (98 %) and H2O2 (30 %)) for 15 min, followed by rinsing with ultrapure
water and dried under a nitrogen flow.

Polyelectrolyte adsorption on particles

To determine adsorption isotherm, series of PEDOT:PSS solutions in 3.10° M NaCl at pH 3
and pH 5.5 with an initial concentration range between 50 and 1150 mg.L"! were prepared.
Alumina particles were then added in each solution to reach a particle concentration equal to
10 g.L'!. Adsorption of PEDOT:PSS was carried out during 4h or 22h.

For adsorption of P3HT on silica particles, polyelectrolyte solutions were prepared with an
initial concentration range between 25 and 500 mg.L! in 3.10° M NaCl at pH 9. Silica
particle concentration was then adjusted at 1 g.L"! and solutions were stirred during 4h.
Composite particles

Alumina particles coated by PEDOT:PSS, denoted Al,O3-PEDOT:PSS, were obtained from
an alumina suspension at 10 gL' (20 min in the ultrasonic bath) and a PEDOT:PSS
concentration equal to 750 mg.L! in NaCl 3.10* M. The pH of the solution was adjusted to 3
and the suspension was stirred during 4h followed by a centrifugation step (20000 rpm — 10
min) to remove the excess of unadsorbed polyelectrolyte. The composite particles were

dispersed in NaCl 3.10"* M using sonication and the pH of the suspension was adjusted to 7.



Silica particles coated by P3HT, denoted SiO»-P3HT, were prepared using a silica suspension
at 1 g.L'! and a P3HT concentration equal to 100 mg.L!' in NaCl 3.10° M. The pH of the
solution was adjusted to 9 and the suspension was stirred during 4h. Afterward, the pH of
Si0»-P3HT particles solution was adjusted to 3.

Fabrication of LbL films

Multilayer films were built-up by dip-coating and started by dipping substrates for 5 min into
the solution containing cationic polyelectrolyte (PDDA) (or positive composite particles,
Si02-P3HT). Adsorption of the first polyelectrolyte layer was followed by a rinsing step of 30
s. Substrates were then dipped in a Al,O3-PEDOT:PSS (or PEDOT:PSS) solution for 5 min
and rinsed during 30 s. This procedure was repeated n times to obtain a film of n bilayers
referred to as (PDDA/ALO3-PEDOT:PSS), or (SiO2-P3HT/PEDOT:PSS), LbL assembly.
The influence of a drying step before each new adsorption step was also analyzed by using a
flow of warm air (around 60°C) during 10 s.

Characterization of particles and LbL films

Film thickness was measured with a Dektak 150 surface profiler (VEECO) equipped with a
diamond stylus having a 12.5 pum tip radius. Zeta potential and average particle size were
measured using a Zetasizer NanoZS from Malvern Instruments. A Shimadzu TOC-L analyzer
was used to determine adsorption isotherm of polymer onto particles. Conductivity of
composite multilayer films was measured using the van der Pauw four point probe technique
[27-29]. The conductivity values of LbL films were obtained using an upward temperature
ramp from 30 to 150°C followed by a downward temperature ramp from 150 to 30°C
(2°C.min™"). The temperature at 30, 50, 100 and 150°C was maintained during 10 min. The
uncertainty about conductivity measurement is around 10%. Finally, surface morphology was
investigated using scanning electron microscope, Quanta 450 W from FEI equipped with EDS

EDAX APEX 2i for elemental analysis.



RESULTS AND DISCUSSION

Formation of ALO;-PEDOT:PSS and SiO:-P3HT composite particles

The hydrodynamic diameter of alumina particles was first measured as a function of pH in
3.10°* M aqueous NaCl solution by dynamic light-scattering (DLS) measurements using the
Zetasizer Nano ZS. As shown in Figure 1, the alumina particles reach their smaller size below

pH =5 with an average particle size around 250 nm at pH =3 or pH = 11.
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Figure 1: Size distribution of alumina particles vs. pH of suspension (NaCl 3.10-3 M).

Amphoteric AlI-OH groups are present on the surface of Al,Os3 particles dispersed in aqueous
solution. As such, the surface of Al>Os particles is positively charged in aqueous solutions at a
pH below the point of zero charge (pzc), which was found to be around pH = 9 (Figure 2a).
At pH = 5, zeta potential is very high and the electrostatic repulsion forces between particles
is close to its maximum. When the pH increases, the size of the particles increases until
reaching a maximum size (around 2 um) at pH 8, which is close to pzc. By moving away
from the pzc to more basic pH’s, the amphoteric groups become negatively charged leading to

an increase of electrostatic repulsion forces, and consequently, a decrease of particles size.
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Finally, it can be noticed that, in suspension, the size is higher than in the powder (50 nm)
meaning that AlbO3 particles are aggregated. Indeed, during the dispersion process, van der
Waals forces are too strong in the powder to overcome repulsive electrostatic forces if even
these repulsive forces reach their maximum values for pH far from pzc.

For silica particles, silanol (Si-OH) surface groups in aqueous media have a pzc around pH =
2 (Figure 2b). Therefore, above this pH, surface of SiO, nanoparticles is negatively charged.
A negative zeta potential was obtained for all investigated pH values with the magnitude
increasing from a value of -7 mV at pH = 2.3 to a value of about -30 mV above pH = 7. In the
range of investigated pH, silica particle size distribution is almost the same and the

hydrodynamic diameter is around 24 + 5 nm.
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Figure 2 : Zeta potential vs. pH of Al2O3 and Al2O3-PEDOT:PSS particles (a) and SiO2 and SiO2-P3HT particles (b).

Adsorption isotherms of PEDOT:PSS on alumina and P3HT on silica were carried out in
order to determine the maximum adsorbed amount of each polyelectrolyte. Adsorption
isotherm of PEDOT:PSS was performed with adsorption times equal to 4h or 22h. By
comparing isotherms, the amount of adsorbed polymer was found to be similar which means

that the equilibrium state is reached after 4h (See supplementary material). Equilibrium



isotherms were then carried out at pH = 3 and pH = 5.5 where alumina particles are positively
charged and PEDOT:PSS is negatively charged. The results (Inset of Figure 3a) show that the
amount of adsorbed polyelectrolyte on the surface of particles depends on pH of suspension
as it was shown in other studies [30]. At pH = 3, the maximum amount of adsorbed polymer
at the plateau is equal to 75 mg.g"! while this amount is reduced to 40 mg.g"!' at pH 5.5.
Similar decrease in the amount of adsorbed polymer as a function of pH was observed during
the adsorption of poly(acrylic acid sodium salt) (PAA) on alumina particles [31]. As shown
previously, there are differences in terms of size and zeta potential of alumina particles at pH
=3 and pH = 5.5. The differences in diameter and zeta potential (250 nm and +34 mV at pH =
3 vs. 400 nm and +24 mV at pH 5.5) indicates that alumina particles in suspension at pH = 3
possess a higher specific surface area and that stronger attractive electrostatic interactions take
place between polyelectrolyte and particles, which increase the amount of adsorbed polymer.
The maximum amount of PEDOT:PSS (75 mg.g™!) is reached for an initial polyelectrolyte
concentration of about 750 mg.g”!, which corresponds to an equilibrium PEDOT:PSS
concentration equal to 40 mg.g"! (Figure 3a). The adsorption isotherm of PEDOT:PSS doesn’t
correspond to the criteria to be fitted by the Langmuir model. However, the adsorption
isotherm shape seems to be a high affinity adsorption isotherm [32]. The amount of adsorbed
PEDOT:PSS vs. PEDOT:PSS concentration initially introduced is depicted in Figure 4a and
the red curve represents 100 % of adsorbed polymer. At pH = 3, experimental points follow
this straight line up to an initial PEDOT:PSS concentration of 750 mg.L"!, which corresponds
to the beginning of the adsorption plateau. The affinity between the polyelectrolyte and the
particle is so strong that the concentration of free polyelectrolyte is close to O until the
adsorption plateau is reached. At pH = 5.5, the total amount of polyelectrolyte initially
introduced is adsorbed for polyelectrolyte concentration below 400 mg.L'. Adsorption

isotherms of anionic polyelectrolytes such as PAA, poly(styrene sulfonate) (PSS) or



poly(methacrylic acid) (PMAA) on alumina particles were proved to be also isotherms of high
affinity [31,33,34].

Adsorption isotherm of P3HT on silica particles at pH = 9 is shown in Figure 3b. The
maximum amount of adsorbed P3HT is about 200 mg.L"!. This amount is reached at an initial
polyelectrolyte concentration of about 500 mg.L! which corresponds to an equilibrium P3HT
concentration equal to 200 mg.L!. Adsorption data were fitted to the Langmuir monolayer
adsorption isotherm (Figure 4b). From the linear fit of the Langmuir model, [ max, K and b
were calculated and were equal to 212 mg.g”!, 7.36 mg.L! and 0.136 L.mg"!, respectively.
According to Hall et al. [35], the main parameters of the Langmuir isotherm can be expressed

by a dimensionless equilibrium parameter Ri, which is defined by the following relation:

1
R = 1+ (b.Cp)

with Ry the equilibrium parameter, b the Langmuir constant (L.mg') and C» the initial
concentration (mg.L"). The Rp parameter indicates whether adsorption is rather unfavorable
(Rr> 1), linear (R = 1), favorable (0> Rp.> 1) or irreversible (R = 0). For P3HT adsorption,
the initial concentrations are between 25 and 500 mg.L"! and Langmuir constant b is 0.136
pg.mL!. Under these conditions, RL ranges between 0.015 and 0.227, which means that the

adsorption of P3HT on silica particles is favorable.
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Figure 3 : Adsorption isotherms of PEDOT:PSS on Al2O3 at pH =3 and pH = 5.5 (a) and P3HT on SiOz2at pH =9 (b).
Contact time: 4 hours at RT.
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Figure 4 : Adsorbed amount of PEDOT:PSS on Al2O3 as a function of initial concentration at pH = 3 and pH = 5.5 (a).
Plots of Langmuir adsorption isotherm for P3HT-SiO: system (b).

In order to investigate the effect of polyelectrolyte adsorption on the electrophoretic
properties of AlOs or SiOz, functionalized particles were prepared. Initial polymer
concentration was fixed at a value corresponding to the beginning of the isotherm plateau
(750 mg.L! for PEDOT:PSS and 100 mg.L' for P3HT). However, sedimentation of
composite Al2O3-PEDOT:PSS particles was clearly visible at pH = 3 while Al>O3 suspension
was stable at the same pH. This was also observed for SiO,-P3HT suspension at pH = 9.
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These basic observations indicate a modification of the surface charge of particles. Therefore,
zeta potentials of composite polyelectrolyte-inorganic particles were measured as a function
of pH. For Al,O3-PEDOT:PSS (Figure 2a), variation of zeta potential is completely different.
An isoelectric point (iep) appears at pH = 3 which also attests the adsorption of PEDOT:PSS
on alumina particles. Starting from this pH, composite particles are negatively charged. In
case of SiO,-P3HT composite particles, an iep is noticed as well. Due to adsorption of a
cationic polyelectrolyte, iep is shifted towards a basic pH equal to 9 (Figure 2b). For Al,Oz-
PEDOT:PSS suspension, in order to avoid a partial desorption of PEDOT: PSS from alumina
surface and to keep composite particles with enough negative charges for layer-by-layer
adsorption, pH was fixed at pH 7. For SiO,-P3HT suspension, pH of suspensions was
adjusted to maximize zeta potential, i.e. to increase electrostatic repulsive interactions
between particles to avoid particle aggregation. Consequently, LbL. assemblies were carried

out with Si0,-P3HT suspension at pH = 3.

Polyelectrolyte/composite particle film: influence of build-up parameters.

(PDDA/A1,03-PEDOT:PSS), and (SiO2-P3HT/PEDOT:PSS), multilayer films were built-up
at polyelectrolyte and composite particle concentrations equal to 1 g.L'! with or without a
rinsing/drying step between each polymer adsorption. Thickness variations of (PDDA/AI,Os-

PEDOT:PSS)10 film measured by profilometry are summarized in Table 1.

i1d- Thick
Assemblies " Bu.lla.,’ up parameters ICkness

(Rinsing: R; Drying: D) (nm)

- - 95

(PDDA/ 0 R - 71
ALO3-PEDOT:PSS), - D 589
R D 440
- D 1634
(SiO2-P3HT/ 10 R D 1428

PEDOT:PSS),

20 - D 4402
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R D 4217

Table 1 : Thickness of (PDDA/AL2O3-PEDOT:PSS)n and (SiO2-P3HT/PEDOT:PSS). multilayer film versus build-up
parameters. Cpppa 1 gL', Cparictes 1 2.1, Cpeporpss 1 2.1 Cnaci 3.10° M.

When a rinsing step is performed after polyelectrolyte adsorption, the average thickness of the
film decreases for both types of LbL assemblies. This result is entirely consistent since the
main objective of the rinsing step is to remove weakly adsorbed species (polymer chains or
particles) adsorbed on the surface. The drying step seems to be essential for obtaining thicker
films. Without this step, the thickness of the film does not exceed one hundred nanometers,
which suggests that the particles are not incorporated in the films. Drying improves the
adhesion of particles on the surface. Since composite particles remain on the surface, the
chains of PDDA can be adsorbed thanks to the excess of negative charges brought by
PEDOT:PSS. Construction of (PDDA/A1,O3-PEDOT:PSS)io multilayer films requires then a
drying step after each adsorption to exceed more than one hundred nanometers.

(S1i02-P3HT/PEDOT:PSS), multilayer films are much thicker than (PDDA/ALO:-
PEDOT:PSS), multilayer films obtained in the same conditions (Table 1). Indeed, for 10
adsorbed bilayers, thickness of multilayer films composed of composite alumina particles is
approximately 600 nm whereas it exceeds 1.6 um for multilayer films composed of composite
silica particles. Use of silica nanoparticles (60 nm) seems to favor the growth of the
multilayer films of (SiO2-P3HT/PEDOT:PSS).. However, the particle size is not the only
parameter that affects the thickness. Indeed, for multilayer films build up without particles,
optical reflectometry analyses have demonstrated that the adsorbed amount of

(P3HT/PEDQOT:PSS), is higher than the adsorbed amount of (PDDA/PEDOT:PSS)..[36].

Polyelectrolyte/composite particle film: influence of polymer and particle concentrations

13



Concentration of composite particles is a major parameter that can affect the growth of a
multilayer film. Indeed, when concentration of composite alumina particles increases, film

thickness also increases even if a rinsing step is added during build-up (Figure 5).

8000 e
6000

4000

Thickness (nm)

n(gi‘y

Figure 5 : Effect of composite particle concentration on (PDDA/AL2O3-PEDOT:PSS)io film thickness with (R) or
without a rinsing step (No R).

With an assembly of only 10 bilayers, the thickness of (PDDA/Al,Os-PEDOT:PSS), films
can reach 7 pm for a particle concentration of 10 g.L'! while it is of about 500 nm at a
concentration of 1 g.L'!. Film prepared with the same experimental conditions and made of 10
bilayers, but without particles, has a thickness of about 500 nm. These results clearly indicate
that using particles as conductive polymer carriers promotes the growth of multilayer films.
By introducing particles or not, multilayer film thickness can be tuned from a few tens of
nanometers (polymers assembly) to a few tens of micrometers (polymer/particle assembly).

Finally, influence of the PDDA concentration was studied. Indeed, in a previous study[37],
we showed that thickness of polyelectrolyte multilayer film decreases when concentration of
PDDA is reduced. Therefore, the construction of multilayer films (PDDA/ALOs3-
PEDOT:PSS), was made with solutions containing different concentrations of PDDA: 0.25,
0.5 and 1 g.L'!. Film thicknesses are summarized in Table 2. As for (PDDA/PEDOT:PSS),
multilayer films, the smaller the concentration of PDDA, the smaller the film thickness.
Indeed, thickness is equal to about 7 pm at a PDDA concentration of 1 g.L'! whereas it is

reduced to about 5 pm at a PDDA concentration of 0.25 g.L'!. This decrease in thickness can

14



be explained by a decrease in the amount of adsorbed cationic PDDA which in turn limits the

adsorption of the anionic composite particles.

Film electrical conductivity and structural characterization

Electrical conductivity of (PDDA/Al,O3-PEDOT:PSS), composite multilayer films was then
determined by the van der Pauw method. Electrical conductivity was measured only for films
prepared from particle suspensions concentration at 10 g.L'!. It can then be assumed that
below this value, the distribution of the composite particles is not compact and enough
homogeneous to ensure an electrical percolation between PEDOT oligomers. Conductivity of
the films was characterized at different temperatures according to the protocol described in
the experimental section. Results reveal a slight increase of conductivity as a function of
temperature up to values between 100 and 150°C (Figure 6). After this step, conductivity of
(PDDA/A1,O3-PEDOT:PSS)1o films decreases and when the temperature is returned to 30°C,

no conductivity is detected.
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Figure 6 : Electrical conductivity of (PDDA/AL2O3-PEDOT:PSS)10 at different temperatures.

The conductivity of multilayer (PDDA/AlO3-PEDOT:PSS), films appears to be temperature
sensitive while the conductivity of multilayer (PDDA/PEDOT:PSS), films remains at about

the same value after identical temperature variations. Therefore, conductivity of the multilayer
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films was only characterized at a fixed temperature of 30°C. Influence of rinsing step, PDDA
concentration and number N of bilayers on the film thickness and conductivity was then
investigated (Table 2). Rinsing step after each adsorption induces a slight decrease of
conductivity compared to those obtained without rinsing. Weakly adsorbed polyelectrolytes

which are removed during rinsing seem to not participate in conductivity phenomenon.
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PDDA concentration Number of  Rinsing Thickness Conductivity

(g.L7) bilayers N step (nm) (S.m™)

- 7095 0.094

1 10
R 6826 0.069
- 6428 0.106

0.5 10
R 5278 0.105
- 5169 0.192

0.25 10
R 4329 0.123
0.25 s - 3122 0.481
R 2868 0.441

Table 2 : Thickness and conductivity of (PDDA/Al203-PEDOT:PSS), multilayer.
Ccomposite particles 10 g.L’l.

Concentration of PDDA appears to modify conductivity: the smaller the PDDA concentration,
the greater the conductivity. For example, conductivity is 0.094 S.m! for a film built up
without a rinsing step at a PDDA concentration of 1 g.L! while it is doubled when PDDA
concentration is 0.25 g.L'! (0.192 S.m™"). Similar observations have already been done for
multilayer films without colloidal particles [37]. Indeed, when PDDA concentration is
decreased from 1 g.L'! to 0.25 g.L"! during the preparation of a multilayer film made of 50
bilayers of PDDA/PEDOT:PSS, conductivity increases from 0.072 S.m! to 0.163 S.m™! at
30°C. Decreasing the amount of insulating polymers embedded into the film leads to an
increase in electrical conductivity of both the multilayer (polymer/polymer) and
(polymer/composite particles) films.

Concerning the effect of the number of bilayers, only 5 adsorbed bilayers are necessary to
obtain a conductive (PDDA/AL,O3-PEDOT:PSS) film while no conductivity was detected for
(PDDA/PEDOT:PSS) assemblies below 30 bilayers in the same experimental conditions.
Moreover, when a few numbers of bilayers are deposited, electrical conductivity of the
multilayer films is improved. Indeed, conductivity of (PDDA/AlL,O3-PEDOT:PSS)s is

1

approximately 0.400 S.m™' whereas conductivity is about 0.200 S.m"' when the number of

bilayers is doubled. In the same time, thickness is multiplied by two between a film of 5 and
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10 bilayers (Table 2). For multilayer films without particles, when 30 bilayers of
PDDA/PEDOT:PSS are adsorbed, conductivity at 30°C is equal to 0.119 S.m! and decreases
to 0.072 S.m™! for 50 bilayers for a PDDA concentration of 1g.L"! [37]. However multilayer
film conductivity usually increases for thin film until it reaches a plateau for thicker film
depending on PEDOT:PSS weight ratio [38]. In the present work, two explanations can be
proposed. First, using PDDA polyelectrolyte, a progressive increase of insulating polymer
into the polymeric matrix leads to a decrease of conductivity. At the opposite, this may also
suggest that when the conductivity is measured by the van der Pauw method, only the upper
part of the film participates in the conductivity phenomenon. Indeed, in the equation proposed
by van der Pauw, resistivity depends on film thickness and measured electrical resistances.
Investigations are in progress to clearly identify the major factor involved in conductivity
decrease.

Elemental analysis and morphology observations of the multilayer films were then carried
out. First, EDX analysis confirms the presence of composite alumina particles within the
multilayer films since it reveals the presence of oxygen, aluminum and sulfur elements which
refers to the alumina particles and PEDOT:PSS chains (See supplementary material).
Observations of (PDDA/A1,O3-PEDOT:PSS)1o films by scanning electron microscopy (Figure
7) show slight cracks on the multilayer films prepared with a PDDA concentration of 0.5 and
1 g.L'!. Moreover, after a thermal cycle with a maximum temperature of 150°C (Image d), the
cracks appear more numerous and wider. No cracks were observed for a PDDA concentration
of 0.25 g.L'"! before and after heating. When concentration of PDDA is high, multilayer films
are thicker. During drying step, internal stresses in the multilayer film are intensified, which
cause a widening of the cracks already present and/or create new ones. Heating process

accentuates crack formation that explains why films are no longer conductive.
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Multilayer films made of SiO>-P3HT composite particles were also characterized at 30 °C
using the van der Pauw method. Although these films seem to be conductive (measurements
with a multimeter), measurements by van der Pauw method have shown that the ohmic
character of the sample contacts is not respected (no significant linear interpolation of I-V
measurements). So, these measurements do not present the validity criteria. SEM
investigations have revealed that composite particles modify the structure of the multilayer
films. (SiO2-P3HT/PEDOT:PSS)10 films made with rinsing steps does not show visible cracks
at this magnification but the surface is not homogeneous (Figure 8a). Therefore, films made
of 20 bilayers of (SiO>-P3HT/PEDOT:PSS) were built-up. Unfortunately, cracks were visible
on these films due to the thickness increase. In addition, multilayer films made without a
rinsing step (Figure 8b) exhibit large cracks. As for multilayer films composed of composite
alumina particles, the presence of cracks causes a poor circulation of electrons which does not

allow multilayer films (SiO2-P3HT/PEDOT:PSS) to be conductive.
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Figure 7 : SEM images of (PDDA/ALO3-PEDOT:PSS)1o films built-up at two PDDA concentration: 0.25 g.L-"and 1 g.L"!
before (a, b) and after heating at 150°C (c, d). Cpartictes = 10 g.L'1.
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Figure 8 : SEM images of (SiO2-P3HT/PEDOT:PSS), films built-up with rinsing step (a, b)
or without rinsing step (c, d). Cparticles 1 g.L"!

CONCLUSIONS

LbL films were built-up by assembly of conjugated polymers and composite polymer-
inorganic particles. Particles were used as carriers of conducting polymers in the aim to
modulate the thickness and to increase the amount of conducting polymers into the films.
Alumina and silica particles were functionalized with PEDOT:PSS conjugated polymer blend
and an ionic-based 3HT, respectively. The best conditions for the adsorption of
polyelectrolytes on particles were first determined to ensure a stable suspension. Thickness of

(PDDA/ALL,Os-PEDOT:PSS), films varies from about 70 nm to 7 um depending on

21



parameters used during the LbL assembly: composite particle and insulating polymer
concentrations, number of deposited bilayers, rinsing and drying steps. Electrical conductivity
was only measured for the highest concentration of composite alumina particles (10 g.L'™).
Hybrid films made of 5 bilayers reach a conductivity of 0.4 S.m™' while 30 bilayers of
(PDDA/PEDOT:PSS) are necessary to obtain the same value. So conducting polymer
supported by particles allows to modulate the film thickness and to reduce the number of
dipping steps and so the time to built-up LbL conductive films. However, cracks are observed
after heating (PDDA/ALO3-PEDOT:PSS), films at 150°C and no conductivity is then
detected. Films made of (SiO2-P3HT/PEDOT:PSS), are not conductive even though two
conductive polyelectrolytes compose the film.

Consequently, the wuse of particle-supported polyelectrolyte during the growth of
polyelectrolyte multilayer film is an interesting strategy to decrease the steps in film
production process which is usually time and products consuming. Moreover the conductivity
and the thickness of PEDOT:PSS-based thin films can be optimized. Nevertheless,
mechanical properties of these composite films are strongly impacted that could be an
interesting way to elaborate temperature sensor that provide an irreversible evidence of a

high-temperature deviation.
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