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R&aumeée

Depuis la déouverte de la conductivité @ectrique du polyacéylene, (CH)y, et des
nombreuses caracté&istiques particuliéement inté&essantes liees ace type de maté&iaux, les
travaux de recherche sur les polymées conducteurs (PCs) se sont multipliés. Les PCs
constituent déormais des maté&iaux de choix, qui sont utilisé& dans de trés nombreuses
applications. Diffé&entes mé&hodologies ont &€ utilisées pour la préparation de polymeres
conducteurs et de leurs nanocomposites. Le plus souvent, les PCs sont synthé&isé&s par des
méthodes chimiques ou électrochimiques traditionnelles, grace a I’oxydation initiale des
monome&es. N&anmoins, diffé&entes méhodes alternatives ont &é proposéss, comme les
meéthodes enzymatique, photochimique ou par sonication.

Trés récemment, une mé&hodologie radiolytique originale a &é&édéveloppé au sein de notre
laboratoire pour la préaration de PCs en solution aqueuse. Cette mé&hodologie alternative
permet, en effet, I’oxydation des monoméres dissous dans 1’cau. Cette oxydation est assurée
par les radicaux oxydants produits in situ par la radiolyse de I’eau, suite a la pénétration dans
le milieu d’un rayonnement ionisant de forte énergie, que ce soit des rayons ou des
dectrons accé@éé. Des éudes de radiolyse pulsé& menéss par notre &uipe ont par ailleurs
démontré que le processus de croissance des PCs résultait d’'un mécanisme par stades et non
d’un mécanisme en chaine.

L’objectif du présent travail est de démontrer la versatilit¢ de notre méthodologie
radiolytique et de I’étendre a la synthése de différents PCs dans 1’eau, sous différentes
conditions exp&imentales. Le poly(3,4-ethylénedioxythiophéne), PEDOT, et le polypyrrole,
PPy, ont ainsi é&épréparés avec succes et caract&isés en solution aqueuse, ou aprés dépd sur
substrat, par des techniques spectroscopiques et microscopiques complémentaires. La stabilité
thermique et la conductivitédectrique de ces maté&iaux radiosynthé&isé& ont éeéudié&s et
comparées aux propriéés des PCs produits par les méhodologies traditionnelles.

Dans ce manuscrit, nous avons étudié I’influence et I’impact de la nature des especes
radiolytiques oxydantes, de la force ionique du milieu, du pH de la solution et de la pré&ence
de surfactants, qu’ils soient libres ou auto-assemblés, sur le meéanisme de croissance des PCs,
sur le rendement de polyméisation, sur la morphologie des mat&iaux radiosynthé&isés ainsi
que sur les propriéés optiques et dectriques de ces derniers. Comme dé@nontré la pré&ence
d’auto-assemblages organiques ne permet pas la préparation quantitative de PCs acause de

réactions compétitives d’oxydation des surfactants par les espéces radiolytiques. Au contraire,



la nature tres acide du milieu favorise la préoaration efficace de PCs, qui sont alors, de
surcroi, caract&iseés par des propriéés spectroscopiques originales.

Nous avons par ailleurs, montrédans ce travail que les PCs pouvaient &re produits, non
seulement par oxydation radioinduite des monomeres, mais €jalement par ré&luction
radiolytique de ceux-ci. Ainsi, grace a I’utilisation d’espéces radiolytiques réductrices, telles
que les @ectrons solvatés, une toute nouvelle voie de synthése par ré&luction des monomeres a
éédévelopper pour la synthése de PCs en solution aqueuse. Les maté&iaux ainsi préares ont
éécomparé aceux produits par oxydation des monomees. Non seulement la morphologie
est similaire, mais les propriéés physico-chimiques sont éjalement comparables.

Nous avons finalement utilisé€la radiolyse pour la synthése de nanocomposites hybrides &
base de PCs et de mé&aux de transition. Plusieurs voies de syntheése ont &édéveloppeées :
synthése en une ou deux éapes, par oxydation ou re&luction des monomeres. Bien entendu,
I’architecture des nanocomposites obtenus ainsi que leurs propriétés sont trés dépendantes de
la voie de synthese utilisée. Ces résultats ont &é interpréé en termes de meeanismes de
croissance des PCs d’une part, et des nanoparticules métalliques d’autre part, en termes de
constantes de vitesse (qui ont é&é&dé&erminés par radiolyse impulsionnelles) et en tenant
compte des interactions intermolé&ulaires de faible éergie mises en jeu.

La nouvelle strategie de synthése par radiolyse, qui est désrite dans ce manuscrit, ouvre la
voie ala préaration de tres nombreuses familles de PCs et de leurs composites, que ce soit en
solution aqueuse ou dans des environnements alternatifs (en milieu organique, sur support, en

milieu hé&é&ogene), ce qui laisse augurer de nombreuses applications fort prometteuses.

Vi



Chapter 1: A brief introduction of research background

Chapter 1: A brief introduction of research background

In 2000, the noble prize in chemistry was jointly awarded to Alan J. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa “for the discovery and development of conductive

polymers” (Figure 1.1).!

Nobel Prize in Chemistry 2000
Electrically Conductive Plastic

Alan G. MacDiarmid Hideki Shirakawa Alan ]J. Heeger

University of Pennsylvania, Emeritus, University of California
Philadelphia, USA University of Tsukuba, Japan at Santa Barbara, USA

Figure 1.1 Nobel Laureates in chemistry 2000."
1.1 Conducting polymers (CPs)

Conducting polymers (CPs) have opened a new research field and attracted great interests
for their advantageous properties and excellent performances as a new generation of polymer
materials."® Since the first discovery in 1970s, a wide variety of electrically conductive
polymers as well as their derivatives have been developed and widely applied in various
fields."® The super characters and promising applications of conducting polymer materials
have promoted their quick development and will definitely bring about great profits in a wide
range of areas.*”’

What are CPs? They are particular kinds of polymers exhibiting electrical conductivity
arising from the m-conjugated systems in the polymer structures.? In general, conventional
organic polymers are known to be good electrical insulators without free n-electrons along

1



Chapter 1: A brief introduction of research background

their backbone. On the contrary, there are delocalized n-electrons in the conjugated systems of
CPs which endow conducting polymers an intrinsic electrical conductivity.® Therefore, CPs

are also known as m-conjugated polymers.*®
1.1.1 Representative CPs

Since the discovery of polyacetylene (CH)x, as the first conducting polymers, deep
understanding of basic principles of CPs was accelerated. In addition, more and more CPs
were rapidly discovered and synthetic methods of CPs underwent a quick development. Now,
CPs are a big family containing a large variety of electrically conducting polymers.*® Here are
some examples of widely investigated CPs (Figure 1.2).2

- Polyparaphenylene .
. ‘A N yparap ¥ i
FOI}:;:':; ene =7 vinylene 0 Wy
{FPV)

Polythiophene "F—@_}‘
(FT) 5 " oR

Poly (2.5 dialkoxy)
Poly (3-alkyl) R pa.r.'l.ph.eln)'l.cng \
thiophene vinylene —
(P3AT) o {e.g- MEH-PPV) !

RO
(R=methyl, butyl, etc.) s " :

Polypyrrole ““”@1‘“‘ Polyparaphenylene 4@_}7
(PPy) N " (PPF) "

Poly
sathanaphthene iy ) N
(PITN) 5 . Ladder-type

polyparaphenylene
(LPPP)

Paolyethylene Q o

dioxythiophene i =
(PEDOT) — R

8 ! Polyparaphenylene @S+

sulphide "

(PPS)
Alkoxy-substituted T
poly para-phenylene vinylene Polyheptadiyne | |
(MEH-PPV) o e

(PHT)

Poly (3-hexyl) thiophene
(P3HT)

H — H
Polyaniline, PANI @,{,. -@—N_=<__>=N—®—“|’—L—

Figure 1.2 Examples of conjugated conducting polymers.®

It is clear that all the CPs possess m-conjugated system in their backbones whatever the side
groups or functional groups. The incorporation of different side chains and functional groups

on the basic unit of CPs can not only improve the physical and chemical properties but also



Chapter 1: A brief introduction of research background

endow the pristine polymers new expected functionalities. To obtain CPs with specific and
multiple functionalities, the design and synthesis of multiple CPs are still on the way and
rapid progress is being maintained based on great research interest all over the world. The
discovery of CPs opens a new field of the application of polymers and makes CPs the fourth
generation of polymer materials.>'%*!

Among the various CPs, poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy)
and polyaniline (PANI) have been mostly investigated due to easy synthesis, good
processability and excellent properties.?® Due to the advantageous characters of these CPs,
synthesis and processing of these three kinds of representative conducting polymers and their
derivatives are of great interests as they are promising candidates for organic polymer
conductors. Therefore, investigations on the mechanism and principles of the electrical

conductivity of CPs are of great importance.
1.1.2 Electrical conductivity

As the first conducting polymers reported, polyacetylene (CH)x was found to become
electrically conductive when treated with halogen (Figure 1.3).° Although Natta et al.
synthesized polyacetylene powders no later than 1958, the (CH)x films were successfully
prepared by Hedeki Shirakawa using Ziegler-Natta catalyst and changed from insulator to
conductor after halogenation.***" Compared with the cis-isomer (1.7x10° S/cm), trans-
isomer (4.4<10™ S/cm) is thermodynamically stable and has a higher electrical conductivity at
room temperature (Figure 1.3). However, remarkable increase of electrical conductivity of the
(CH)x films was found when treated with halogen vapor, indicating the formation of
conducting polymers of (CH),.°

H H H H
N, rd ™, s
AN AN s/
C== =
/ N AN
H H H H
t1)
T ¥ i
/C‘\}\\C /C \\K\C /C\\_\\c/
i o |!|
(23

Figure 1.3 Cis-isomer (1) and trans-isomer (2) of polyacetylene.’



Chapter 1: A brief introduction of research background

According to the electrical conductivity, materials can be divided into four categories:
insulator, semiconductor, conductor and superconductor.’® In general a material with a
conductivity less than 107 S/cm is regarded as an insulator and a material with a conductivity
in the range of 10'~10 S/cm is considered as a semiconductor. A metal can show an electrical
conductivity higher than 10® S/cm.® From the point of view of electrical conductivity, the
(CH)x polymers should be regarded as semiconductors (trans-isomer) or insulators (cis-
isomer) due to the relatively low electrical conductivity (Figure 1.4).> However, a doping
process (i.e. halogenation) brings about an increase of electrical conductivity by many orders
of magnitude and results in the transformation of (CH)y films into electrical conductors
(Figure 1.4). This result changes the common perception that the traditional polymers are non-
electrical conductor and proves that the electrical conductivity of m-conjugated polymers

could vary in a wide range from insulators to conductors. Therefore, CPs are also called as
2 2

“Synthetic Metals”.
U Doped trans-(CH),

; ;; -~ [10° S/cm]

M ~———— Doped polyaniline

= In, Sn [103 S/cm]
»
-
g

w

8 Ge -

5 ]

2 z

3 8 trans-(CH),

g si g " [10%Slkm]

& z

AgBr g
Glass o Polyaniline

T A [10-° S/cm]

g Diamond z

4

; Nylon

7]

=

Quartz

Figure 1.4. Electrical conductivity range divisions and the electrical conductivity of CPs.?

The principle of electrical conductivity of different materials can be explained by the
traditional band gap theory.™® In the solid materials, the energy level distributions of electrons
are divided into valence band, forbidden band and conduction band (Figure 1.5). Electrons
occupy the valence band with lower energy and jump to the conduction band when they are
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excited. Between the top of the valence band (the highest occupied molecular orbital, HOMO)
and the bottom of the conduction band (the lowest unoccupied molecular orbital, LUMO) is
the forbidden band where no electrons exist. The difference between HOMO and LUMO is
called the bandgap (Eg) (Figure 1.5). After excitation, when the electrons are distributed in the
conduction band, they can move freely and form the current when an electrical field is added.
In the metallic materials, overlaps of the valence band and conduction band make metal have
no bandgap and result in the free movement of electrons in valence band. As a result, metal
has a good electrical conductivity at room temperature. On the contrary, the Ey value of
dielectric materials is large and the transition of electrons from valence band to conduction
band is not possible. Hence, insulator has a poor electrical conductivity. The E4 value of
semiconductive materials is relatively smaller than that of insulators and electrons can jump
from the valence band to the conduction band when heated or optically excited (Figure 1.5).
As a result, semiconductor is able to conduct the electrical current only under certain
conditions. Therefore, the different E; values determine the abilities of different materials to

conduct electrical current.?

overlap

bandgap (E,)

Electron energy

metal semiconductor insulator
Figure 1.5 Energy band structures of conductors, semiconductors and insulators.

In order to determine the Eg values of different materials, the absorption edge wavelength
(Redge) 1s necessary to be known and the Eg4 values can be calculated according to the following

equation:

1220

E,=—""— (eV) (1.1)

ﬂed_qe (nm)
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By measuring the UV-visible absorption spectra of different materials which display the
onset of absorption bands, the Aeqge Of different materials can be deduced using absorption
spectroscopy (Figure 1.6). The Eg value of insulators is normally larger than 6 eV and the Egq
value of semiconductors is around 1 eV.?° In general, the Eg values of most conjugated

polymers fall in the range of 1.0~3.0 eV suggesting that most intrinsic conducting polymers

are semiconductors.®??
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Figure 1.6 Absorption edge position of phenyl-Cg;-butyric acid methyl ester (PCBM) and bis-PCBM.
The absorption spectra of poly(3-hexylthiophene) (P3HT) and P3HT:PCBM (43 vol%) showing the

shift of the absorption edge and the way for determining its value is shown in the inset.?*

In the semiconductive materials, when an electron is excited from the valence band, an
empty position is left. A hole is formed at the position of an excited electron in the valence
band.?® Neighboring electrons move to the vacant position and repeat similar movement
generating the electrical current. The formation of electrical current is equivalent to the
movement of a particle with positive charge. Positively charged holes are also able to conduct
the electrical conductivity with comparable effectiveness as electrons. Therefore, both
electrons in conduction band and holes in valence band can be carriers of the electrical current.
If the electrical current in a semiconductor is mainly conducted by electrons with negative
charges, it is called n-type semiconductor. On the contrary, p-type semiconductor applies
more positively charged holes as the main carriers. Since most CPs are semiconductors, the
transformation of CPs from semiconductors to conductors normally needs additional

treatment called doping process.
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1.1.3 Doping concept

As mentioned above, polyacetylene (CH)y as the first example of conducting polymers, can
be changed from insulator to conductor by a doping process. Based on the final conducting
mode of the CPs, the doping treatment can be divided into two kinds: p-doping and n-doping.

Taking the chemical doping of (CH)x for example, p-doping and n-doping can be expressed as

follows:
Oxidation with halogen (p-doping): (CH)x + 3n/2l, — (CH),™ + nly’ 1.2)
Reduction with alkali metal (n-doping): (CH)yx + nNa— (CH)," + nNa" (1.3)

Concerning the p-doping, oxidation of the CPs occurs forming cations by extracting
electrons from polymer backbones. The oxidant becomes anions by reduction and works as
the counter ions. After sufficient p-doping, CPs become p-type conductors. Inversely,
reduction of the CPs happens during the n-doping injecting electrons to the polymer
backbones, forming negatively charged CPs while reductant is oxidized into cations. As a
result, n-doping makes CPs n-type conductors. To achieve doping of CPs, many different
methods can be applied: chemical doping, electrochemical doping, protonation by acid-base
chemistry, photo-doping, charge injection have been successfully performed.® Here are some

important CPs and their electrical conductivities after doping (Figure 1.7).%*

maximum type of
polyvmer conductivity doping

polvacetyviene T en  on 200-1000 n, p
§Co—4/ﬂ\\4 - =
polyparaphenvlene T — 500 n, p
polyparaphenylene T = 2-3200 e
sulfice 4+ O H>—sT
 —
polyparaphenylene I c~<:- 1-1000 P
vinylene + { -] /\ O
polypwvrrole m o= 1 40-200 P
_ o =
polythiophene i _,5\ a3 10-100 P
A
e S
polyisothianaphthene i/‘ ™ 1-50 P
P P

-l -1
Figure 1.7 Structure, maximum conductivities (in Q cm ), and type of

doping (n or p) for some of the more important conducting polymers.**
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The doping concept of CPs is different from that applied in inorganic semiconductors as
redox reaction occurs and counter ions are incorporated.” It is clear that the polymer chains
of CPs are charged upon doping process and that there are counter ions which maintain the
electrical nature rather than atom replacement. The concept of doping is the unique, central,
underlying, and unifying theme which distinguishes conducting polymers from all other types
of polymers.? During the doping process, dramatic changes of electrical conductivity is
realized by transferring the CPs from semiconductor to metallic conductor. Therefore, a
doping process is the key trigger of electrical conductivity of electrically conducting polymers.

In the electronic structure of conjugated polymers, charge carriers (electrons or holes),
appearing on polymer chains, are energetically favorable to be localized and coupled to the
distortions in the backbone. This process causes the presence of localized electronic stated in
the band gap due to the shift of the valence band and conduction band.?* At lower doping
level, excitation across the valence band and conduction band creates the self-localized,
nonlinear excitations of conducting polymers: solitons (in degenerate ground state systems),
polarons, and bipolarons (in nondegenerate ground state systems).*2°

A soliton is a charge associated with a boundary or domain wall between the two possible
degenerate ground-state configurations.>** The presence of a soliton results in the appearance
of a localized electronic level at the mid-gap. In the new electronic level, a neutral soliton is
half-occupied and a positively or negatively charged soliton is empty (Figure 1.8).%

- —
e

__

(a) (b)

Figure 1.8 Top: schematic illustration of the geometric structure of a neutral soliton of a
trans-polyacetylene chain. Bottom: band structure for a trans-polyacetylene chain containing

(a) a neutral soliton, (b) a positively charged soliton, and (c) a negatively charged soliton.**
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A polaron is a radical ion associated with a lattice distortion and the presence of localized
electronic states in the gap referred as polaron states.?* A polaron can be thought as a bound
state of a charged soliton and a neutral soliton whose mid-gap energy states hybridize to form
bonding and antibonding levels.® In the nondegenerate ground state of the pristine conducting
polymers, a doping process creates charge carriers with ionized polymer chains. At lower
charge concentrations, a polaron appears with a charge at one end and a free electron at the

other showing a measurable spin (Figure 1.9).%’
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Figure 1.9 Formation of polaron and biopolaron along a polypyrrole chain.”’

Similarly, a bipolaron is defined as a pair of like charges associated with a strong local
lattice distortion.>**?” A bipolaron is a bound state of two charged solitons of like charge (or
two polarons whose neutral solitons annihilate each other) with two corresponding mid-gap
levels.® The formation of a bipolaron indicates that the energy gained by the interaction with
the lattice is larger than that of the Coulomb repulsion between the two like charges confined
in the same location.?* At high doping level, the charge density along the polymer chains
increases, a section containing two like charges emerges representing the bipolaron (Figure
1.9).%

As the doping level increases, polaron and bipolaron are formed until the formation of
bipolaron bands resulting from the overlap of bipolaron states (Figure 1.10).2*% The high
electrical conductivity of conducting polymers at high doping levels is thus reasonable.
Therefore, the electrical conductivity of conjugated polymer can be well controlled by the

doping process.?®
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Figure 1.10 Evolution of the polypyrrole band structure upon doping: (a) low
doping level, polaron formation; (b) moderate doping level, bipolaron
formation; (c) high (33 mol %) doping level, formation of bipolaron bands.?*

1.1.4 Potential applications

Since the discovery of CPs, the potential applications have attracted great research interest
and conducting polymer materials have been widely applied in a variety of areas.** Based on
the chemical and physical properties, various applications of CPs as coating materials have
been extensively investigated (Figure 1.11).% The potential application of CPs mainly include:
conducting coatings, catalysts, sensors, electrochromic devices, field effect transistors, solar

cells, photovoltaic devices, etc.**%%*
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Figure 1.11 Overview for functional properties of CPs and resulting application possibilities.?
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Shirakawa et al. discovered that polyacetylene (CH)x shows good electrical conductivity as
that of metal when treated with halogen.? Cho et al. synthesized single-crystal nanowires of
PEDOT polymers which have ultrahigh electrical conductivity up to 8797 S/cm. Zhou et al.
reported the application of PPy polymers based catalysts for the redox reaction of I3 ions.°
Ghosh et al. found that poly(diphenylbutadiyne) (PDPB) exhibites excellent photocatalytic
ability for the degradation of phenol or methyl orange.*® Huang et al. easily produced
nanofibers of PANI polymers for chemical sensor applications.® Balint et al. summarized that
PEDOT, PPy and PANI were important materials for biosensors, neural implants, drug
delivery devices and tissue engineering scaffolds.’

Among the various extraordinary properties of CPs, the most attracting properties are their
tunable electrical conductivity and excellent optical properties which enable CPs to possess
unique electrical conductivity and good transparency. Conducting polymer blends of
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrene sulfonate) (PEDOT/PSS),
namely Baytron P, have been commercialized and applied as efficient antistatic coatings,

flexible electrode materials and highly conducting coatings (Figure 1.12).1#%’

Figure 1.12 Scheme of PEDOT/PSS blend (Baytron P, Bayer AG, Leverkusen, Germany),

which is a dispersion of the oxidized polymer PEDOT and the polyanion PSS in water.*?

Heuer et al. reported that PEDOT/PSS hybrids have potential application as electrochromic
devices for their apparent and efficient color change originating from the charge transfer of
the polymers (Figure 1.13).%° Laforgue et al. fabricated self-standing PEDOT nanofibers mat
that was electrically conductive. When the PEDOT nanofibers mat was coated with
thermochromic inks, controlled colour-changing could be realized by applying current to the
mat. Schwendeman et al. produced perfluoroalkanoate-substituted PEDOT for electrochromic

device applications.*®

11
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Electrochromism of Baytron P coated sample

_K-Glass

| S— S
K-Glass + 0.5um PEDT/PSS K-Glass + 0.5um PEDT/PSS
(after spin-coating) (after electrochromic reduction)

Figure 1.13 Electrochromism of PEDOT/PSS (PEDOT/PSS in the Figure).*

In addition, PEDOT/PSS are considered to be promising materials for optoelectronic
organic devices because they enable cost-effective roll-to-roll mass production and can be
applied on flexible substrates.’>* Yan et al. used PEDOT/PSS to form the full polymer filed-
effect transistors with good electrical properties and mechanical flexibility.* Kim et al.
applied highly conductive PEDOT/PSS films as stand-alone electrodes for organic solar
cells.** Kim et al. prepared organic photovoltaic using PEDOT/PSS and graphene oxide with
high power conversion efficiency.”? Saranya et al. reviewed that PEDOT, PPy and PANI
polymers and their hybrid with different materials all had good photovoltaic performance.*®

Therefore, the applications of CPs have brought great progress in coating materials and
have potential applications in energy harvest. Thus, further studies on the applications of

conducting polymer materials will continue and definitely bring more profits in the future.
1.1.5 Synthesis of CPs

In order to synthesize CPs with different functionalities, various candidate monomers have
been selected and many synthetic methods have been developed. The monomers of 3,4-
ethylenedioxythiophene (EDOT), pyrrole (Py) and aniline (Ani) and their derivatives are
mostly used as their corresponding polymers are of great research interest. In addition, many
monomers with different functional groups are being developed for different applications. The
synthesis of CPs can be realized with traditional polymerization methods. Moreover, new

alternative synthetic methodologies are developed for the synthesis of CPs.

12
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1.1.5.1 Polymerization methodologies

In general, the preparation of CPs can be realized with similar methods to the synthesis of
common polymers. Traditional chemical and electrochemical methods are applied to obtain
CPs from the polymerization of the monomers.****® To the chemical method, oxidative
chemicals that can work as initiators and induce the polymerization of the monomers into the
polymers are used (Figure 1.14). The chemical oxidants have higher redox potential than that
of monomers and oxidize the monomers into cations which undergo further polymerization
into polymers. The chemical method induced polymerization has been proposed to proceed
according to a step-by step growth procedure and not according to chain reaction (Figure
1.14).
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Figure 1.14 Schematic description of the oxidative step-growth chemical polymerization
of EDOT into PEDOT. Note that imidazole acts to reduce the reactivity of Fe(OTs);

thereby leading to slower polymerization kinetics and lower doping levels.*’
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Depending on the redox potential of different monomers, different oxidants with various
redox potentials can be applied. For example, FeCls is often used as the initiator for
monomers with low redox potential while K;S,0g is applied as stronger oxidant.***°
Meanwhile, chemical reductants such as hydrazine (N2H4) and lithium aluminum hydride
(LiAIH,) are also used as the initiator.*®**° According to the species which initiate the
polymerization of monomers, the polymerization processes can be divided into oxidation
polymerization and reduction polymerization.”**® For the chemical method, synthesis of
polymers using reduction polymerization has been reported while oxidative polymerization is
more commonly used.>*

Concerning the electrochemical method, initiation of monomers polymerization is achieved
by applying an oxidation potential on the working electrode. The monomers are oxidized into
radical cations which dimerize by eliminating two H atoms. Then, dimers are oxidized and
react with dimer cations producing the oligomers. Elongation of oligomers through the same
procedure finally results in the polymers on the surface of working electrode (Figure 1.15).*
By adjusting the oxidation potential, the oxidation of different monomers can be successfully
realized. Therefore, both traditional chemical and electrochemical methods more generally
involve the oxidation of monomers to initiate the polymerization and a step-by-step
mechanism is often proposed. Nevertheless, chain reaction mechanism is alternatively
proposed as it is suggested that radical cations can directly react with monomers forming a

dimer cation.>?

@e_» \_

Figure 1.15 Schematic description of electrochemical polymerization process of thiophene.*
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There is no doubt that traditional chemical and electrochemical methods are very useful
methods for the synthesis of CPs. However, the application of chemical oxidants causes
pollutions to the environment making the chemical method less preferred.® During the
electrochemical polymerization, reactions are confined to the surfaces of the conductive
working electrodes making the production of a large amount of CPs in a short time
impossible.* In order to overcome the disadvantages of the traditional methods, some
alternative methods have been reported such as catalytic method, enzymatic method and
radiation method, etc.

Nagarajan, et al. used biocatalytic method to synthesize PEDOT polymers at milder pH
with soybean peroxidase (SBP) as the catalyst.”® Kumru, et al. prepared PANI using copper
catalyzed air oxidation process. >* Bouldin et al. synthesize PPy with fewer structural defects
using enzyme catalysis.” Gizdavic-Nikolaidis et al. developed a rapid and easy route for the
synthesis of PANI with microwave radiation.>® Furthermore, radiation method coupled with
chemical method was used for the synthesis of CPs. Karim et al. synthesized PPy using
gamma (y)-radiation induced oxidative polymerization with ammonium peroxy-disulfate
(APS) as chemical oxidant.>” Similarly, Pillalamarri et al. used y-radiolysis to synthesize
PANI nanofibers in the presence of APS as chemical initiator.>® In addition, Li et al. applied
ultrasonic irradiation in preparing PEDOT polymers.® Ghosh et al. adopted photochemical
method to synthesize PDPB polymer nanostructures for photocatalysis under visible light.*

Radiation method based extensively on radiation chemistry with y-irradiation or pulse
radiolysis for the synthesis of CPs has recently been reported. Samy Remita’s team
synthesized PEDOT polymers for the first time using v radiolysis of water.®® Lattach et al.
produced PEDOT polymers with different morphologies using vy irradiation by adjusting the
reactive species.®! Coletta et al. studied the growth mechanism of PEDOT polymers initiated
by accelerated electrons.®? Using radiation method not only avoids the application of chemical
oxidant but also produces bulk quantity of CPs. Therefore, radiation method based on y-
irradiation may offer a useful method for the synthesis of CPs. This methodology is that we
used in the present work in particular for the synthesis of PEDOT and PPy. It will be

described in detail in the manuscript.
1.1.5.2 Effect of synthetic conditions

In order to improve the physical and chemical properties of CPs, the synthetic conditions

are also needed to be controlled and improved. It is well known that the application of
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templates and that the appropriate choice of pH values can affect the morphology and
properties of the obtained CPs.*

To realize controllable synthesis of CPs with uniform morphology, templates are often used
during the polymerization process.®*®* According to the nature of the templates, they can be
divided into two main categories: hard templates and soft templates. Wang et al. prepared
uniform polyaniline nano-fibrils using hard template composed of anodic aluminum oxide
(AAO).*”° Cai et al. synthesized PPy and poly(3-methylthiophene) (PMT) with nuclepore
membranes containing linear, cylindrical pores.®® The advantages of using hard templates are
the control of morphology while the post-treatment remains complex since the hard templates
are needed to be removed.®” On the contrary, soft templates can achieve fine morphological
control by selecting appropriate surfactants and are relatively easy to be removed. Han et al.
used the surfactant sodium dodecyl sulfate (SDS) to prepare PEDOT nanofibers.®* Ghosh et al.
fabricated hexagonal mesophases with cetyltrimethylammonium bromide (CTAB) as the soft
template for the synthesis of PEDOT and PDPB.**® Therefore, synthesis of CPs with soft
templates (SDS, CTAB) is more commonly applied and of great use.

Furthermore, the pH applied during the synthesis affects the properties of CPs as the pH
values can affect the oxidation degree of CPs.%® Charging of the polymer beyond a certain
limit leads to the overoxidation of the polymers.”” Debiemme-Chouvy et al. studied the
overoxidation of PPy by hydroxyl radicals resulting in the formation of an insulating

.”* The overoxidation potential strongly depends on the pH values.”® At higher pH, the

materia
redox potential for the overoxidation of the CPs decreases resulting in the cleavage of the
conjugation pathways.®® Therefore, the synthesis of CPs in acidic medium maintains the
electrical activity of CPs.

In addition, in order to improve the electrical conductivity of CPs, post treatment can be
applied by further physical or chemical procedures. Kim et al. enhanced the electrical
conductivity of PEDOT/PSS by chemical treatment with ethylene glycol (EG) and thermal
treatment.* Ouyang reported that electrical conductivity of PEDOT/PSS hybrid reaches as
high as indium tin oxide (ITO) through a treatment with mild and weak organic acids.” Yun
et al. enhanced the electrode performance of composite films of multiwalled carbon tubes and
PEDOT/PSS using HCI and methanol treatment.” Chou et al. treated PEDOT/PSS films with
dimethyl sulfoxide (DMSO) for ITO-free liquid crystal display.’

In this work, we checked the effect of pH and influence of the presence of surfactants self-

assembled into micelles on the radiation induced synthesis of CPs, especially of PEDOT.
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1.2 CPs nanocomposites

Nanocomposites which are composed of organic and inorganic building blocks, can
combine the properties from the parent constituents and generate new properties to meet
current and future demands in functional materials.”® The combination of conducting
polymers (CPs) with inorganic nanoparticles produces composites of CPs which can not only
maintain the properties of CPs and inorganic nanoparticles but also endow the CPs
composites new properties.”®’® Moreover, the incorporation of inorganic nanoparticles can
compensate the defects of CPs by modifying their physical properties.”® CPs nanocomposites
have attracted great research as they may offer new materials with improved multiple

functions for various applications in many fields.
1.2.1 Compositions and applications

There are a lot of reports on the nanocomposites of CPs and extensive research works have
been carried out on these new materials.”®’” In the CPs nanocomposites, CPs normally serve
as the polymer matrix and inorganic nanoparticles are imbedded into the parent polymers to
form the hybrid with CPs as the carriers of nanoparticles.” Besides, inorganic nanoparticles
can be surrounded by the CPs to form core-shell structures.”® The diversity of structures and
morphologies of CPs and inorganic nanoparticles make the CPs nanocomposites more unique
and useful.

As there are a large variety of both CPs and inorganic nanoparticles, appropriate
combination of CPs with inorganic nanoparticles can form a large number of CPs
nanocomposites and designing special CPs nanocomposites by selecting specific CPs and
nanoparticles can realize specialized targets. The preparation of CPs nanocomposites can
extend the application range of CPs and offer new useful materials. Some representative
nanocomposites of interest and their applications are listed (Figure 1.16)."

Compared with CPs, CPs nanocomposites possess comparable or even improved properties
enabling CPs nanocomposites to have similar potential applications including: electrical
conductors, sensors, catalysts, electrochromic devices, photovoltaic devices, etc.®>8808!
Semaltianos et al. incorporated ZnO nanoparticles into PEDOT/PSS based materials and
increased the electrical conductivity of the polymer by almost two times.®? Park et al.
constructed silver nanoparticles decorated nanotubes of PEDOT polymers as chemical sensors

of NH3.% Bogdanovi¢ et al. synthesized nanocomposites of PANI/Au for electrocatalytic
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oxygen reduction reaction (ORR).2* Mumtaz et al. synthesized PEDOT/PSS materials with
Ag or Au nanoparticles with improved electrochromic coloration efficiency.* Lu et al.
fabricated PEDOT nanoflowers with germanium (Ge) with enhanced optoelectronic
properties for promising photovoltaic applications.?® Therefore, the synthesis of CPs
nanocomposites is another practical way to improve the properties of CPs and may offer new

materials with improved and interesting properties.

nanocomposite of interest

polymer (shell) inorganic particle (core) significant characterization/applications

PPy and PAn SiOz (1 gm, ~35 nm, 20 nm), nanocomposites in stable colloidal form,
SnOz—Sb (10 nm), stringy showing “raspberry” morphology and
SiO; (40—-300 nm long) inorganic particle rich surface

PPy and PAn Ce0O3 (0.52 um), CuO (1.6 um) colloidally stable nanocomposite having
a-Fe;03 (spherical, extremely low dc conductivity was
polyhedral and spindle formed without using any
shaped), NiO (3.8 um), SiO, polymerization initiator
(0.46 pem)

PPy and PAn BaSO4 (20 nm), colloidal gold with in situ formation of colloidal nanocomposite
particles 7—9 nm and Al;O3 within the microemulsion or inside the
membrane Al;03 membrane

PPy, PAn, NVC, and PPV ZrO; (20—30 nm), Fe;03 (25—50 nm), nanocomposites in macroscopic precipitate
SiO2, n-TiO3 (~10 nm), form or with limited colloidal stability
Al;03 (35—50 nm), MgO (2—4 but improved thermal and electrical
um), CB properties and novel transport

properties

PPy and PAOABSA MS (5—=30 nm), Fe,O, (14 nm), Fe;04 nanocomposites with significant magnetic
(15—50 nm), y-Fe03 (~85 nm) susceptibility

PPy and PAn BT (~1 um), LiMnO3, LiMnz0y4, nanocomposites with important charge storage
V205, f-MnO;, PMo,2, and dielectric properties; materials
H3PMo,2040, CB, Fe;03 (4 suitable for cathode applications
nm, 40 nm)

PPy, PAn, PTh, and PEDO1 Pt (~ 4 nm), PtO,, Pt, Cu, Pd, SiO; nanocomposites containing catalytically
(20 nm) and bimetallic important metals; important for
couples catalytic applications

PPy and PAn SiO; (20 nm) surface functionalized nanocomposites;

important for immunodiagnostic assays

PPy SiO;z, PB, MnO3, Taz0s, TiO; electrochemically synthesized composite films

having improved charge storage
properties

PPy and PAn WO, nanocomposite films with important ECD
application and optical activity

Figure 1.16 Nanocomposites of conducting polymers and specific applications.”’

1.2.2 CPs/noble metal nanocomposites

Among various CPs nanocomposites, the composites composed by CPs and noble metal
nanoparticles have been of great research interest.?”® It is well known that silver (Ag) as well
as gold (Au) are noble metals and their nanoparticles are of great importance. The
combination of Ag or Au nanoparticles with CPs have been widely used for analysis, water
purification, diagnostics, catalysis, etc.2°* As Ag is superior in electrical and thermal
conductivities and has the ability to enhance electrical and optical properties of the polymer
composites, the synthesis and potential applications of CPs/Ag nanocomposites have been

widely studied.
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As an important and characteristic kind of CPs nanocomposites, CPs/Ag nanocomposites
have similar applications as other CPs nanocomposites including conductors, sensors,
catalysts, solar cell, etc.?*%% Skodova et al. prepared PPy/Ag nanocomposites possessing
good electrical conductivity.”® Radhakrishnan et al. fabricated nanocomposite films of
PPy/PEDOT/Ag for label-free electrochemical DNA sensing. Balamurugan et al. synthesized
PEDOT/Ag nanocomposites for catalytic reduction of 4-nitrophenol.”? Ghazy et al.
incorporated Ag nanoparticles into PEDOT/PSS for the application in organic solar cells.*®
Therefore, the synthesis and applications of CPs/Ag nanocomposites are meaningful and of

great importance.

1.2.3 Synthesis of CPs nanocomposites

Similar to the synthesis of CPs, the preparation of CPs nanocomposites can generally be
achieved by traditional chemical and electrochemical methods.”* Moreover, synthesis of

CPs nanocomposites with radiation method has been reported.”’

As CPs nanocomposites are composed by both electrical conducting polymers and
inorganic nanoparticles, the synthesis of CPs nanocomposites includes both the synthesis of
CPs by polymerization and production of inorganic nanoparticles by reduction of metal ions.
The formation of CPs nanocomposites is illustrated (Figure 1.17).”" To prepare CPs
nanocomposites, different synthetic procedures can be used to synthesize CPs and inorganic
nanoparticles. According to the synthetic procedures, the synthesis of CPs nanocomposites

can be realized in two steps or one step.”%%

] : — W
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Monomer Inorganic Nanocomposite
particles

Figure 1.17 Formation of nanocomposite from the constituents.”’

When the CPs nanocomposites are prepared in two steps (two-step method), the
polymerization of monomers and synthesis of inorganic nanoparticles are carried out in

different times. The synthesis of CPs can be done first and then the reduction of metal ions
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onto the surfaces of polymers resulting in CPs blended with nanoparticles. In this process, the
preformed CPs work as the template. Behniafar et al. prepared PEDOT/Ag nanocomposites
using chemical oxidation of EDOT monomers and chemical reduction synthesis of Ag
nanoparticles.*®

On the contrary, when nanoparticles are formed first, then the polymerization of monomers
will occur around the nanoparticles forming the core/shell nanostructures which has a
polymeric shell.” Kim et al. constructed nanocomposites of PEDOT/PSS/Au with core—shell
structure where Au nanoparticles were located in the center and coated by PEDOT/PSS.
Therefore, the synthetic procedures can affect the final morphology of CPs nanocomposites.

To simplify the synthetic procedures, the polymerization of monomers and reduction of
metal ions can be realized in one step (one-pot method).'® Using the one-pot method, the
preparation of CPs and nanoparticles can be realized at the same time where the inorganic salt
may work as the oxidant initiating the polymerization of monomers.* Fujii et al. prepared
nanocomposite microspheres of Fe/PPy/Pd in one step.'® Singh et al. used one-pot method to
synthesize free standing and flexible PPy/Ag nanocomposites.**

Radiation-induced chemical oxidative polymerization method has been applied for the
synthesis of CPs nanocomposites.®>%"1% Karim et al. prepared core-shell structured silver—
polyaniline nanocomposites by y radiolysis method with APS as chemical oxidant.®’
Pillalamarri et al. fabricated polyaniline nanofibers with APS as chemical oxidant and
decorated them with noble-metal (Ag or Au) nanoparticles using vy radiolysis."®* Ali et al.
synthesized copper/poly(vinyl alcohol) nanocomposites by radiation-induced synthesis.®® As
is mentioned before, synthesis of CPs using radiation method has been developed and applied.
Therefore, synthesis of CPs and CPs nanocomposites with radiation method is worth studying
and may offer a new synthetic approach. In this work, we consider more specifically the
synthesis of PEDOT/Ag nanocomposites by two-step or one-pot methods by using

exclusively radiation chemistry.
1.3 Research object

The aim of my research is mainly focused on synthesizing CPs as well as CPs
nanocomposites by using y-irradiation and studying their potential applications. To make the
study easy and for comparison purpose, we selected two kinds of CPs, PEDOT and PPy as the
research targets. In addition, the inorganic nanoparticles applied here are Ag nanoparticles.

My research work will be carried out as follows:
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In chapter 2, all the chemical agents, synthetic methods and characterization techniques
applied for the synthesis of CPs and CPs nanocomposites are briefly introduced and explained,

In chapter 3, an original radiolytic methodology developed by Samy Remita’s team (that I
was in as a member) for the synthesis of CPs is reviewed. The state of art of synthesis of CPs
with this new alternative method is summarized;

In chapter 4, pyrrole is used as alternative monomer instead of EDOT and the versatility of
radiolytical methodology is checked by synthesizing another CPs, namely PPy;

In chapter 5, synthesis of PEDOT induced by gamma irradiation is selected as the research
target and effects of synthetic conditions on the polymerization of EDOT are investigated.
The influence of soft template, pH and ionic strength on the polymerization of EDOT and on
the properties of PEDOT are studied,

In chapter 6, synthesis of PEDOT by a simple y-rays-based reduction—polymerization route
instead of oxidation route under nitrogen (N,) atmosphere at room temperature is described
for the first time;

In chapter 7, preparation of PEDOT/Ag nanocomposites starting from EDOT monomers
and Ag" silver ions dissolved in water with simple y-rays-based radiolytic methodologies is
described in details.

Finally, the main achievements realized in my work are summarized to draw general
conclusions and synthesis of CPs with radiolytic methodologies as well as the potential

applications of radiosynthesized CPs are outlooked in perspectives.
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Chapter 2: Materials, synthetic methods and characterizations

In this chapter, all the chemical agents, synthetic methods and characterizations applied in this
work for the synthesis of conducting polymers (CPs) and CPs nanocomposites are briefly
introduced and explained. First, all the chemicals applied including monomers, oxidants and
target CPs and CPs nanocomposites are listed. Then, the radiation method used for the
preparation of CPs and CPs nanocomposites is described and explained in detail. Finally, all
analytical methods and specific characterizations performed to CPs and CPs nanocomposites are

summarized.
2.1 Chemicals

All the chemicals applied in the experiments and their basic information are listed (Table 2.1).

All the monomers are commercially available and used directly without further treatment.

Table 2.1 List of all the applied chemicals.

Chemicals Molecular | Molecular | Application | Purity Producer
formula weight
3,4- Sigma-
ethylenedioxythiophene CeHs0,S 142.18 monomer > 98% Aldrich
Sigma-
pyrrole C4HsN 67.09 monomer >98% Aldrich
reagent Touzart &
potassium persulfate K,S,0s 270.32 oxidant grade Magnon
Air Liquid
nitrogen N 28.00 atmosphere | 99.99% Co.
atmosphere Air Liquid
nitrous oxide N.O 44.01 scavenger | 99.99% Co.
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atmosphere Air Liquid
oxygen 0O, 32.00 scavenger 99.99% Co.
Sigma-
sodium azide NaN3; 65.01 scavenger | >99.5%, Aldrich
Sigma-
isopropanol C3HgO 60.09 scavenger > 95% Aldrich
Sigma-
tert-butanol C4H100 74.12 scavenger > 95% Aldrich
VWR
hydrochloric acid HCI 36.46 acid ACS International
scavenger grade S.AS.
acid ACS Sigma-
perchloric acid HCIO, 100,46 scavenger grade Aldrich
inorganic Sigma-
sodium perchlorate NaClO,4 122.44 salt 98%, Aldrich
inorganic Sigma-
silver perchlorate AgCIO, 207.32 salt 99% Aldrich
sodium dodecyl Sigma-
sulfate C12Ho5Na0,4S 288,37 surfactant | > 98.5%, Aldrich
poly(4-styrenesulfonic Sigma-
acid) (CgHgO3S), ~75000 plasticizer 18% Aldrich
nitrosyl Sigma-
tetrafluoroborate NOBF, 116.81 dopant > 95% Aldrich
ACS Sigma-
dimethyl sulfoxide C,HsOS 78.13 solvent grade Aldrich
Sigma-
acetonitrile CoHsN 41.05 solvent >99.8% Aldrich
18.2 Millipore
deionized water H,O 18.01 solvent MQ cm system
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2.2 Solutions preparation
2.2.1 Dissolution of monomers

Pyrrole (Py) monomers are dissolved in deionized water (Millipore system, 18.2 MQ cm, LCP,
University Paris-Sud) in volumetric flasks within the concentration range of 1~20 mM. The
concentrations of aqueous solutions of Py are lower than that of the solubility of Py at room
temperature which is reported to be 0.67 M.* Py monomers are a weak base and the redox
potential of pyrrole monomers is 0.80 Vsue.® The chemical structure of pyrrole monomers is
shown (Figure 2.1). The polymerization occurs by connecting pyrrole monomers at o and o'
positions forming polypyrrole (PPy, Figure 2.1). In addition, the a and B' coupling is also possible

at the o and B' positions.* After deposition, PPy polymers usually appear to be yellow green.”

pyrrole (Py) polypyrrole (PPy)

Figure 2.1 Chemical structures of pyrrole monomers (Py) and polypyrrole polymers (PPy).

The free a, o' positions at which polymerization occurs are shown in the pyrrole structure.

3,4-ethylenedioxythiophene (EDOT) monomers are solubilized in deionized water with the
concentration ranges from 1 to 10 mM. This concentration range is lower than the solubility of
EDOT which is reported to be 11 mM at room temperature.® EDOT monomers are one kind of
derivatives of thiophen which is the most simple and basic component of the electrically
conducting polymer materials.” The chemical structure of EDOT monomers is presented (Figure
2.2). Compared with the structure of thiophen, it is easy to see that there is an ethylenedioxy
group locating at the 3 and 4 positions (B and B') of the thiophen ring and the functional group
takes up the B and B' inhibiting the polymerization of EDOT monomers at these positions.
Therefore, the polymerization of EDOT monomers can occur only at the 2 and 5 positions (o and
a') of each thiophen ring. The redox potential of EDOT monomers is about 1.4 VAg,AgC|.8 When

the C-H bonds at a and o' positions of each thiophen ring are broken, EDOT monomers are
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connected together by coupling reactions forming poly(3,4-ethylenedioxythiophene) (PEDOT,

Figure 2.2) polymers. Generally, PEDOT polymers appear to be dark blue in the reduced state
9,10

with a band gap of 1.6 eV and become light blue after oxidation.

3,4-ethylenedioxythiophene Poly(3,4-ethylenedioxythiophene)
(EDOT) (PEDOT)

Figure 2.2 Chemical structures of 3,4-ethylenedioxythiophene (EDOT) monomer
and poly (3,4-ethylenedioxythiophene) (PEDOT) polymer. EDOT structure

shows free a,a' positions where coupling reactions may occur.
2.2.2 Variation of experimental conditions

In order to use the soft template during radiolysis, the anionic surfactant sodium dodecyl
sulfate (SDS) is applied (Figure 2.3)."

X
/\/\/\/\/\/\o/ \O_ Na+

Sodium dodecyl sulfate (SDS)

a. SDS micelles b. SDS cylinders

Figure 2.3 Structural formula of SDS and spherical (a) and cylindrical (b) structures formed by SDS..**

It is well known that the critical micelle concentrations (CMC) of SDS are 8.3 mM (CMC I, 25
9C) and 70 mM (CMC I, 25 °C).***? SDS can be used to form the soft template with different
shapes such as spherical (between CMC | and CMC Il ) or cylindrical (above CMC II)
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nanostructures which can work as the soft template and affect the final morphology of CPs
(Figure 2.3)." When the soft template formed by SDS is applied, the solubility of EDOT
monomers is also increased from 11 mM to 73 mM which overcomes the solubility problem of
EDOT in water.’

In order to check the influence of the pH on the polymerization, perchloric acid (HCIO,4) or
hydrochloric acid (HCI) (1~1000 mM) is used to adjust the pH of the prepared solutions. The pH
values of all the solutions are measured using a pH-meter (CyberScan pH 500).

To study the effect of ionic strength on the polymerization, sodium perchlorate (NaClO,4) or
sodium chloride (NaCl) (1000 mM) salt is added to the prepared aqueous solutions of EDOT
monomers (10 mM).

In order to prepare nanocomposites of PEDOT/Ag by radiolytic method, silver perchlorate salt
(AgCIO4) (1~10 mM) is added to the aqueous solutions of EDOT monomers (10 mM) as Ag*

source for silver nanoparticles synthesis.

2.2.3 Chemical oxidation by S,05*

In order to compare radiolytic method with chemical method, potassium persulfate (K,S,0g) is
used as chemical oxidant for the synthesis of PPy in water by traditional chemical method. It is
known that persulfate anion (S,0g%) is a very strong oxidant and can initiate the polymerization
of pyrrole monomers by oxidation polymerization.®* To realize complete polymerization of Py
monomers, the concentration of K,S,0g (40 mM) is two times that of Py monomers (20 mM).

Persulfate ion (S,0s%) is often used in literature as an initiator of conducting materials
polymerization. Indeed, it is a powerful oxidant, with a strong redox potential of 2.1 Vsue which
enables it to oxidize organic monomers.** It is generally assumed that persulfate oxidation
mechanism is through free radicals. With the presence of some catalysts, like heat, persulfate can

homolytically dissociate according to the following reaction:*

S,08” — 2 S04 (2.1)

This reaction leads to sulfate radical which is one of the strongest oxidizing species with a redox
potential which is estimated to be 2.6 Vsug, similar to that of hydroxyl radical (2.7 Vsue in acidic
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solutions and 1.8 Vsue in neutral solutions).*®*” Although the persulfate anion by itself is a strong
oxidizer, its reaction Kinetics is often relatively slow. However, generation of sulfate radicals by
heat activation can significantly enhance the oxidation kinetics by persulfate.'®

2.2.4 Degassing and addition of alcohols for radiolytic oxidation or reduction

In order to remove the dissolved oxygen (O,) in the aqueous solutions and when atmosphere
components need to be inert, nitrogen (N;) is used to degas all the aqueous solutions. Nitrous
oxide (N,O) is also alternatively used to degas the aqueous solutions and works as the scavenger
of solvated electrons (eq’) as it will be seen later.

In order to scavenge hydroxyl radicals (HO+) formed during y-radiolysis, isopropanol or tert-
butanol (0.2 M) are added in excess into the aqueous monomer solutions for reduction

polymerization.
2.3 Samples irradiation
2.3.1 Radiolysis of water

Radiation method is based on the radiolysis of solvent which produces various oxidizing and
reducing species.*® The initiators produced using radiation method can induce the oxidation of
organic monomers making it a new method for the synthesis of CPs and reduction of metal ions
into metal nanoparticles. Compared with traditional chemical method, radiation method avoids
the addition of chemical oxidants or reducing species while just needs the common solvent
making the polymerization process clean and environment friendly. Furthermore, radiation
method can realize the production of large quantity of CPs or CPs nanocomposites which
overcomes the limitation of electrochemical method.?

The history of radiation chemistry is long and investigations on radiation chemistry of different
solvents have already been carried out.?* However, both complex physical and chemical
reactions happen during the radiation process. For the moment, the mechanism of radiolysis of

water is relatively well understood.?
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As the most commonly used and abundant solvent, water (H,O) is of great importance and
the radiolysis of water is meaningful. Ionizing radiation can be initiated by gamma (y)-rays, X-
rays and accelerated particles (electrons, a-particles) which possess high energy. When water is
exposed to ionizing radiation, both physical and chemical stages undergo as a function of the
time (Figure 2.4).%*

Time (s) lonizing Radiation
0 H,O
Physical stage exc'taV wat'on
105 s H,O0* H,O* + e
H,O
Physico-chemical N .12. \HzO*
ysico-chemica H2 i O(1D) HZO HO*+ H
stage
l H,0 l H,0
H* + HO* H, + 2 HO* HO® + H,O0* HO*+H,+OH e
1012 s
Chemical stage l
106 s €, H*, HO*, HO,*,OH", H,0%, H,, H,0,
v

Figure 2.4 Main reactions during the three stages of water radiolysis at neutral pH under nitrogen atmosphere.*

After the physico-chemical stage, complex reactions occur and stable species are produced at
the ns time scale. At the chemical stage, the kinds and amounts of species produced are possible
to be known. Therefore, the radiolysis of water under N, atmosphere at neutral pH can be

summarized as follows:*

Hzo — HO’, H', eaq', H30+, HzOg, H2 (22)
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In order to quantify the amounts of the different species produced by radiolysis of water, the
concept of radiolytic yield (G value) is used to express the production or consumption of different
species. G value is defined as the amount of species (mol) formed or disappeared in the medium
when one joule (J) is absorbed and the commonly used unit of radiolytic yield is mol J™-.2° In the
early literature, G value is termed as the number of molecules produced when the energy of 100

eV is absorbed.?® They could be transferred into each other by:
1 molecule (100 eV)* = 1.036 x10" mol J™* (2.3)
The G values of different radiolytic species which evidently depend on the experimental

condition are summarized and listed for different radiation types and pH values under N;
atmosphere (Table 2.2).%*

Table 2.2 Radiolytic yields (umol J_l) as a function of the type of radiation and the pH under N,

atmosphere .%*

Radiation €aq HO- He H, H->0, HO,'
Y 0.28 0.28 0.06 0.047 0.073 0.0027
Electrons (0.1-10 MeV)
pH=3-11
Y 0 0.301 0.378 0.041 0.081 0.0008
Electrons (0.1-10 MeV)
pH=05
5.3 MeV a particles 0 0.052 0.062 0.163 0.150 0.011
'%o)
pH=05

According to Table 2.2, y radiolysis of water under N, atmosphere in neutral medium produces

different species and the G values of which are:?®
Gho- = 2.8x10 " mol J* (2.4)

Ge,g = 2.8x107" mol J™* (2.5)
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Gp. = 0.6%10 " mol J™* (2.6)

Gu, = 0.46x107" mol J™* (2.7)

Gh,0, = 0.73%10 " mol J* (2.8)
22

Gho,* = 0.027>10 " mol J* (2.9)
2

It is clear that among the various species produced by the y radiolysis of water under N,
atmosphere in neutral medium, HO- and e, are the major species.

The effect of pH on G values of different species produced during the radiolysis of water by y
rays and accelerated electrons are shown (Figure 2.5).2° Therefore, the production of different
species can be adjusted by controlling the pH values. In addition, the G values of different
species can be controlled by adding scavengers during the radiolysis. Under different conditions,

by adding specific scavengers or changing the pH values, the amount of different species can be

varied and both reducing species and oxidizing species can be obtained. Therefore, the species
27-29

produced can be adjusted by changing the radiolytic conditions.

Figure 2.5 Effect of pH on the primary products of water irradiation. Yields are for y-rays and
fast electrons under N, atmosphere with energies of the of the order of 1 to 20 MeV.%
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2.3.2 y-source, absorbed dose and dose rate

As an important ionizing radiation source, y-rays released by radioactive cobalt (*°Co) have
been widely applied in both industry and research. The decay of ®°Co produces y-rays with high
energy and the half-life period of ®°Co is 5.27 years (Figure 2.6).% It is well known that y-rays are
highly energetic waves and the penetration ability of gamma photons is strong which needs to be

protected by the lead wall.

S?C‘o
5.272 a

0.31 MeV (37 g9.88%

1.1732 MeV ~
1.48 MeV (G Np.12%

1.3325 MeV ~

60 -
28 Nl
Figure 2.6 Schematic illustration of the decay of P00

In order to describe the energy absorbed during the y-irradiation, the concept of dose (D) is
introduced to quantify the amount of energy deposited in the irradiated aqueous samples.
Normally, D is counted with the unit of gray (Gy) which is defined as the energy of 1 J absorbed
by 1 kg or 1 L (water density being 1 g/ml). Therefore, the dose of 1 Gy corresponds to 1 J/kg or
1 J/L.* In addition, within a per unit time (min or h), the amount of energy deposited is termed as
the dose rate (Gy/min or kGy/h). Thus, the energy absorbed during the y radiation of water can be

calculated as follows:
D (Gy) = Dose rate (Gy/min or Gy/h) xTime (min or h). (2.10)

In the gamma source (LCP, University Paris-Sud), the ®Co is stored in a lead jar and
mechanically lifted up for irradiation which is controlled by the operator (Figure 2.7 left). To
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irradiate the samples by vy rays, all the glass vials containing aqueous solutions are put on the plat
at fixed positions (Figure 2.7 right). The dose rates at different positions depend on the distance

to the source and are determined with Fricke’s dosimetry.*

60
Figure 2.7 Photograph of Co gamma source (LCP, Paris-Sud University). Control

panel (left) and irradiation plate (right).

As a result, when the dose rate is determined, the total energy deposited by v irradiation can be
calculated according to equation (2.10). Knowing the G values of the different radiolytic species,

their concentrations can be determined according to the following equation:

C (mol-L™) = D (Gy) x G (mol-T™) (2.11)

In the same way, the dose which is necessary to quantitatively oxidize or reduce a solute in the

solution can be deduced from this equation knowing the yield of its disappearance.

2.3.3 Irradiation in oxidizing conditions

As mentioned before, the radiolysis of water with y rays produces a wide variety of species and
the G values of the different species depend on the radiolytic conditions. During the radiolysis of

water, both oxidizing and reducing species are formed. As a result, the produced oxidizing
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species may work as initiators to induce the polymerization and have the potential application for
the synthesis of CPs. Nevertheless, with this aim, reducing species (such as ey) should be
scavenged and converted into secondary radicals to optimize and to increase the yield of
oxidation. In order to quantify the polymerization of monomers with the oxidizing species
produced by vy radiolysis of water, it is necessary to know the kinds and amounts of all oxidizing

species produced under the given experimental conditions.
Irradiation under O,

When the radiolysis of water undergoes under oxygen (O) atmosphere, He atoms and e,q are
scavenged by O, to produce respectively perhydroxyl radicals (HO,;") and superoxide radicals
(O2") which are the two acido-basic forms of the couple HO,/O," (pKa (HO,'/0;") = 4.8 at 298

K).% As a consequence, when irradiating aerated aqueous solutions at neutral pH, only two short-

lived transient species are formed: HO* and O, with the following radiolytic yields:*’
Gho-= 2.8x10 " mol J™* (2.12)
G(O2") = Gy + Gg, =3.4>10 " mol I (2.13)
It is well known that HO is a strong oxidizing species since its apparent standard redox potential
at pH = 7 amounts to ES(HO+/H,0) = 2.2 Vsye.' Nevertheless, O, is almost a poor oxidizing
species with a redox potential E (0, /H,05) = 0.9 Vspe .

Irradiation under N,O

When irradiating nitrous oxide (N2O, 25 mM) saturated aqueous solutions at neutral pH, eyq is

quantitatively converted into HO* according to the following reaction:*

€aq + N2O + Ho0 — HO+ + HO™ + N, (2.14)
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Therefore, the main oxidizing species produced under N,O atmosphere is HO* radicals with the

radiolytic yield of:

G(HO*) = Gro-+Ge,,” = 5.6x10 ' mol J™* (2.15)

Note that He atoms are still present in such conditions. Nevertheless, due to its relatively small

amount and unknown reactivity, the presence of He atoms are often neglected.
Irradiation under N,O in presence of NaN3

When the radiolysis of water occurs under N,O atmosphere and in the presence of sodium

azide (NaN3) (100 mM), HO- radicals are very quickly scavenged by N3 ions leading to the

quantitative formation of azide radicals (N3°) according to:34%

HO++ N3 — HO + N3’ (2.16)

It is well known that N3" radicals are an alternative oxidizing system more selective than HOs. It

is a soft one-electron oxidant E<(Ns'/N3) = 1.33 Vspe at pH=7.2**® Thus, when irradiating N,O-
saturated aqueous solutions at neutral pH in the presence of NaNs;, the main oxidizing species

produced is N3 radicals with a radiolytic yield of formation of which amounts to:

G(N3) = Gro-+Ge,, = 5.6>10 " mol J"* (2.17)

Irradiation under N,O in acidic medium

When the radiolysis of water happens under N,O atmosphere in acidic medium, e,y is quickly

transformed into He atoms by reacting with hydronium ions (H"):%
€aq +H — He (2.18)

But, its competitive transformation into HOe radicals also happens according to equation (2.14).
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The radiolytic yields of H- atoms and HOe radicals in acidic medium under N,O atmosphere can
be estimated as it will be done in chapter 5.

When perchloric acid (HCIO,) is used in the aqueous solution, perchlorate ion (ClO4) is
unreactive to the species produced by radiolysis resulting in the formation of HO- radicals and
He atoms as the main species.®” Therefore, the main oxidizing species produced by radiolysis of
acidic aqueous solution containing HCIO, is HOe.

When the neutral aqueous solution is added with hydrochloride acid (HCI) instead of HCIOy,

HO- is finally converted to Cl,” according to the following reactions:*

HO+ + CI'— CIOH"~ (2.19)
CIOH" + H* — CI + H,0 (2.20)
Cl-+ClI' = Cl,” (2.21)

Therefore, in addition to He atoms, the main oxidizing species produced by radiolysis of acidic
aqueous solution containing HCI is Cl,~.% The redox potential of E°(Cl, /CI") amounts to 2.09

Ve indicating that Cl, is a strong oxidant.*’
Radiation induced polymerization

It is reported that radiation induced polymerization of organic monomer could only proceed
through a recurrent oxidation process.’® Taking the radiation induced polymerization of EDOT
for example, HOe* radicals first react with EDOT monomers, then with dimers, then with
oligomers. The quantitative synthesis of PEDOT polymers throughout such a step-by-step
mechanism necessarily implies the use of two HOe radicals for the oxidation of one EDOT
molecule (in o and o’ positions).*® Thus, in order to initiate the oxidation of organic monomers
and realize complete polymerization of CPs, the amount of oxidizing species should be twice that
of the amount of organic monomers as already demonstrated.'®***® Therefore, the total dose
needed for the production of needed amount of oxidizing radicals and quantitative oxidation of

organic monomers can be determined as follows:*
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2 1L
D (Gy) [monomer] (mol L)

G(oxidant) (mol J1) (2.22)

Knowing the dose rate during y irradiation, for a given solution with a fixed concentration of
organic monomers, in order to conduct oxidation polymerization, the total time needed for

irradiation can be determined by dividing the total dose by the dose rate.
2.3.4 Irradiation in reducing condition

The radiolysis of water also produces reducing species which may have potentials to induce
the synthesis of CPs by reduction polymerization and produce metal nanoparticles by reduction
of metal ions. Among primary radiolytic radicals formed under N, atmosphere in neutral medium,

it is well known that e,q is very reducing species with a redox potential of —2.8 N
Irradiation under N, atmosphere in the presence of alcohol

When radiolysis of water takes place under N, atmosphere with isopropanol (0.2 M), HO*
radicals and He atoms quantitatively react with isopropanol and isopropanol radical ((CH3),C+OH)

is generated according to:****

(CH3),CHOH + HO* — (CHj3),C+OH + H,0 (2.23)
(CH3)2CHOH + H' — (CHg)ZC'OH + H2 (224)

The redox potential of this alcohol radical (CH3),C+OH which is also a reducing species amounts
to —1.8 Vsue at pH=7.%" Although He atoms are also powerful reducing species with a redox
potential of -2.3 Vsue, both the HO* radicals and He atoms are tranformed into (CH3),C*OH.*
Therefore, radiolysis of water under N, atmosphere with isopropanol produces two main reducing
species e,q and (CH3),C+OH with the radiolytic yields:

Ge,y = 2.8x10" mol J™* (2.25)
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G((CH3),C*OH) = Gpo-+Gn.= 3.4x10" mol J* (2.26)

When the radiolysis of water takes place under N, atmosphere with tert-butanol (0.2 M)
instead of isopropanol, HO* radicals and He atoms once again quantitatively react with tert-

butanol, and tert-butanol radical is generated:***
(CH3)3COH + HO* — *CH3(CHj3),COH + H,0 (2.27)
(CH3)3COH + He — *CH2(CH3),COH + H, (2.28)

However, contrarily to isopropanol radical, tert-butanol radical is a stable and unreactive species.
Thus, the radiolysis of water under N, atmosphere in the presence of tert-butanol, produces a

single reducing species namely e,q with the radiolytic yields:**

Geyy = 2.8x10" mol J™* (2.29)

Radiation induced synthesis of metal nanoparticles and polymerization

Synthesis of metal nanoparticles using radiolytic method has been already intensively
investigated and widely applied.***® Nanoparticles can be prepared by the reduction of metal ions
using reducing species produced by radiolysis of water. The well-known and applied reducing
species are e, and (CH3),C+OH which can reduce metal ions into metal atoms which aggregate
leading to inorganic nanoparticles.***> Among various metal nanoparticles, the synthesis of Ag
nanoparticles using radiation chemistry has been reported and intensively investigated.***°
Taking the formation of Ag nanoparticles for example, the reduction of silver ions and

formation of silver nanoparticles is as follows:*
Ag"+ ey — Ag’ (2.30)

Ag" + (CH3),C*OH — Ag’ + (CH3),CO + H* (2.31)
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A+ Ag® — Ag,’ (2.32)
A+ Agt— Ag,* (2.33)
Agn** + Agny+ — Agmen™ (2.34)

Since both oxidative and reductive species can be produced by radiolysis, both radiation
induced polymerization by oxidation or reduction of organic monomers and synthesis of
inorganic nanocomposites by reduction of metal ions are feasible. Therefore, it is also possible to
apply radiation method for the synthesis of CPs nanocomposites as it will be described in this

manuscript in chapter 7.
2.4 Kinetic study by pulse radiolysis

Electron accelerator is of great importance in the basic research of ultra-fast chemical reactions.
The electron accelerator analyzing system coupled with time-resolved spectroscopy enables the
analysis of fast chemical reactions and makes the pulse radiolysis study a powerful tool. In order
to understand the mechanism of polymerization and determine the rate constants of fast reactions
induced by hydrated electrons or hydroxyl radicals, pulse radiolysis experiments is implemented
on the picosecond laser-triggered electron accelerator (ELYSE, Paris-Sud University) coupled
with a time-resolved absorption spectroscopic detection system (Figure 2.8).*’

In pulsed radiolysis, a solution irradiated by a short pulse of high-energy electrons produces a
significant concentration of radical species. As is mentioned above, if the system is an aqueous
solution at neutral pH, under N, atmosphere, water radiolysis leads to the production of the
following reactive species: HOe, He, €4, H;0", H,0,, H, (reaction 2.2). Among the formed
species, &' 5q and HO- radicals are the most abundant species and have higher reactivity.

In order to study the specific action of hydrated electrons, e’yq, With organic monomers and in
order to determine its rate constant, an aqueous solution containing 1 mM in EDOT and 0.2 M in
tert-butanol is prepared, degassed with N, and then studied by pulse radiolysis. It is known that

tert-butanol is an efficient scavenger of HO¢ radicals according to reaction (2.27) which leading
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to a racial which is known to be unreactive. Thus, in these conditions, eaq is the only reducing

species which can be involved in reduction polymerization and synthesis of CPs nanocomposites.

-"

Figure 2.8 ELYSE electron accelerator source (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

During the pulse study, the 15 ps pulses, which are characterized by a charge of 4~6 nC and
an electron energy of 7.6 MeV, are delivered at a repetition frequency of 5 Hz. The dose per
pulse is derived from the absorbance of the hydrated electron at 660 nm with egsonm, (e-aq) =
1.8<10* L.mol™ cm™, and Gans, (e-aq) = 3.45<10° " mol.J™. For each pulse, the dose deposited in
water is 40.5 Gy in the irradiated volume (i.e., [€75q] = 1.4x107> M).*®

A Na-purged stock aqueous solution of 200 mL is used which circulated in the 10x10 mm
fused silica irradiation cell at a flow rate of 100 mL/min by means of a peristaltic pump. The
solution is then renewed between each pulse and, for each kinetic measurement, it is possible to
apply up to 400 pulses.

Absorption measurements are performed using the white light beam of a homemade Xenon
flash lamp.* The light is focused through the sample collinearly with the electron beam and then
directed onto the slit of a flat field spectrograph (Chromex 250IS), equipped with three 150
grooves/mm grating blazed at 300, 500 and 800 nm which dispersed the light on the entrance
optics of a streak-camera (model C-7700 from Hamamatsu).*® The time-resolved absorbance of
the sample is calculated using average images obtained on the streak-camera (with and without

the electron pulses). The full spectra from 245 to 650 nm are obtained by two series of absorption
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measurements using two different optical filters (UG5 and GG325) to optimize the light intensity
on a specific spectral domain (250-400 and 360-700 nm, respectively). Also, the spectral overlap
between 360 and 400 nm enables checking the good stability and the reproducibility of all

irradiation measurements.

2.5 Materials treatment

After irradiation, aqueous solutions or suspensions are obtained and materials dispersed in
liquid state are characterized without treatment. In order to carry out analyses and
characterizations in solid state, material powders are obtained by treating aqueous solutions or
suspensions with drying process or lyophilization and material films or membranes are formed by

spin coating treatment or drying process (Figure 2.9).

Figure 2.9 Photographs of obtained materials after irradiation in different states. Aqueous solution of
SDS after irradiation for 70 kGy (a); aqueous suspension of pyrrole after irradiation for 70 kGy (b);
PEDOT powders obtained by drying process(c); PPy powders obtained by lyophilization (d); PEDOT
film formed by spin coating (e); PEDOT/PSS membrane prepared by drying process (f).

Drying and lyophilization

After irradiation, aqueous solutions containing polymers or composites are centrifugated and
washed with water. The obtained materials are then dried in the Frollabo AP 60 oven at 50 ° C for
24 h (Figure 2.10).
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Figure 2.10 Frollabo AP 60 oven (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

The solutions after gamma irradiation are dried by lyophilization with a Heto PowerDry®
LL1500 (Thermo Electron Co., France) to obtain dehydrated powders (Figure 2.11). The drying
procedures are done as follows: first, all the solutions are transfered to culture dishes and frozen

into ices; then, the frozen samples are moved to the drying chamber and lyophilized at -110 °C

for 48 h.

_
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Figure 2.11 Heto PowerDry® LL1500 lyophilizer (Equipe Industries Agroalimentaires,
Département Chimie Vivant Sant& Conservatoire National des Arts et Méiers).
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Film preparation by spin coating

After irradiation, a few drops of the irradiated aqueous solutions are deposited onto the glass
substrates by spin coating with a SCC-200 spin coater with a speed of 100 rpm for 60 s leading to
the formation of a film (Figure 2.12 left). During the spin coating, the glass substrates are held by
the vacuum formed by the pump (Figure 2.12 right). The spin coating is carried out by spinning
at a speed of 100 rpm for 60 s (Laboratoire de Chimie Physique, LCP, Paris-Sud University) or
1000 rpm for 30 s (Laboratoire de Physicochimie des polymées et Interfaces, LPPI, Cergy-

Pontoise University).

Figure 2.12 SCC-200 spin coater (left) and coupled pump for vacuum (right)
(Laboratoire de Chimie Physique, LCP, Paris-Sud University).

Nitrosyl tetrafluoroborate (NOBF,) is dissolved in acetonitrile at a concentration of 20 mM and
used as the dopant. Acetonitrile solution of NOBF, is dropped on to the films prepared by spin
coating. The doping process of electrically conducting polymers is realized by the oxidative
nitrosonium cation (NO*) with a redox potential of 0.87 Vsue.® As is mentioned before, the

doping type of PEDOT and PPy is p-doping.™
PEDOT/PSS membrane preparation

To prepare PEDOT/PSS membranes, PEDOT polymers are mixed with poly(4-styrenesulfonic
acid) (PSSH) and dimethyl sulfoxide (DMSO) to form a membrane and realize a homogeneous

distribution. The mixture is dried in the oven at 50 ° C for 24 h.
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2.6 Materials Characterizations

After irradiation, aqueous solutions or suspensions containing synthesized materials are
characterized. In the same way, the powders obtained after drying or lyophilization as well as

films and membranes prepared by spin coating and drying process are studied.

2.6.1 UV-vis absorption spectroscopy

Ultraviolet-visible (UV-vis) spectra of aqueous solutions of monomers, polymers and
nanocomposites prepared using chemical oxidation or gamma irradiation are recorded on a UV-
vis scanning spectrophotometer (HP 8453) in quartz cells with an optical path length of 0.1 or 0.2
cm (Figure 2.13). To measure the UV-vis spectra of the samples, appropriate dilution is carried

out to the samples. The reference is always ultrapure water.

Figure 2.13 UV-vis scanning spectrophotometer (Laboratoire de

Chimie Physique, LCP, Paris-Sud University).

2.6.2 Cryo-transmission electron microscopy and EDX analysis

To observe the original morphology of the as-prepared samples in aqueous solutions, in situ

observation of the morphology is carried out on a transmission electron microscope in a
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cryogenic environment (Cryo-TEM), known to be adapted to low density contrasts (Institut de
Miné&alogie et de Physique des Milieux Condensés, IMPMC, Pierre and Marie Curie University).
A drop of each solution is deposited on ‘quantifoil”’® (Quantifoil Micro Tools Gmbh, Germany)
200 mesh holey-carbon-coated grids. After being blotted with filter paper, the grids are quench-
frozen by being rapidly plunged into liquid ethane in order to form a thin ice film avoiding water
crystallization. The grids are then transferred into the microscope using a side entry Gatan 626
cryoholder cooled at -180 ° C with liquid nitrogen. Images are taken with an Ultrascan 2k CCD
camera (Gatan, USA) by using a LaB6 JEOL JEM 2100 (JEOL, Japan) (Figure 2.14).
Advantages of Cryo-TEM are not only ensuring the observation of soft nanostructures but also

avoiding the phase transition and aggregation which should result from the drying procedures.

Figure 2.14 JEOL 2100 Cryo-TEM (Institut de Miné&alogie et de Physique

des Milieux Condensés, IMPMC, Pierre and Marie Curie University).

Energy dispersive X-Ray (EDX) analysis is carried out to identify the chemical composition of
the materials during the characterizations by Cryo-TEM (Institut de Miné&alogie et de Physique
des Milieux Condensé&, IMPMC, Pierre and Marie Curie University). During Cryo-TEM
observations, in situ EDX spectroscopy is used to check the chemical composition and to perform
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the elemental analysis within a selected area of the samples. An EDX JEOL Si(Li) detector

mounted on the cryo-microscope is used with a resolution of 140 eV.

2.6.3 ATR-FTIR spectroscopy

To identify the obtained products and their chemical composition, Fourier transform infrared
(FTIR) spectra of lyophilized polymers are recorded using a FTIR spectrometer (Bruker Vertex
70) with diamond attenuated total reflection (ATR) attachment (PIKEMIRACLE crystal plate
diamond/ZnSe) and MCT detector with a liquid nitrogen cooling system (Figure 2.15). The dried
powders are deposited onto the ZnSe diamond and scanning is conducted from 4000 to 600 cm™

with a 4 cm™ spectral resolution for 100 times and averaged for each spectrum.

Figure 2.15 ATR-FTIR spectrometer (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

2.6.4 AFM-IR nanospectroscopy

In order to check the morphology and the chemical nature of radiosynthesized products, a
small drop of the aqueous solution is deposited onto the upper surface of ZnSe prism (transparent
in the mid-IR) and dried naturally. The dried deposit is observed by nanolR™ (@Anasys
Instruments) an AFM-IR system that combines the AFM with a pulsed infrared OPO laser to

perform spectromicroscopy (Figure 2.16).
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Figure 2.16 AFM-IR microscope (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

AFM which has a visible laser focusing oﬁ the cantilever and a four quadrants detector
measuring its deflection is used for the superficial morphology characterization in contact
mode.”*** To obtain relevant infrared spectra, the pulsed infrared laser setup covers the
wavenumbers from 3600 cm™ to 1000 cm™ (Figure 2.17).
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Figure 2.17 Schematic representation of AFM-IR technique.

During the measurements, the tip of the AFM remains in contact with the object. When the

sample absorbs IR laser pulse, the absorbing region warms via the photothermal effect and a

54



Chapter 2: Materials, synthetic methods and characterizations

rapid thermal expansion occurs which then impacts the tip of the AFM cantilever and causes its
oscillation. As the amplitude of oscillations is proportional to the absorption, scanning the surface
with a given wavenumber enables the drawing of chemical map of the sample, while changing

the wavelength on a fixed position of the tip gives a local infrared spectrum (Figure 2.17).

2.6.5 SEM microscopy and EDX analysis

In order to check the morphology of the samples after deposition, powders obtained after
lyophilization are sprinkled onto carbon tape adhered to aluminum mounts and the images are
obtained with EVO MA10 scanning electron microscope (SEM) (Figure 2.18, left). In order to
obtain better observation of the morphology, the product is coated with gold in some cases
(Figure 2.18, right). The Magnification, accelerating voltage and scale bar are adjusted to obtain
the SEM images of the samples (Laboratoire Proc&lé&s et Ingénierie en Méanique et Maté&iaux,
PIMM, Conservatoire National des Arts et Méiers, CNAM, Paris).

Figure 2.18 EVO MA10 SEM (left) and SC-6 Pelco Sputter Coater (Laboratoire Procé&lés et Ingénierie

en Mé&anique et Maté&iaux, PIMM, Conservatoire National des Arts et Méierss, CNAM, Paris).

During the observations by SEM, EDX analysis is also carried out to identify the chemical
composition of the materials (Laboratoire Proc&lé et Ingeénierie en Meéanique et Maté&iaux,
PIMM, Conservatoire National des Arts et Méiers, CNAM, Paris). EDX spectroscopy is used to
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check the chemical composition and to perform the elemental analysis within a selected area of

the samples. All the EDX spectra are recorded with a beam energy of 15.0 keV.

2.6.6 TGA analysis

The thermal stability and composition analysis of the obtained polymers and nanocomposites
after radiolysis are performed on a thermogravimetric analysis instrument TGA Q500 (TA
instruments, USA) (Figure 2.19). The thermal degradation of the samples is carried out under a
nitrogen flow of 50 mL/min within the temperature range of 40 to 800 ° C at a heating rate of 20 °
C/min (Laboratoire Procélés et Ingénierie en Mé&anique et Mat&iaux, PIMM, Conservatoire
National des Arts et Méiers, CNAM, Paris).

Figure 2.19 Thermogravimetric analysis (TGA) instrument (Laboratoire Proc&l& et Ingénierie en
Meanique et Maté&iaux, PIMM, ENSAM, Conservatoire National des Arts et Méiers, CNAM, Paris).

2.6.7 Electrical conductivitys
The electrical conductivity of spin coated films prepared after radiolysis is measured by the

traditional four-point probe method.” The resistances of the samples are measured using a
Keithley 2420 system (Figure 2.20) (Laboratoire de Physicochimie des Polyméres et Interfaces,

56


https://en.wikipedia.org/wiki/Elemental_analysis

Chapter 2: Materials, synthetic methods and characterizations

LPPI, Cergy-Pontoise University). Each sample is checked at three different positions and the

resistance values are averaged.

Figure 2.20 Kelvin four-point probe technique coupled with a Keithley 2420 system (Laboratoire

de Physicochimie des Polyméres et Interfaces, LPPI, Cergy-Pontoise University).

The thickness of the spin coated samples is measured on a 3 Veeco Dektak 150 surface profiler

(Figure 2.21). The thickness of each sample is also measured three times and averaged.

Figure 2.21 Surface profiler (Laboratoire de Physicochimie des Polymées et

Interfaces, LPPI, Cergy-Pontoise University).
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The conductivity, p (S-cm™) is then determined thanks to the following equation:*®

- (% x ¥ Xt)-l (2.35)

where V is the voltage difference (V), t the film thickness (cm) and | the applied current (A).
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Chapter 3: Radiation chemistry as a new method for the synthesis of
PEDOT: a state of the art

As is mentioned before, the synthesis of conducting polymers (CPs) with radiation method has
been developed by Samy Remita’s team. Synthesis of conducting poly(3,4-
ethylenedioxythiophene) (PEDOT) was achieved through an original soft alternative way:
gamma (y) radiolysis of aerated aqueous solutions of 3,4-ethylenedioxythiophene (EDOT) in the
absence of any external chemical initiators. Then, the original radiolytic methodology was
extended to the synthesis of PEDOT polymers in N,O-saturated aqueous solutions of EDOT. In
addition, pulse radiolysis was used to study the mechanism of HOe-induced polymerization of
PEDOT where a step-by-step mechanism has been found. Even if this preliminary work began
before my joining Samy Remita’s group and it was not exclusively carried out for my thesis. In

fact, | took part in this research work and made some of the experiments related below.

3.1 Synthesis of CPs by an alternative radiolytic methodology

Contrarily to chemical and electrochemical methods, radiolytic methodology, which is based
on the interaction of high energy ionizing radiations with matter, is not really used in the field of
conducting polymers. It is well known that gamma (y-) rays and X-rays radiolysis are very often
used at ambient temperature and pressure in order to initiate, in the absence of external chemical
initiators, oxidation or reduction reactions through the control of the initiator radicals which
depend on the nature of the medium (atmosphere, solvent, potential solute).** Besides, radiolysis
is known as an interesting method for the synthesis of non-conducting polymers and is also
described as an alternative way leading to the formation of layers of controlled thickness at the
interfaces.>’ Using radiolysis should also lead to chemical processes which can be switched on
and off upon exposure or removal of ionizing radiation instead of using initiator or stopper
molecules.

Despite all these advantages, only few works concerning both radiation chemistry and
conducting polymers have been reported. Moreover, the preparation of CPs using gamma
irradiation was always accompanied by the addition of chemical oxidants. Karim et al.

synthesized PPy using y radiation induced oxidative polymerization with ammonium peroxy-
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disulfate (APS) as chemical oxidant.® Similarly, Pillalamarri et al. used vy radiolysis to synthesize
PANI nanofibers in the presence of APS.? However, the radiolysis method has never been used
alone for the synthesis of CPs.

Starting from monomers dissolved in water, a simple y-rays-based radiolytic way which
enables the synthesis of conducting polymers under air at room temperature, and contrarily to the
chemical routes, in the absence of any external chemical initiators, was described for the first
time. In addition, when compared with the usual electrochemical methods, this new y-rays-based
radiolytic way presented some advantages concerning the easy preparation of the samples, where
no supporting electrolyte was needed, and the ability to work under atmospheric conditions
without purging solutions with an inert gas. Besides, contrarily to the electrochemical way which
leads to the direct deposition of CPs onto conducting substrates, the described radiolysis method
leads to the formation of CPs dispersed in water enabling their further deposition over conducting

or even non-conducting surfaces.

3.2  Gamma radiation induced PEDOT polymerization under air

3,4-ethylenedioxythiophene (EDOT) molecules are soluble in water and present some specific
chemical properties which make them interesting building blocks for the synthesis of functional
n-conjugated systems such as PEDOT (Figure 2.2, chapter 2).

In fact, due to their strong electron donor effect, the ether groups at the  and ' positions of
thiophene rings, which confer a high reactivity to the free o and o' positions, prevent the
formation of parasite a-pB' linkages during polymerization. PEDOT acquires a prominent position
among various CPs due to moderate band gap and low oxidation potential conferring on PEDOT
an exceptional stability to the oxidized charged state which furthermore exhibits high
conductivity and good optical properties in the visible spectral region.*

3.2.1 Solutions preparation and gamma irradiation under air

Aqueous solutions of different concentrations of EDOT ranging between 1 and 10 mM were
first prepared at room temperature in the presence (for comparison with electrochemically
synthesized PEDOT polymers) or in the absence of LiClIO4 (100 mM) and then irradiated under
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air with increasing doses up to 70 kGy in order to radiosynthesize PEDOT polymers. The y-ray
dose rate was 1.4 kGy-h™ in all cases. Irradiations were carried out with a ®°Co y-rays source.
EDOT concentrations higher than 10 mM have not been studied because of the limited solubility
of EDOT in water and because of the possible direct ionization of EDOT molecules which could
occur during radiolysis.™

In the presence of air, H* atoms and solvated electrons (e,,) are scavenged by molecular
oxygen O, to produce respectively perhydroxyl radicals (HO,*) and superoxyde radicals (O,")
which are the two acido-basic forms of the couple HO,/0,” (pKa (HO,/0,") = 4.8 at 298 K).*?
As a consequence, when irradiating aerated aqueous solutions at neutral pH, as in the case of
EDOT solutions (initial pH = 7.2), only two short-lived transient species are formed: hydroxyl
radicals (HO*) and O, with radiolytic yields of 2.8><10"" mol J™* (equation 2.12, chapter 2) and
3.4x10"" mol J* (equation 2.13, chapter 2).

Note that when sodium formate (HCOONa) at a concentration of 100 mM is added to aerated
aqueous solutions, hydroxyl radicals are quantitatively scavenged by formate anions leading to
COO-" radicals which are subsequently oxidized into O,". Then in the presence of formate ions,
the radiolytic yield of formation of O, reaches the value of 6.2x10" mol J ™.

Since protons are formed during y-radiolysis, steady-state irradiation leads to a continuous pH
decrease. As a consequence, when the pH of the solution becomes lower than 4.8 ((pKa
(HO,/0,") value), HO,* radicals become predominant. Then below pH = 4.8, the two species
which must be considered are HO+* and O,". It is noted that even at very low pHs, EDOT

molecules remain stable. In particular, no acid hydrolysis could affect the etheroxyde groups in
EDOT.

3.2.2 Mechanistic study of EDOT oxidation

It is clear that EDOT in water displays two absorption maxima at 235 and 255 nm as shown for
a concentration of 1 mM in EDOT (Figure 3.1)."* From varying EDOT concentration, two molar
extinction coefficients at these wavelengths are estimated:

£235 = 5650 =10 L mol™ cm™  ep55 = 7048 +200 L mol™* cm™ (3.1)
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These absorption maxima and the corresponding values of the extinction coefficients are
consistent with literature data concerning heteroaromatic compounds, in particular with those of
thiophene (which absorbs at 231 nm in hexane with g3 = 7100 L mol™ cm™) and its
derivatives.* In addition, auxochromic substitution (by the ethylenedioxy group) in EDOT which
should lead to a bathochromic effect can explain the shift of the absorption maximum from 231

to 255 nm.
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Figure 3.1 UV-vis absorption spectrum of an aqueous solution containing 1 mM in EDOT. The optical path
length was 0.1 cm. The reference was water. Insert: variation of EDOT concentration as a function of the

dose. The initial radiolytic yield of EDOT consumption corresponds to the initial slope of the curve.®

Aqueous solutions containing 1 mM in EDOT were irradiated at increasing doses up to 30
kGy. The evolution of the UV-visible absorption spectrum of this solution as a function of the
irradiation dose displays a continuous decrease in the absorption at 235 and 255 nm indicating the
progressive consumption of EDOT. From the two previously calculated values of the extinction
coefficients at 235 and 255 nm, the variation in EDOT concentration with the dose is deduced
(Insert of Figure 3.1). At the first steps of irradiation, this consideration is correct since EDOT
remains predominant. Nevertheless, these as-calculated concentrations are necessary
overestimated at high doses since, in addition to EDOT, other species may also absorb in the UV

part of the spectrum.
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Starting from 1 mM in EDOT, insert of Figure 3.2 displays the variation of EDOT
concentration as a function of the irradiation dose. The initial radiolytic yield of EDOT
consumption, G.por o, IS given by the value of the initial slope of the curve which can be

deduced thanks to an exponential fit of the experimental curve:

G [y (4IEDOT] (mol L1y
~EDOT o (mol J71y = dDose (Gy)

) =27 %10 mol I'!
(3.2)

Note that the same value of the yield is obtained when considering only the first points of the

experimental curve (up to 7 kGy). Thanks to our experimental results, it is found that:
G.epot 0 = GHo- (3.3)

Also, when irradiations were performed in the presence of 100 mM in formate ions, which are
scavengers of HOe radicals, no consumption of EDOT was observed. These results first indicate
that a concentration of 1 mM in EDOT is sufficient to scavenge all the hydroxyl radicals and
second demonstrate that only hydroxyl radicals react with EDOT. Indeed, since the apparent
standard redox potential at pH = 7 amounts to E(HO*/H,0) = 2.2 Vsyg, HO- is a strong
oxidizing species enables oxidation of EDOT." On the contrary, O, is almost a poor oxidizing
species with a redox potential E (0, /H,0,) = 0.9 Vnne .2 As a consequence, the relatively low
apparent redox potential of O, does not allow the reaction with EDOT the oxidation potential of
which amounts to 1.4 Vagagcr.

Note that with increasing dose, due to the increase in HzO" amount, the medium becomes
more acidic. As a consequence, when the pH of the solution becomes lower than 4.8 (pKa
(HO,/0,") value) which is the case after an irradiation of a few kGy, HO;" radical (perhydroxyl
radical), which is known to be a strong oxidant, becomes predominant and its implication in
EDOT oxidation processes couldn’t be neglected.*

The reactivity of hydroxyl radicals towards thiophene (Th) molecules has already been studied
by pulsed radiolysis.' It has been found that HO- radical adds preferentially to the o position in
Th leading to a short-lived o-hydroxythienyl (Th-OH)e radical. This latter subsequently

undergoes a second order radical-radical reaction with itself to produce a, o'-bithiophene which
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absorbs at both 246 and 301 nm. On another hand, for o-thiophene oligomers in chloroform
solution, the wavelengths values of the absorption maxima have been shown to increase with the
number (n) of thiophene units: from 305 nm for n = 2 to 350~450 nm for n comprised between 3
and 8.%7

In this work, whatever EDOT concentration ranging from 1 to 10 mM, EDOT disappearance
parallels the formation of species which absorb at both 290 and 350 nm as shown in the case of
10 mM in EDOT (Figure 3.2).
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Organic phase
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Figure 3.2 Absorption spectra of an aqueous solution containing 10 mM in EDOT irradiated with increasing
doses: 0, 1.4 kGy, 5.6 kGy, 14 kGy and 70 kGy. The optical path length was 0.1 cm. The reference was
water. Insert: image of the aqueous EDOT solution irradiated at 70 kGy after the addition of

dichloromethane as a denser organic phase (v/v): PEDOT suspension remains in the upper aqueous phase.*®

These absorption maxima should be attributed to dimers and oligomers of EDOT which could

be formed according to the following mechanism:***8

EDOT + HO+ — (EDOT-HO)+ or EDOT"" + HO (3.4)

2 (EDOT-HO)* or 2EDOT"" — dimers then oligomers (3.9)
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First, HO« adds to the a position in EDOT leading to the oxidized (EDOT-HO)e or abstracts
electron from EDOT leading to EDOT ™" radical cation which are not observable by steady-state
radiolysis. Then, the adduct or radical cation reacts with itself leading to dimers (and afterwards
to oligomers) which absorb at both 290 and 350 nm. Once again, auxochromic substitution (by
the ethylenedioxy group) in EDOT dimers can explain the shift in their absorption maxima as
compared with those of bithiophene molecules (246 and 301 nm).*®

As observed in insert of Figure 3.1, the yield of EDOT oxidation, G.gepot o decreases with the
dose and becomes much lower than Guo. at high doses. This is because of the competitive
reactions of hydroxyl radicals with EDOT dimers and oligomers which take place in the medium
and which become more and more preponderant as the amount of EDOT decreases. Indeed, the
oxidation potential of the dimers and the oligomers is lower than that of the monomers enabling
their oxidation by hydroxyl radicals. So the process of oxidative coupling of the units continues
as the polymer grows.*

Different aqueous solutions with EDOT concentrations higher than 1 mM were irradiated at
increasing doses. For each initial EDOT concentration, the initial yield of EDOT oxidation is

calculated and it is almost constant with the following mean value:
G.epor 0= 2.7 +0.210 " mol J* (3.6)

The fact that the yield of EDOT consumption does not depend on the initial EDOT
concentration demonstrates that the process which will be attributed to PEDOT radioinduced
synthesis does not proceed through a chain reaction.* In particular, (EDOT-OH)+ adduct or
EDOT"" radical cation does not react with EDOT. This is consistent with the pulsed radiolysis
results obtained in literature in the case of thiophene monomers and with the results we obtained
and which will be presented later in this chapter.’® Indeed, it has been demonstrated that the
reaction between (Th-OH)+ adduct and Th does not take place since it is too slow.

As a consequence, PEDOT radioinduced synthesis could only proceed through a recurrent HO*
oxidation process: HO-« reacts with EDOT monomers, then with dimers, then with oligomers. The
quantitative synthesis of PEDOT polymers throughout such a step-by-step mechanism
necessarily implies the use of two HOe radicals for the oxidation of one EDOT molecule (in o
and o' positions). Thus, the theoretical irradiation dose (Dmax) Which should lead to the total
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oxidation of EDOT into PEDOT can be calculated (equation 2.22, chapter 2). For instance, 7.4
kGy and 74 kGy are necessary for the total oxidation of 1 and 10 mM in EDOT respectively.

3.2.3 Highlighting PEDOT radioinduced synthesis

While relatively low concentrations in EDOT monomers up to 4 mM were needed for
succeeding in the follow-up of their oxidation mechanism by UV-vis absorption spectroscopy,
higher concentrations were necessary for the characterization of PEDOT polymers either in
aqueous solution or after their deposition onto substrate as it will be presented in the case of 10
mM in EDOT.

Aqueous solutions containing 10 mM in EDOT were irradiated at increasing doses up to 70
kGy. The evolution of the UV-visible absorption spectrum of this solution as a function of the
irradiation dose was shown (Figure 3.2)."* In the present case (10 mM in EDOT) with the used
optical path length (0.1 cm), EDOT disappearance couldn’t be quantified nor observed due to the
relatively high values of the molar extinction coefficients at 235 and 255 nm. Nevertheless, at 70
kGy (which is close to the supposed Dnax) the presence of a shoulder in the spectrum around 250
nm should indicate that EDOT has almost completely disappeared.

From the beginning of the irradiation and as already described in the case of 1 mM in EDOT,
two absorption bands attributable to EDOT dimers and oligomers appear and grow up at 290 and
350 nm giving to the solution a yellow coloration. Nevertheless, with the increase in the
irradiation dose no clear shift to longer wavelengths is observed for the absorption maxima. Only,
a continuous scattering whose intensity increases with irradiation dose is observed. This is
explained as follows: a yellow suspension appears in the medium and is clearly noticeable for
doses higher than 14 kGy. This suspension becomes denser and the solution more turbid as the
irradiation dose increases. As it will be demonstrated thanks to ATR-FTIR spectroscopic
measurements, this suspension corresponds to PEDOT polymers formed at high doses thanks to
the recurrent step-by-step HOe oxidation process.

The turbid solution obtained after a 70 kGy irradiation was centrifuged in order to recuperate a
polymer-containing solid phase. The isolated yellow powder was washed, lyophilized and then
characterized by ATR-FTIR spectroscopy in order to investigate the structure of the obtained

polymer and to confirm the presence of PEDOT.
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The ATR-FTIR spectrum of the radiosynthesized polymer is presented (Figure 3.3, spectrum a)
in the wavenumber region 1550-600 cm™ together with those of electrosynthesized PEDOT
(Figure 3.3, spectrum b) and of pure non irradiated EDOT liquid sample (bottom of Figure 3.3).
Note that the difference between the intensity of polymers spectra (a and b) and the intensity of
EDOT spectrum results from the types of deposition on the ATR-FTIR crystal. The deposition of
EDOT liquid phase is translated by a better resolution when compared with the solid phase
deposition of polymer films.

Absorbance/(a.u.)
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Figure 3.3 ATR-FTIR spectra of pure EDOT (lower spectrum), 70 kGy-radiosynthesized
PEDOT isolated after centrifugation, washing and lyophilisation steps (spectrum a) and

electrosynthesized PEDOT formed by chronoamperometry during 30 sec (spectrum b).*®

The three obtained spectra are in good agreement with those previously reported for EDOT
and PEDOT in literature.*®% In addition, no considerable differences exist between spectrum a
and spectrum b. Only small shifts in the vibration modes can be observed. Starting from what is
known in literature about EDOT and electrosynthesized PEDOT, vibrations at 1483, 1436 and
1360 cm™, observed in spectrum a, can be attributed to the stretching modes of C=C and C-C in
the thiophene ring. The vibrations at 1280, 1236, 1160 and 1065 cm™ can be assigned to the
stretching modes of the ethylenedioxy group (C-C and C-O-R-O-C) while the vibration modes of
the C-S bond which is present in the thiophene ring can be observed at 940, 902 and 817 cm™.
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All these bands are present in the spectra of Figure 3.3 even if they appear relatively slightly
displaced.

Whereas the (C-H) stretching band at 754 cm™ is clearly observed in EDOT spectrum, one can
observe the absence of such a band in the spectrum of radiosynthesized PEDOT polymers (Figure
3.3, spectrum a)."* Thus, spectroscopic results demonstrate without any ambiguity that EDOT
radioinduced polymerization takes place thanks to a-o’ coupling reactions, as in the case of
electrochemically induced method, and that the resulting yellow powder obtained after
centrifugation is effectively composed of PEDOT polymers. Nevertheless, since the powder was
washed before its characterization, the absence of the stretching band at 754 cm™ can’t definitely
prove the total consumption of EDOT after a 70 kGy-irradiation.

The PEDOT nature of the radiosynthesized polymer which composes the solid phase was also
proved thanks to the determination of its melting point. Indeed, a temperature of 145 <C was
observed which is very close to the PEDOT melting point value (146 °C) reported.?* This result
should also prove the absence of impurities in our product.

After irradiation at high doses (from 14 to 70 kGy) (Figure 3.2), a very slow precipitation of
the polymer suspension is observed. This precipitation corresponds to a sedimentation process of
the radiosynthesized PEDOT polymers of high molecular weight. This precipitation can’t be
assigned to the hydrophobia of radiosynthesized polymers. Indeed, after adding either
cyclohexane (density = 0.8) or dichloromethane (density = 1.3) to the aqueous PEDOT
suspensions (v/v), the polymer particles stay in the aqueous phase while both organic phases
remain colourless as illustrated in the case of dichloromethane (Insert of Figure 3.2) confirming
the hydrophilic properties of radiosynthesized PEDOT. Besides, hydrophilic properties of
PEDOT polymers have already been established since it has been demonstrated that they can
interact by hydrogen bonds with water molecules thanks to the ethylenedioxy functions present
onto their EDOT residues.’>® On another hand, if HO» hydroxyl radicals would react, according
to a previously proposed recurrent oxidation process, radiosynthesized PEDOT polymers should
contain along their polymeric chains, in agreement with ATR-FTIR observations, numerous —OH
hydroxyl groups which should enhance their hydrophilic properties.

Aqgueous solutions containing 10 mM in EDOT and irradiated at 70 kGy were observed by
Cryo-transmission electron microscopy just after irradiation and before any sedimentation.

Representative images showed the presence of low density globular structures forming
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polydisperse spherical nanoparticles with a mean diameter of 200 nm (Figure 3.4)." Since no
other low density objects were observed during our Cryo-TEM experiments, it can be deduced
that these spherical nanoparticles are made up of radiosynthesized PEDOT polymers.

Figure 3.4 Cryo-TEM image of an aqueous sample containing 10 mM in EDOT irradiated at 70 kGy. It exhibits
spherical low density objects with a mean diameter of 200 nm attributed to self-assembled hydrophilic PEDOT
polymers. An aggregation process of these spherical objects is also observable. Zoom: a single spherical polymer

nanoparticule with its schematic representation exhibiting hydrogen bonds interactions between the chains.*®

Each observed nanoparticle has a complex structure and seems to be composed of
interdigitated nano-objects (zoom of Figure 3.4). Since no parasite a-p' linkages could occur
during polymerization, radiosynthesized PEDOT must be composed of chain polymers which are
no branched nor networked. Thus, each globular structure observed on Figure 3.5 should
correspond to a self-assembly of independent amorphous PEDOT polymer chains as
schematically represented on Figure 3.5. This is in agreement with the usual morphology of the

1.2 Once again, the

polymers in the amorphous state which follows the “random coil” mode
probable simultaneous presence of both ethylenedioxy functions (H-bond acceptors) and
hydroxyl groups (H-bond donors) along the polymer chains should explain not only the
hydrosolubility and the solvation of PEDOT polymers but also the packing and the nano-
structuration of the observed spherical supramolecular PEDOT self-assemblies.

Intermolecular hydrogen bonds should also explain the aggregation process of the globular
radiosynthesized PEDOT self-assemblies observed on Figure 3.4. This spontaneous aggregation

process explains the polydispersity of the system as well as the formation of polymer self-
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assemblies of high molecular weight which afterwards slowly precipitate. In order to characterize
the morphology of the polymers after a deposition procedure, a drop of the solution containing
the PEDOT yellow suspension obtained after a 70 kGy-irradiation (polymer self-assemblies of
Figure 3.5) was deposited onto gold substrate and dried. The surface was then imaged by

dynamic mode Atomic Force Microscopy (Figure 3.5).%

Figure 3.5 AFM topography (A) and phase contrast (B) images in dynamic mode of
PEDOT nanostructures obtained after irradiation at 70 kGy and deposition onto gold

substrates. Both kinds of images are displayed at two different scales.™

Topography and phase contrast images in dynamic mode of radiosynthesized PEDOT
polymers indicate the presence of very close-packed spheroid polymeric nanoparticles (Figure
3.5). Nevertheless, as observed from bottom images of Figure 3.5, a preferential linear packing is
observable which leads to some self-assemblies with fibrillar morphologies. Note that in the
present work phase images are only used to reinforce the contrast of topography ones.

The nanoparticles observed by AFM after deposition should come from the globular structures

already observed in aqueous solution by Cryo-TEM (Figure 3.4). Then, as previously mentioned,
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each nanoparticle should be made up of self-assembled PEDOT chain polymers. The packing of
the particles and their flattening onto the substrate when deposited then dried should explain the
more or less spherical shape of the nanoparticles and could also explain the polydispersity in size
observed on Figure 3.5.

As deduced from upper images of Figure 3.5, the diameter of the particles ranges from 100 to
200 nm which is not far from the mean diameter of the globular structures observed in solution
by Cryo-TEM. Two explanations could be proposed. First possibility: the nano-objects observed
in solution and onto gold substrates (respectively by Cryo-TEM and AFM) are strictly the same.
This would imply the existence of very strong hydrogen-bonds interactions into each nanoparticle
since no significant change in the morphology occurs during the isolation and the drying process.
Second possibility: the mass lost of each globular nanostructure during its drying process is
counterbalanced by an increase in size due to the aggregation which generally parallels such a

phase transition.

3.2.4 Conclusions

For the first time, a new y-radiolysis-based alternative way for synthesizing conducting
polymers in solution was successfully developed. When compared with the usual electrochemical
methods, this methodology allows the further deposition of the polymers onto either conducting
or non-conducting surfaces. Starting from EDOT monomers, the radiolytic methodology enabled
the preparation of PEDOT polymers under soft conditions: in water, at ambient temperature, in
the presence of air and in the absence of any external oxidizing species. The synthesized PEDOT
materials were evidenced by ATR-FTIR spectroscopy.

It was proved that radioinduced polymerization proceeds through a step-by-step mechanism
which involves a recurrent oxidation process by hydroxyl radicals produced by water radiolysis.
The probable presence along the polymeric chains of —OH functionalities, which should come
from the addition of hydroxyl radicals, could explain the hydrophilic properties of
radiosynthesized PEDOT polymers. It could also justify the existence in aqueous solution of the
globular self-assembled structures made up of PEDOT polymeric chains which have been

observed for the first time, in this work, thanks to Cryo-TEM experiments.
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After deposition onto substrate, radiosynthesized PEDOT films are composed of more or less
spherical PEDOT nanoparticles as revealed by AFM observations. While radiosynthesized
PEDOT-containing layers present optical properties which are close to those of
electrosynthesized PEDOT materials, their conducting efficiency remains relatively lower
(results not shown).®® This could result from the —OH functionalization of radiosynthesized
PEDOT chains which should induce conformational constraints due to hydrogen bonds

interactions.

3.3 Effect of oxidizing species on radiation-induced synthesis of PEDOT

As is mentioned before, y-radiolysis is used as an original simple alternative way for
synthesizing conjugated PEDOT polymers in solution for the first time.™ It is demonstrated that
radiation induced PEDOT polymerization proceeds through a recurrent step-by-step mechanism
which involves a recurrent oxidation process by hydroxyl radicals formed during water radiolysis.
This new y-rays-based radiolytic way presents some advantages concerning the easy preparation
of the samples, where no supporting electrolyte is needed, and the ability to work under
atmospheric conditions without purging solutions with an inert gas. Besides, contrarily to the
electrochemical way which leads to the direct deposition of CPs onto conducting substrates,
radiolysis method leads to the formation of CPs dispersed in water enabling their further
deposition over conducting or even non-conducting surfaces.

In this part, the original radiolytic methodology is extended to the synthesis of PEDOT
polymers in N,O-saturated aqueous solutions of EDOT.?’ In these conditions, and depending on
the presence of sodium azide salt, two different oxidizing species are formed, namely hydroxyl
radicals) (HO-) and azide radicals (N3"). Since the redox potentials of these two oxidative radicals
(which are higher than that of EDOT monomers) and since their well-known oxidation
mechanisms are quite different, one can expect the formation of two kinds of PEDOT polymers
with tuned characteristics. Thus the aim of this work is the study of the influence of the oxidation
mechanism onto the structure and the properties of PEDOT polymers. Since the role of
polymerization mechanism is poorly investigated in literature in the field of conducting materials,
the present study is certainly important in order to optimize the general preparation of

nanostructured conducting polymers and in order to enhance their physico-chemical properties.
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3.3.1 Solutions preparation and gamma irradiation under N,O

Aqueous solutions containing 1mM or 10 mM in EDOT were prepared in the presence or in
the absence of NaN3 (10 mM for 1mM in EDOT or 100 mM for 10 mM in EDOT), under stirring,
at room temperature and in the dark to prevent any photochemical reaction. The chosen EDOT
concentration, which is lower than its solubility in water, was always checked by UV-vis
absorption spectroscopy since the spectrum of EDOT had earlier been determined (&35 = 5650 L
mol™ cm™, ex55 = 7048 +200 L mol™ cm™).**** The pHs of the solutions measured before
irradiation, in the presence or in the absence of NaNs, were found to be close to 7. Note that no
drastic change in the pH was observed after irradiation. All the solutions were deaerated by
bubbling with nitrous oxide (N,O) and then irradiated with increasing doses up to 70 kGy in
order to radiosynthesize PEDOT polymers.

In aqueous solutions saturated by nitrous oxide (25 mM in N,O), ey, are quantitatively and
immediately converted into HOe (reaction 2.14, chapter 2). As a consequence, when irradiating
N,O-saturated aqueous solutions at neutral pH, as in the case of our EDOT solutions, only two
short-lived transient species are formed: HO+ and He (hydrogen atoms). The radiolytic yield of
formation of HO+ becomes 5.6x10"" mol J™* (equation 2.15, chapter 2).

In aqueous solutions containing sodium azide (NaN3; at 10 mM or 100 mM, dissociated into
Na* and Ns™ ions) and saturated by nitrous oxide, HO- radicals are very quickly scavenged by N3’
ions leading to the quantitative formation of N3~ (reaction 2.16, chapter 2). In the presence of
NaNs3, the concentration of EDOT monomers being always ten times lower than that of N3 ions,
the direct oxidation of EDOT by HOe can be neglected. Thus, when irradiating N,O-saturated
aqueous solutions at neutral pH in the presence of NaNs, as in the case of EDOT solutions, the
radiolytic yield of formation of N3~ amounts to 5.6<10" mol J™* (equation 2.17, chapter 2). In
these conditions, N3*, which are known to be soft and selective oxidizing species, constitute 90%
of the total amount of reactive radicals in the medium.?® Note that He can also react with N3~ ions
leading to NH,' radicals.?® Nevertheless, the reactivity of these minority species, such as that of
He, has not been well established. This will allow us to neglect their presence.

In summary, depending on the presence of NaNj salt in the irradiated N,O-saturated aqueous
solutions of EDOT, two different oxidizing species can be generated: HO+ or N3’ radicals. Both

are used in order to oxidize EDOT monomers into PEDOT polymers.

78



Chapter 3: Radiation chemistry as a new method for the synthesis of PEDOT: a state of the art

3.3.2 HO- and N3 radicals induced EDOT oxidation

In the previous work, it is demonstrated that y-irradiation (which produces both HO+ and O,")
of aerated aqueous solutions containing EDOT molecules leads to the oxidation of these latter by
hydroxyl radicals and to the synthesis of PEDOT polymers.

The yield of EDOT monomers consumption, which is strictly equal to the yield of HOe
formation during the irradiation of aerated aqueous solutions of EDOT, does not depend on the
initial monomers concentration.* This demonstrates that PEDOT radioinduced synthesis does not
proceed through a chain reaction.’ In fact, polymerization proceeds through a recurrent step-by-
step mechanism which involves a repeated oxidation process by hydroxyl radicals formed during
water radiolysis: HO« species react with EDOT monomers, then with dimers, then with oligomers.
As a consequence, the quantitative synthesis of PEDOT polymers throughout such a step-by-step
mechanism implies the use of two HO- radicals per EDOT molecule. Thus, the theoretical
irradiation dose (Dmax) Which should lead to the quantitative formation of PEDOT in aerated
aqueous solutions is twice the dose necessary for the total oxidation of EDOT monomers and can
be calculated (equation 2.22, chapter 2).

As already explained and justified, under N2O in the absence of NaN3, HO- radicals can be
considered as the only oxidizing species and their radiolytic yield of formation (G(HO-) =
5.6x10 " mol J™%) is increased in comparison with that obtained in aerated conditions (Gpo- =
2.8x10 " mol J™1). In the absence of NaNs, the total irradiation dose (Dmax) Which should enable
the quantitative synthesis of PEDOT in N,O-saturated aqueous solutions is thus twice the dose
necessary for the total oxidation of EDOT monomers and, as a consequence, can be calculated as
previously explained, but by using G(HO~¢) instead of Gno. (equation 2.15, chapter 2). In a N,O-
saturated aqueous solution containing 1 mM and 10 mM in EDOT, the dose which is necessary
for the total oxidation of EDOT, amounts to 1.8 and 18 kGy respectively and the dose Dyax Which
is necessary for the complete synthesis of PEDOT, amounts to 3.6 and 36 kGy, respectively.

In the absence of sodium azide salt, UV-visible absorption spectrum of N,O-saturated aqueous
solution containing 1 mM in EDOT irradiated at increasing doses up to 4 kGy was recorded
(Figure 3.6).%” The evolution of the UV-visible absorption spectrum of this solution as a function
of the irradiation dose, up to 2 kGy, displays a continuous decrease in the absorption of EDOT at

235 and 255 nm which parallels a grow up in the absorbance at both 290 and 350 nm. The
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presence of an isosbestic point indicates that a single process occurs up to 2 kGy, which implies
EDOT oxidation by HO- radicals and the formation of a product which absorbs at both 290 and
350 nm. Since thiophene dimers are known to absorb at both 246 and 301 nm, the observed two
absorption bands can be attributed to EDOT dimers.™® Indeed, auxochromic substitution by the
ethylenedioxy group in EDOT is responsible of the shift in its absorption maxima as compared
with those of thiophene.'® In the same way, auxochromic substitution could explain the difference

in the absorption behavior between EDOT dimers and bithiophene molecules.
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Figure 3.6 UV-visible absorption spectra of N,O-saturated aqueous solution containing 1 mM in
EDOT irradiated in the absence of NaN; with increasing doses: 0, 0.5, 1, 2 and 4 kGy. The optical

path length was 0.1 cm. The reference was water. An isosbestic point is observed at lower doses.?’

At 2 kGy, the residual absorption at 235 and 255 nm (Figure 3.6) indicates the quasi-total
disappearance of EDOT, whose initial concentration was 1 mM. Now, 2 kGy is close to the dose
(1.8 kGy) which enables the formation of 1 mM in hydroxyl radical thanks to water radiolysis.
Therefore, as long as EDOT monomers are present in aqueous solution, hydroxyl radicals react
exclusively with them. Yet, the oxidation potential of the dimers is always lower than that of the
monomers enabling their further oxidation in particular by hydroxyl radicals.®® Thus, the fact that
hydroxyl radicals don’t react with dimers at doses lower than 2 kGy could be explained by

kinetic considerations: dimers oxidation should be very much slower than EDOT oxidation.
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At doses higher than 2 kGy, the spectral evolution appears different (Figure 3.6): the isosbestic
point is no longer observed and a progressive shift in the absorption bands occurs. Since at these
doses, no EDOT is still present, such a spectral evolution indicates that hydroxyl radicals oxidize
EDOT dimers, progressively leading to PEDOT oligomers. Such an interpretation is plausible
since it has been shown in literature that the wavelengths values of the absorption maxima of a-
thiophene oligomers increase with the number of thiophene units.’

While a concentration of 1ImM in EDOT monomers was needed for succeeding in the follow-
up of their oxidation mechanism, 10 mM in EDOT were necessary for the characterization of
PEDOT polymers either in aqueous solution or after their deposition onto substrate. In the
absence of sodium azide salt, N,O-saturated aqueous solutions containing 10 mM in EDOT were
irradiated at increasing doses up to 70 kGy. This latter dose is enough to ensure the total
polymerization of EDOT (at 10 mM). The evolution of the UV-visible absorption spectrum of

this solution as a function of the dose is displayed (Figure 3.7).?’
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Figure 3.7 UV-vis absorption spectra of N,O-saturated aqueous solution containing 10 mM
in EDOT irradiated in the absence of NaN; with increasing doses: 0, 1.4, 5.6, 14 and 70
kGy. The optical path length was 0.1 cm. The reference was water. Insert: image of the
aqueous solution irradiated at 70 kGy after the addition of dichloromethane as a denser

organic phase (v/v): PEDOT-OH suspension remains in the upper aqueous phase.”’
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In the present case (10 mM in EDOT) and contrarily to the previous case (1 mM in EDOT),
EDOT disappearance as well as the isosbestic point (observed on Figure 3.6) could not be
observed due to the relatively high values of the molar extinction coefficients at 235 and 255
nm."® Nevertheless, as previously observed for 1 mM in EDOT, at low irradiation doses, up to
about 20 kGy (the dose which produces 10 mM in hydroxyl radicals), two absorption bands grow
up at 290 and 350 nm demonstrating the formation of dimers (Figure 3.7). In the present case (10
mM in EDOT) and contrarily to the previous case (1 mM in EDOT), EDOT disappearance as
well as the isosbestic point (observed on Figure 3.6) could not be observed due to the relatively
high values of the molar extinction coefficients at 235 and 255 nm.™® Nevertheless, as previously
observed for 1 mM in EDOT, at low irradiation doses, up to about 20 kGy (the dose which
produces 10 mM in hydroxyl radicals), two absorption bands grow up at 290 and 350 nm
demonstrating the formation of dimers (Figure 3.7).

Above 20 kGy, no absorption band is observed around 250 nm. This clearly indicates that
EDOT has completely disappeared. When the dose becomes higher than the total irradiation dose,
as observed in the case of the 70 kGy-irradiation (Figure 3.7), the absorption bands of dimers
disappear and an intense absorption band grows up around 370 nm together with a continuous
scattering whose intensity increases with irradiation dose. This should result from the lengthening
of EDOT oligomers. In fact, at doses higher than 36 kGy, the appearance of a continuous
scattering component, in the extinction spectrum of the irradiated solutions, is due to the
formation in the bulk of a brown-yellow suspension. This suspension becomes denser and the
solution appears more turbid as the irradiation dose increases. After the deposition of this
suspension onto ITO substrate, the resulting film displays an intense absorption band at 550 nm.
As it will be further demonstrated, this indicates that the suspension is made of polymers, noted
PEDOT-OH, formed at high doses thanks to the recurrent step-by-step HO" oxidation process.

After irradiation at high doses (from 36 to 70 kGy), a very slow precipitation of the suspension
is observed. This precipitation corresponds to a sedimentation process of the PEDOT-OH
polymers of relatively high molecular weights. This precipitation can’t be assigned to the
hydrophobia of radiosynthesized polymers. Indeed, after adding either cyclohexane or
dichloromethane solvents to the aqueous suspensions (v/v) and after stirring and decantation, the

polymer particles always remain in the aqueous phase while organic phases appear colourless as
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illustrated in the case of dichloromethane (insert of Figure 3.7). This result proves the hydrophilic
properties of PEDOT-OH polymers.

As previously explained, under N,O and in the presence of NaN3, HO- radicals are scavenged

by N3 leading to N3 radicals which can then be considered as the only oxidizing species able to
react with EDOT. N3 radicals are known as an alternative oxidizing system more selective than
HO-. It is a soft one-electron oxidant E<(N3"/N3) = 1.33 Vgye at pH=7 and it is used in this work
for oxidizing EDOT.3%2

In the presence of sodium azide salt, N,O-saturated aqueous solution containing 1 mM in
EDOT was irradiated at increasing doses up to 4 kGy. The evolution at low doses of the UV-
visible absorption spectrum of this solution as a function of the irradiation dose (results not
shown) is similar to that obtained in the absence of azide salt even if the intensities of the spectra
are somewhat different. Indeed, a continuous decrease in the absorption of EDOT parallels a
grow-up in the absorbance at both 290 and 350 nm. Once again, the presence of an isosbestic
point indicates that EDOT monomers are oxidized into dimers. This also proves that, such as
hydroxyl radicals, N3 species are able to oxidize EDOT into dimers. In addition, as long as
EDOT monomers remain present in aqueous solution, N3' reacts exclusively with them. The
further formation of EDOT oligomers and polymers could be achieved only at higher doses. By
analogy with the case of hydroxyl radicals, in the presence of NaNs3, the total irradiation dose
(Dmax) Which should enable the quantitative synthesis of PEDOT in N,O-saturated agqueous
solutions is twice the dose necessary for the total oxidation of EDOT monomers and can be
calculated as previously explained, but by using G(N3’) instead of Gyo. (equation 2.17, chapter 2).
In a N O-saturated agqueous solution containing 10 mM in EDOT in the presence of azide salt, the
dose which enables the total oxidation of EDOT amounts to 18 kGy and the dose Dpax Which is
necessary for the complete production of PEDOT is then about 36 kGy.

In the presence of sodium azide salt, N,O-saturated aqueous solutions containing a higher
concentration in EDOT (10 mM) were irradiated at increasing doses up to 70 kGy. The evolution
of the UV-visible absorption spectrum of this solution as a function of the dose is displayed
(Figure 3.8).

At low irradiation doses, up to about 20 kGy (the dose which produces 10 mM in azide
radicals), two shoulders appear and grow up at 290 and 350 nm demonstrating the formation of

dimers. When the dose becomes higher than the total irradiation dose, as observed in the case of
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the 70 kGy-irradiation on Figure 3.8, the absorption bands of dimers disappear and a more
intense absorption band grows up around 370 nm. Again, this should result from the lengthening
of EDOT oligomers. Moreover, a brown-colored suspension is observable within the bulk which
quickly deposits at the bottom of the solution. Note that the fast precipitation process, observed
here, explains the absence of any scattering component in the extinction spectra of Figure 3.8.
After the deposition of this suspension onto ITO substrate, the resulting film displays a broad
absorption between 500 and 600 nm. As it will be further demonstrated, this indicates that the
suspension is made of polymers, noted PEDOT-N3, formed at high doses thanks to the Ns'™-

induced oxidation process.

PEDOT-N,
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Figure 3.8 UV-vis spectra of N,O-saturated aqueous solution containing 10 mM in EDOT irradiated in the presence
of NaNj3 with increasing doses: 0, 1.4, 5.6, 14 and 70 kGy. The optical path length was 0.1 cm. The reference was
water. Insert: image of the aqueous solution irradiated at 70 kGy after the addition of cyclohexane as a less dense

organic phase (v/v): PEDOT-N; polymers remains at the interface between the two liquid phases.””

After irradiations at high doses (from 36 to 70 kGy), a precipitate is systematically observed.
This precipitation is not only due to a sedimentation process of the PEDOT-N3 polymers of

relatively high molecular weight. It also results from the poor hydrophilic properties of these
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systems. Indeed, after adding either cyclohexane or dichloromethane solvents to the aqueous
suspensions (v/v) and after stirring and decantation, the polymer particles always remain at the
organic solvent-water interface as illustrated in the case of cyclohexane (Insert of Figure 3.8).
This result proves the amphiphilic properties of PEDOT-N3 polymers. Note that at the interface,
these polymers appear as clustered fibers.

One can note that, for the same initial concentration in EDOT (10 mM), the spectral evolution
in the presence of NaN3 (Figure 3.8) is similar to that observed in the absence of this salt (Figure
3.7). However, when comparing both evolutions, one can note that for a given irradiation dose,
the maximal absorption is always lower in the presence of NaNs. Even if hydroxyl radicals and
azide radicals oxidize EDOT and induce polymerization through the formation of EDOT dimers,
it seems that the two implied mechanisms are somewhat different. Maybe the kinetic growth of
dimers, oligomers and polymers is slower in the case of N3". This would induce a lower
polymerization yield and lower values of the maximal absorbance. However, such an
interpretation is not in agreement with the observed dose effect. On another hand, the products of
EDOT oxidation could be chemically and structurally different depending on N3" or HO+ nature
of the oxidizing radicals. This could explain the different spectral properties of the products
obtained either in the presence or in the absence of azide salt. In addition, the poor hydrophilic
properties of the products formed in the presence of NaNj3 lead to their deposition at the bottom
of the solution and their adsorption onto the walls of the samples.

3.3.3 Characterization of PEDOT-OH and PEDOT-N;

The ATR-FTIR spectra of PEDOT-OH and PEDOT-Nj3 polymers, radiosynthesized at 70 kGy,
which are similar to those obtained at 36 kGy, are presented in the wave number region 4000-700
cm™ together with the spectrum of pure non irradiated EDOT (Figure 3.9).

Between 1600 and 700 cm™, the three obtained spectra are in good agreement with those
previously reported for PEDOT and EDOT in literature.”*?*? The vibrations at 1483, 1446 and
1360 cm™ are attributed to the stretching modes of C=C and C-C in the thiophene ring, while
those observed at 1280, 1236, 1160 and 1065 cm™ are assigned to the stretching modes of the
ethylenedioxy group (C-C and C-O-R-O-C). The vibration modes of the C-S bond which are
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present in the thiophene ring can be observed at 940, 902 and 817 cm™. All these bands are

present in all spectra of Figure 3.9 even if they appear relatively slightly displaced.

LO-
3 o8- PEDOT-N,
S
3
s
g 06- PEDOT-OH
z
w
-]
T 04-

— EDOT
0.2 " . ] g ' // (S //' N L e
4000 Jo0n 3200 2200 2000 1500 1400 1300 1200 1100 1000 900 800 700

Wavenumber/ (cm™?)

Figure 3.9 ATR-FTIR spectra of pure EDOT (lower spectrum) and of PEDOT polymers
radiosynthesized at 70 kGy under N,O atmosphere, both in presence (PEDOT-N3) or in
absence (PEDOT-OH) of NaNj salt, isolated after centrifugation and lyophilisation steps.?

The C-H stretching band at 754 cm™ which is observed in EDOT spectrum, is clearly absent in
the ATR-FTIR spectra of both radiosynthesized PEDOT polymers (Figure 3.9).}* This
demonstrates, without any ambiguity, that N3* and HOe<-induced EDOT polymerizations have
both taken place thanks to a-a’ coupling reactions and that the resulting solid powders obtained
after centrifugation are effectively composed of PEDOT polymers. Nevertheless, since the
powders were centrifuged before their characterization, the absence of the C-H stretching band at
754 cm™ can’t prove here the total consumption of EDOT after a 70 kGy-irradiation.

The PEDOT nature of the radiosynthesized polymers, which compose the obtained solid
phases was also proved thanks to the determination of their melting point after centrifugation and
washing procedure. Indeed, it is found for both PEDOT-OH and PEDOT-N3 a temperature of
145<C which is very close to the PEDOT melting point value (146 °C) already reported.24 This
result demonstrates the high purity of our products and thus the efficiency of our procedure.

Contrarily to the wave number region 4000-700 cm™ where the spectra of PEDOT-OH and
PEDOT-Nj3 are very much alike, significant differences can be observed above 2000 cm™. Indeed,
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the spectrum of PEDOT-OH exhibits a very large band between 3200 cm™ and 3600 cm™ while
the spectrum of PEDOT-Nj3 is characterized by an absorption in two different infrared regions:
between 2110-2065 cm™ and between 3565-3525 cm™.

In order to understand these spectral differences and to propose a reasonable interpretation, it is
need to check the differences which exist between the chemical reactivity of hydroxyl radicals
and azide radicals towards aromatic compounds, such as our EDOT monomers. In general,
hydroxyl radicals add onto double bonds between two carbon atoms in aromatic molecules, while
azide radicals lead to the formation of radical cations through electron abstraction as it has been
demonstrated in the case of oxidized purines or in the case of tryptamine.**3* Note that depending
on the pH, the OH-adducts may undergo a dehydration reaction giving the one-electron oxidized
radicals.®® Also, the reactivity of hydroxyl radicals towards thiophene molecules and of azide
radicals towards pyrrole compounds was studied by pulsed radiolysis.*® In agreement with all the
previous results, it has been found that HO+ radicals add preferentially to the o position in Th
leading to (Th-HO)e adduct.'® Differently, Ns" abstract electrons of pyrrole derivatives leading to
radical cations.*® In our case and according to literature, EDOT monomers should then be

oxidized by HO- and N3 radicals according to two different ways:
EDOT + HO+ — (EDOT-HO)e (3.6)
EDOT + N3" — EDOT™" + N3’ (3.7)

Nevertheless, the reaction of HOe with EDOT which leads to EDOT" can’t be excluded
according to:

EDOT + HO+ — EDOT"" + HO (3.8)

The (EDOT-HO)» hydroxyl adduct as well as the EDOT"" radical cation subsequently undergo
a second order radical-radical reaction with themselves to produce EDOT dimers as observed
experimentally in this work and as demonstrated in literature in the case of both thiophene

systems and pyrrole derivatives.***°
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In the field of conducting polymers, experiments concerning the photodegradation of
polythiophene-based polymers demonstrated in the same way that HO« radicals lead to hydroxyl
adduct, while N3~ species give cation radicals of the polymers.*® Since radiation induced
polymerization proceeds through a recurrent step by step oxidation mechanism, both HO+ and N3’
radicals should react successively on EDOT dimers then oligomers producing continuously
hydroxyl adducts in the case of HO« and radical cations in the case of N3". Then, one can expect
the presence of hydroxyl groups exclusively into the HOe<-induced radiosynthesized PEDOT
polymers. Contrarily to PEDOT-N3, PEDOT-OH should then contain alcohol functionalities.

As observed on Figure 3.9, the spectrum of PEDOT-OH polymers exhibits a very large band
between 3600 cm™ and 3200 cm™. Such a broad absorption in this spectral region is characteristic
of O-H bonds and is traditionally observed in samples containing water molecules which are
known to absorb between 3560 and 3520 cm™.!* However, since our samples were
conscientiously freeze-dried, the possible presence of water molecules must be ruled out. Besides,
the absence of such a band in the spectrum of PEDOT-Nj3 validates our assumption. On another
hand, it is well known that free hydroxyl groups (-OH) in alcohols and phenols intensively absorb
between 3650 cm™ and 3584 cm™.** Nevertheless, in the presence of intermolecular H-bonds
between the solutes, it is established that a very large band appears between 3550 and 3200 cm™
at the expense of the band of free hydroxyl groups.** Then, the presence of a band in this exact
region of the FTIR-spectrum in the case of PEDOT-OH (Figure 3.9) first proves the presence of
hydroxyl groups all along the polymers as predicted from the growth mechanism, and second
demonstrates the existence of strong intermolecular interactions between the functionalized
polymers through hydrogen bonds. The presence of hydroxyl groups also confers to PEDOT-OH
polymers hydrophilic properties which explain their poor solubility into organic solvents as
previously discussed.

Contrarily to PEDOT-OH, PEDOT-N3 polymers, which result from Nj'-induced EDOT
oxidation, shouldn’t contain alcohol functionalities. This is proved by the absence of large band
of O-H in the ATR-FTIR spectrum of PEDOT-Nj3 (Figure 3.9). The absence of such a polar
group into the PEDOT-N3; polymer impacts on its solubility in water and explains its poor
hydrophilic properties.

After irradiation, for ATR-FTIR measurements, the samples were centrifuged, then freeze

dried. As a consequence, in the case of PEDOT-N3 which has been synthesized in the presence of
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dissolved sodium azide, Na* and N3~ ions were kept in the samples, and elimination of water
molecules induced the precipitation of NaN3 as an ionic solid together with the solid polymers. In
the spectrum of PEDOT-N3, two bands are observed at 3565 cm™ and 3525 cm™ and two others
are present at 2110 cm™ and 2065 cm™ (Figure 3.9). These bands are attributable to the presence
of azide anions. Indeed, azido group is generally characterized by the asymmetric stretching
frequency in the region 2160-2090 cm™ which often appears as a doublet.** In the solid state, due
to the presence of cations which perturb the internal vibrations of the N3 anions, azide salts are
known to generally absorb in two different infrared regions: 3400-3150 cm™ and 2150-2025 cm’
1 3 In particular, the spectrum of sodium azide salt has been shown to display an absorption band
centered at 2106 cm™ in addition to two other bands around 3500 cm™ in agreement with our
results.®® This definitely confirms the presence of NaNs in our solid sample as expected from
samples preparation. Note that functionalization of PEDOT-N3 polymers by azido groups should
be ruled out since azide radicals are known to only abstract electrons without any possible
addition.

Amine molecules also absorb between 3500 and 3300 cm™ in solutions. In particular, N-H
bonds of primary amines are characterized in this spectral region by two bands (a doublet) which
are always more narrow than O-H stretching bands.** These bands may sometimes be displaced
to higher wavenumbers.** In addition, in the case of primary amines, these two peaks are
associated to a shoulder which appears at lower wavenumbers and which corresponds to the
angular deformation of N-H bond. Thus, the two bands observed in Figure 3.9 at 3565 cm™ and
3525 cm™ as well as the shoulder present around 3450 cm™ in the case of PEDOT-Nj3 could also
be due to the presence in our sample of hydrazoic acid, HN3, which is the acidic form of azide ion
(pKa(HN3/N3) = 4.6 in aqueous solution) and which contains N-H bond.*’

Aqueous solutions containing 10 mM in EDOT and irradiated at 36 and 70 kGy in the absence
of NaN3; were observed by Cryo-transmission electron microscopy just after irradiation and
before any sedimentation or centrifugation. Representative images show the presence of low
density globular structures forming polydisperse spherical nanoparticles with a diameter
comprised between 100 and 300 nm as observed (Figure 3.10, mean diameter of 200 nm).?’

These observations are consistent with our previous results which concerned hydroxyl-induced
radiosynthesis of PEDOT under air atmosphere.®® Since no other low density objects were

observed during Cryo-TEM experiments, it can be deduced that these spherical nanoparticles are
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made up of PEDOT-OH polymers. Note that the size and the shape of our polymer
nanostructures are the same at both 36 and 70 kGy doses. This means that the irradiation dose has
no noticeable influence on the structure of PEDOT-OH above the total irradiation dose (Dmax).

PEDOT-OH

36 kGy
self-assembly

Figure 3.10 Cryo-TEM images of aqueous samples containing 10 mM in EDOT irradiated at 36 (a and b) and 70
kGy (c and d) under N,O atmosphere in the absence of NaNs. They exhibit spherical nanoobjects with a mean
diameter of 200 nm attributed to self-assembled hydrophilic PEDOT-OH polymers. A schematic representation

of a single spherical polymer nanoparticle highlights hydrogen bonds interactions between the chains.?’

Each observed nanoparticle has a complex structure and seems to be composed of
interdigitated polymer chains (see in particular Figure 3.10c). Since no parasite a—f’ linkages
could occur during polymerization, radiosynthesized PEDOT-OH nanostructures must be
composed of linear chain polymers which are neither branched nor networked. Thus, each
globular structure observed on Figure 3.10 should correspond to a self-assembly of independent
amorphous PEDOT-OH chain polymers as schematically represented (Figure 3.10, right part).
The presence of hydroxyl groups, which has previously been demonstrated, should explain not
only the hydrosolubility of PEDOT-OH polymers but also the as-observed packing and nano-
structuration of the spherical supramolecular PEDOT-OH self-assemblies (Figure 3.10). Note
that ethylenedioxy groups (H-bond acceptors) present all along the polymer chains could also be

involved in hydrogen-bonds with the hydroxyl groups.
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Agueous solutions containing 10 mM in EDOT and irradiated at 36 and 70 kGy, but this time
in the presence of NaNs, were also observed by Cryo-TEM just after irradiation and before any
sedimentation or centrifugation. Instead of a compact spheroid surface morphology which was
found in the case of PEDOT-OH, the obtained images clearly display nanoobjects forming
fibrillar or lamellar (plate-like) nanostructures, more or less folded, with a maximal fiber

thickness of 10 nm and a length which can reach several microns (Figure 3.11).%

36kGy

PEDOT-N;
self-assembly

S0nm ¥

Figure 3.11 Cryo-TEM images of aqueous samples containing 10 mM in EDOT irradiated at 36 (a and b)
and 70 kGy (c and d) under N,O atmosphere in the presence of NaNs. They exhibit fibrillar or lamellar
(plate-like) nanostructures attributed to self-assembled amphiphilic PEDOT-N3 polymers. A schematic

representation of a single nanostructure highlights z-stacking interactions between the chains.?

Since no other low density objects were observed during our Cryo-TEM experiments, it can be
deduced that these nanostructures are made up of PEDOT-N3 polymers. Note that above the total
irradiation dose (Dmax), No effect of the dose is noticeable on the size and the shape of the
polymer nanostructures.

Since no parasite oa-f' linkages could occur during polymerization, the nanofibers are not
branched nor bonded to each other. Then nodes observed on Figure 3.11 correspond to the
crossing between independent nanofibers. Due to the thickness of the fibers, each of them should

correspond to a self-assembly of linear PEDOT-N3 polymer chains as schematically represented
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(Figure 3.11, right part). Since hydroxyl groups are not present in PEDOT-N3 polymers, the
packing of these polymers can’t result from H-bonds. This self-assembling should come from =-
stacking interactions between conjugated polymers (and aromatic monomers) which maintain the
polymer chains parallel to each other and which can maybe confer to the polymers a lamellar
structure. On another hand, this self-assembling could explain the macroscopic observation of
PEDOT-Nj3 polymers as clustered fibers at the interface between water and organic solvent. Also,
the fact that PEDOT-N3 polymers can either interact by van der Waals interactions (n-stacking
interactions) or by hydrogen bonds, thanks to the presence of ethylenedioxy groups, could
explain the amphiphilic properties of these polymers.

In order to characterize the morphology of the polymers after a deposition procedure, drops of
the aqueous solution containing the PEDOT-OH suspension obtained after a 70 kGy-irradiation
(polymer self-assemblies of Figure 3.10) were deposited onto gold substrate and dried. The
surface was then imaged by Scanning Electron Microscopy. The images indicate the presence of

very close-packed spheroid polymeric particles (Figure 3.12, image a).?’

PEDOT-OH nanoparticles PEDOT-N; fibers

Figure 3.12 SEM images of PEDOT polymers after deposition onto gold substrates. Polymers were obtained after a
70 kGy-irradiation: (a) in the absence of NaN; (PEDOT-OH), (b) in the presence of NaN; (PEDOT-N;).?

These structures should come from the globular nanostructures already observed in aqueous
solution by Cryo-TEM (Figure 3.10). The particles observed by SEM after deposition are
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polydisperse in size with a diameter comprised between 200 nm and 1 um. Their size is then
slightly bigger than that of the globular nanostructures observed by Cryo-TEM in solution. The
flattening of the particles when deposited onto the substrate and their aggregation when dried due
to phase transition should explain the increase and the polydispersity in size observed (Figure
3.12, image a).

In order to characterize the morphology of PEDOT-Nj3 in the solid state, drops of the aqueous
solution containing the suspension obtained after a 70 kGy-irradiation (polymer self-assemblies
of Figure 3.11) were deposited onto gold substrate then dried. The SEM images demonstrate the
presence of close-packed lamellar (plate-like) structures characterized by a maximal thickness of
about 1 um (Figure 3.12, image b). These structures should come from the aggregation of the
fibrillar nanostructures which had previously been observed in aqueous solution by Cryo-TEM
(Figure 3.11).

It is found that substantial differences exist between the structural properties of PEDOT-OH
and PEDOT-N3; polymers after deposition. It is generally admitted that the morphology of
polymers in the solid state results from the contributions of three macro-conformations (Figure
3.13):%°

Figure 3.13 Schematic drawing of the different macro-conformations in solid linear polymers. (a) random,

glassy, (b) folder chain, lamellar, (c) extended chain, (d) fringed micelle, mixture of a, b and ¢.?°
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(a) the random coil or irregularly folded molecules as found in the glassy state, (b) the folded
chains, as found in lamellar structures and (c) the extended chains. The fringed micelles (d) can
be seen, in summary, as a mixture of the three previous conformations. While the morphology of
solid PEDOT-N3; polymers agrees with the folded chain model found in lamellar structures, the
morphology found for solid PEDOT-OH polymers is in good agreement with the random coil
model found in the amorphous state. In solid state, as it has been proposed in aqueous solution,
PEDOT-N3 lamellar structures should correspond to self-assemblies of organized PEDOT-Nj3
chain polymers which remain almost parallel thanks to =-stacking interactions. Due to the
presence of hydroxyl pendant groups which induce hydrogen bonds interactions, PEDOT-OH
chain polymers cannot pack together regularly enough to form lamellar structures at the solid
state. Differently, the chains coil, entangle and randomly self-assemble in amorphous globular

structures.

3.3.4 Conclusions

In the present work, the original radiolytic methodology is successfully extended to the
synthesis of PEDOT conjugated polymers in N,O-saturated aqueous solutions at ambient
temperature and in the absence of any external oxidizing species. Starting from EDOT monomers
and depending on the presence of sodium azide salt, two different oxidizing species are formed
thanks to water radiolysis: hydroxyl radical (HO*) and azide radical (N3’). Both species are
shown to oxidize EDOT monomers into PEDOT polymers (called PEDOT-OH and PEDOT-N3
respectively).

Thanks to ATR-FTIR experiments, it is demonstrated that contrarily to PEDOT-N3 and
PEDOT-OH polymers contain O-H functionalities. This noticeable difference between the two
kinds of polymers was explained by the difference which exists between the well-known
oxidizing behaviors of HO* and N3': while HO- radical adds onto aromatic molecules leading to
radical adducts in addition radical cation, N3 radical exclusively forms radical cations through
electron abstraction. Since radioinduced PEDOT polymerization proceeds through a step-by-step
mechanism which involves a recurrent oxidation process as already demonstrated, HO- radicals

contrarily to N3" species lead to PEDOT-OH adducts.
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While unfunctionalized PEDOT-N3 polymers are insoluble in water, PEDOT-OH are highly
soluble in aqueous solutions thanks to the presence of hydroxyl groups. Many works were
conducted in literature in order to modify the chemical structure of EDOT building blocks and
thus to improve the solubility of the resulting functionalized PEDOT polymers.®® In this work,
without any pre-functionalization of EDOT monomers, synthesis of hydrophilic PEDOT
polymers succeeded thanks to the use of hydroxyl radicals as oxidizing species.

Due to the presence of -OH functionalities which enable hydrogen-bond interactions, PEDOT-
OH polymers self-assemble in aqueous solutions into globular nanostructures as observed by
Cryo-TEM. Differently, unfunctionalized PEDOT-N3 polymers self assemble in water, by =-
stacking interactions, into fibrillar or lamellar nanostructures. Interestingly, the shapes of all these
structures remain unchanged after deposition and drying procedure. Thus, the simple choice of
the oxidizing species which further determines the whole oxidation mechanism, has not only a
clear influence on the chemical structure and the hydrophilic properties of synthesized polymers,
but also plays a crucial role on the final morphology of polymers nanostructures.

Current research aims to develop new synthesis strategies and new conducting polymers with
tuned morphologies and properties. However, the study of the influence of polymerization
mechanism remains poorly investigated in literature in the field of conducting materials. Thus,
pulsed radiolysis studies coupled with structural and spectroscopic characterizations have been
undertaken in order to identify the first steps of the polymerization mechanism and in order to
better understand the growth process of PEDOT polymers in aqueous solution. This work has
been down during the thesis of Cecilia Coletta.*® In particular, | participated in the

characterization of the synthesized materials.
3.4 Pulse radiolysis study of PEDOT polymerization

In the previous work, it has been proved that radiolytic methodology enables the synthesis of
conjugated polymers under soft-conditions. Hydrophilic PEDOT polymers without any pre-
functionalization of EDOT monomers are obtained in N,O saturated aqueous solution. Moreover,
it is demonstrated that a step-by-step mechanism is involved during PEDOT polymerization.*®
Indeed, the yield of EDOT monomers consumption, which is strictly equal to the yield of

formation of HO- oxidizing radicals, does not depend on the initial concentration of the
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monomers. On the other hand, the amount of oxidizing species which is needed for quantitative
polymerization of PEDOT is twice that of EDOT monomers.” These previous results indicate
that no chain reaction should happen. Thus, polymerization should proceed through recurrent
oxidation reactions: HOe* radicals should oxidize EDOT monomers, then dimers, then oligomers,
and so on.

In the present part, time resolved absorption spectroscopy coupled with pulsed radiolysis is
used in order, first, to study EDOT oxidation mechanism and, second, to definitely identify the
nature of PEDOT growth process. This “fast” technique offers several advantages: it enables,
thanks to the pulsed electrons accelerator, (i) the generation of oxidizing species in the aqueous
irradiated medium in a very short time, (ii) the quantitative knowledge of oxidizing species
concentration, (iii) the real-time following by absorption spectroscopy of the appearance and
disappearance of transient species produced during EDOT oxidation and the estimation of the
rate constants of the involved consecutive reactions. In particular, the reaction of EDOT
monomers with hydroxyl radicals produced by water radiolysis was investigated with the aim to
identify the different transient species involved in the first steps of HOe-induced PEDOT
polymerization. Spectrokinetic analysis of experimental data and molecular simulations of
absorption spectra were used as complementary methodologies to confirm the rate constants
values and the transient and stable species identification (results not shown here but developed in
the thesis of Cecilia Coletta).*®

With the aim to demonstrate the step-by-step PEDOT polymerization mechanism and in order
to synthesize conducting polymers thanks to a new alternative method based on electron beam
irradiation, the electron accelerator was also used as a “simple” electron irradiator: EDOT
solution was irradiated using consecutive accumulated pulses in order to produce a high
concentration in oxidative species for ensuring a quantitative polymerization of PEDOT. The
resulting polymers were finally characterized by different physicochemical techniques in aqueous

solution or after deposition onto substrates.
3.4.1 Solutions preparation and pulse radiolysis study

Aqueous solutions containing 1 mM or 10 mM in EDOT monomers were prepared. The

natural pH of EDOT aqueous solutions is neutral, about 8. The pH was changed by adding HCIO,4
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to obtain acidic solutions at pH = 4, 5 and 6 or by adding NaOH to obtain alkaline solution at pH
= 13. The pH was measured before and after irradiation and only a slight decrease in the pH value
was observed in the acidic and neutral solution, due to the production of H* ions during water
radiolysis. All solutions were deaerated by bubbling with nitrous oxide, N,O, prior to irradiation,
then irradiated with an electron beam.

The experiments were carried out on the picosecond laser-triggered electron accelerator
(ELYSE, University Paris-Sud) coupled with a time resolved absorption spectroscopic detection
system.***® Experimental conditions were described before (section 2.4, chapter2) and this study
was also explained in detail in the thesis of Cecilia Colletta.*® An N,O-purged stock solution of
200 mL was used which circulated in the 10 x 10 mm fused silica irradiation cell at a flow rate of
100 mL/min by means of a peristaltic pump. Since the electron pulses were applied at a
frequency of 5 Hz, the solution was renewed between each pulse and it was possible to apply up
to 400 pulses for each kinetic measurement.

In this work, a pulsed radiolysis study coupled with molecular simulations, with
thermodynamic calculations and with spectrokinetic analysis was used to study the mechanism of
HOe--induced oxidation of EDOT in aqueous solution. The mechanistic scheme of EDOT
oxidation by hydroxyl radical was established, the rate constants were determined and the
transient species involved in the oxidation process were identified thanks to the comparison of
their experimental and simulated UV-Vis absorption spectra. A mixed simulation method was
used, using the monte-carlo (MC) sampling of the molecular geometries, the density functional
theory (DFT) calculation of the electron structures and the polarized continuum (PCM) modeling
of the solvent.

In acidic and neutral aqueous solutions, HO<-induced oxidation of EDOT implies the oxidation
of EDOT into a transient species, EDOT™" cation radical or (EDOT-HO)- addut, which dimerizes
and deprotonates leading to a stable product, namely EDOT, dimer. In alkaline medium, this
mechanism is mostly different since HO+ deprotonates into its alkaline form, oxide radical, which
adds onto EDOT monomer. This addition leads to an open cycle and prevents any dimerization of
EDOT and consequently any polymerization of PEDOT.

In acidic and neutral aqueous solutions, after one pulse irradiation (40 Gy), no other products
than EDOT, dimers were observed, demonstrating that no polymerization takes place. This

proves that PEDOT polymerization is not a chain reaction. On the contrary, it has been
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demonstrated to proceed through a step-by-step mechanism made up of the following recurrent
steps: (i) oxidation/activation, (ii) growth/chain length increase, (iii) deprotonation.'® The amount
of hydroxyl radicals generated by one pulse during the pulsed radiolysis study is then not enough
to ensure polymerization. It only enables the incomplete transformation of EDOT monomers into
dimers. The quantitative polymerization of EDOT into PEDOT requires a very much higher
concentration in hydroxyl radicals which should reach at least twice that of EDOT.

3.4.2 Electron beam irradiation induced EDOT polymerization

In pulse radiolysis experiment, the dose per pulse can’t be significantly increased. Then, in
order to check whether EDOT polymerization effectively proceeds through a step-by-step
oxidation process and with the aim to synthesize conducting PEDOT polymers by using an
electron beam, aqueous solutions containing 10 mM in EDOT in a closed cell under N,O
atmosphere were irradiated with a series of consecutive electron pulses of 40 Gy (delivered at a
frequency of 10 Hz). Under these conditions, a high concentration of oxidative species is
produced. Note that in these experimental conditions, the electron accelerator was used as a high-
energy electrons irradiator. This work has also been done in Cecilia Coletta’s thesis.®
Nevertheless, I took part in the characterizations of the as-prepared products.

Taking into account the step by step polymerization process described in the previous sections,
10 mM in hydroxyl radicals are needed for the quantitative dimerization of 10 mM in EDOT into
5 mM in EDOT,, then an additional amount of 5 mM in HO- is needed for the quantitative
transformation of EDOT; into 2.5 mM in EDOT,and so on. This means that at least 20 mM in
hydroxyl radicals are necessary to ensure the quantitative polymerization of EDOT monomers
into PEDOT polymers. The use of two HO- radicals for one EDOT molecule is understandable
since each EDOT monomer is bound to two EDOT neighbors inside the same polymer chain,
which means that it has been twice oxidized. The theoretical irradiation dose (Dmax) Which should
lead to the total oxidation of EDOT into PEDOT by HO  radicals can be determined (equation
2.22, chapter 2). Thus, 37 kGy are necessary for the total polymerization of 10 mM in EDOT.
Knowing that each pulse corresponds to a dose of 40 Gy, complete polymerization requires more
than about 1000 successive pulses.
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In order to quantitatively polymerize EDOT, the colorless and limpid aqueous solution of 10
mM in EDOT was irradiated at a dose of 180 kGy which corresponds to the accumulation of
4500 pulses of 40 Gy/pulse. After such an irradiation, the solution became turbid and its UV-Vis
absorption spectrum is displayed (Figure 3.14).
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Figure 3.14 UV-vis absorption spectrum of a N,O-satured aqueous solution of EDOT (10 mM) irradiated by an
electron beam at a dose of 180 kGy (4500 pulses, 40 Gy/pulse). The reference is water and pathlength is 0.1 cm;

(inset) image of a cell containing PEDOT aqueous suspension radiosynthesized by electron beam.*®

No noticeable absorption band is present in the spectrum. Nevertheless, a continuous scattering
appears due to the presence of a brown-yellow suspension in the bulk of the irradiated solution
(inset of Figure 3.14). This spectrum and the turbidity of the solution are in good agreement with
the results previously obtained by steady state y radiolysis suggesting that polymerization
effectively took place.™®

In order to demonstrate that the radiosynthesized products are PEDOT polymers, the turbid
solution obtained after 180 kGy electron beam irradiation was centrifuged in order to recuperate a
solid phase. The isolated brown powder was lyophilized to eliminate any residual water
molecules which could be trapped in the polymer containing solid phase (inset of Figure 3.15).
The solid sample was then characterized by ATR-FTIR spectroscopy in order to investigate the

chemical nature of the obtained polymers (Figure 3.15).'8
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The ATR-FTIR spectrum of the polymer powder is presented in the upper part of Figure 3.15
in the wave number region 1600-600 cm™ together with the spectrum of pure non irradiated
EDOT (bottom of Figure 3.15). The two spectra are in good agreement with those our group
previously reported for PEDOT and EDOT when polymerization was induced by y-rays. The IR
spectrum of the polymer powder displays vibrations at 1485, 1441 and 1365 cm™ which are
attributed to C=C and C-C stretching modes in the thiophene ring. The vibrations observed at
1288, 1240, 1171 and 1059 cm™ are assigned to the stretching modes of the ethyledioxy groups
(C-C and C-0-R-0O-C). The vibration modes of C-S bond which are present in the thiophene ring
can be observed at 941 and 901 cm™. Note that the intense C-H stretching band at 754 cm™,
observed in the spectrum of EDOT, is clearly absent in the ATR-FTIR spectrum of polymers.
This definitely demonstrates, without any ambiguity, that EDOT polymerization quantitatively
took place thanks to a,a’-coupling reactions and that the resulting solid powder obtained after

lyophilisation is effectively composed of PEDOT polymers.
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Figure 3.15 ATR-FTIR spectra of pure EDOT (bottom spectrum) and PEDOT polymers
radiosynthesized at 180 kGy by electron beam (top spectrum); (inset) photograph of a cup
containing the lyophilized radiosynthesized PEDOT powder.*®
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This demonstrates that such as vy-irradiation, electron beam irradiation enables the

radiosynthesis of PEDOT polymers.” While one electron pulse leads to the formation of EDOT,
dimers as stable products, the use of a series of successive pulses is necessary to generate enough
hydroxyl radicals to form PEDOT polymers. It is evidenced that not only electron irradiation can
be used as an alternative way for the synthesis of PEDOT polymers, but also that PEDOT growth
effectively proceeds through a step by step oxidation process as expected.
Aqueous solutions containing 10 mM in EDOT and irradiated by electron beam at 180 kGy were
observed by Cryo-transmission electron microscopy just after irradiation in order to investigate
the structure and morphology of PEDOT polymers in aqueous solution. Representative images
show the presence of low density globular structures forming spherical nanoparticles with a
diameter ranging between 200 and 250 nm (Figure 3.16).'
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Figure 3.16 Cryo-TEM image of PEDOT radiosynthesized by electron beam at 180 kGy in
aqueous solution. A PEDOT nanoparticle of around 250 nm is observed.*®

This result is in agreement with polymer size and shape found after y-rays induced PEDOT
synthesis. Since no other low density objects were observed during our Cryo-TEM experiments,
these spherical nanoparticles are supposed to be made up of PEDOT polymers. Each observed
nanoparticle should be composed of interdigitated polymer chains. Since no a-f' linkages could
occur during polymerization, radiosynthesized PEDOT nanostructures should be composed of
linear chain polymers which are no branched nor networked. Thus the globular structure

observed on Figure 3.16.c should correspond to a self-assembly of independent amorphous
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PEDOT chain polymers. The presence of ethylenedioxy groups (H-bond acceptors) should
explain not only the hydrosolubility of PEDOT polymers but also the as-observed packing and
nano-structuration of the spherical supramolecular PEDOT self-assemblies.

In order to characterize the morphology of the polymers after a deposition procedure, the 180
kGy-irradiated sample was lyophilized and the black powder obtained was deposited then
characterized by SEM microscopy. The images indicate the presence of very close packed
polymeric particles (Figure 3.17)."* Once again PEDOT polymers appear as spherical
nanoparticles. These structures should come from the globular nanostructures already observed in
aqueous solution by Cryo-TEM. The particles observed by SEM are almost monodisperse in size
with a mean diameter of 220 nm which is close to that observed by Cryo-TEM in aqueous
solution. This proves that neither phase transition nor deposition procedure affect the size and
shape of PEDOT nanoparticles. This would imply the existence of very strong hydrogen-bond

interactions into each polymer nanoparticle.

Figure 3.17 SEM image of lyophilized PEDOT radiosynthesized by electron beam at
180 kGy. Aggregates of spherical PEDOT nanoparticles are observed.®

Therefore, the synthesis of PEDOT polymers is successful thanks to the electrons beam
irradiation of EDOT aqueous solution. The radiosynthesized PEDOT polymers form

monodisperse nanoparticles the morphology of which is kept after deposition onto substrate.
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3.4.3 Conductivity measurements

Since chemically and electrochemically synthesized PEDOT polymers are very often used for
their conducting properties, the PEDOT radiosynthesized by electron beam at 180 kGy are also
characterized by four point probe technique to check such interesting electrical properties.

After irradiation and lyophilization, the obtained PEDOT powder was dissolved and treated by
a chemical oxidant NOBF, (10 M) in acetonitrile. The solution was spin-coated onto a glass
substrate and a PEDOT layer was obtained. The average thickness of the doped PEDOT film was
measured on a surface profiler and was found to be 105 nm. According to (equation 2.35, chapter
2), the mean value of the electrical conductivity was determined to be 9<10* S cm™. This

conductivity is comparable to the highest conductivities reported in literature for PEDOT.*#2

3.4.4 Conclusions

In this work, a pulsed radiolysis study coupled with molecular simulations, with

thermodynamic calculations and with spectrokinetic analysis was used to study the mechanism of
HO'-induced oxidation of EDOT in aqueous solution. In acidic and neutral agueous solutions,
HO'-induced oxidation of EDOT implies the oxidation of EDOT into a transient species, namely

EDOT " cation radical and also probably into (EDOT-HO)s adduct, which dimerizes and

deprotonates leading to a stable product, namely EDOT, dimer. In alkaline medium, the

mechanism is mostly different since HO" deprotonates into its alkaline form, oxide radical, which
adds onto EDOT monomer. This addition leads to an open cycle and prevents any dimerization of
EDOT and consequently any polymerization of PEDOT.

In acidic and neutral aqueous solutions, after one pulse irradiation (40 Gy), no other products
than EDOT, dimers were observed, demonstrating that no polymerization takes place. This
proves that PEDOT polymerization is not a chain reaction. On the contrary, it proceeds through a
step by step mechanism made up of the following recurrent steps: (i) oxidation/activation, (ii)
growth/chain length increase, (iii) deprotonation. The amount of hydroxyl radicals generated by
one pulse during the pulsed radiolysis study is then not enough to ensure polymerization. It only

enables the incomplete transformation of EDOT monomers into dimers. The quantitative
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polymerization of EDOT into PEDOT requires a very much higher concentration in hydroxyl
radicals which should reach at least twice that of EDOT.

In order to prove that PEDOT polymerization effectively proceeds through a step by step
oxidation process and with the aim to synthesize conducting PEDOT polymers, the electron beam,
usually employed in fast kinetic studies, was used as a high energy electrons irradiator.
Successfully, the irradiation with a series of 4500 consecutive electron pulses (180 kGy total dose)
of EDOT aqueous solution enabled the production of a very high concentration in hydroxyl
radicals and thus the quantitative synthesis of PEDOT polymers, demonstrating that PEDOT
growth proceeds through a step by step oxidation process as expected.

The chemical nature of radiosynthesized PEDOT polymers was confirmed by ATR-FTIR
spectroscopy while their morphology was checked in solution by Cryo-TEM microscopy and
after lyophilisation and deposition by SEM microscopy. Radiosynthesized PEDOT polymers
were found to form monodisperse nanoparticles whose morphology was kept after deposition
onto solid substrate. Finally, the electrical conductivity of radiosynthesized PEDOT was
evaluated at 910 S cm™. This conductivity is comparable to conductivities already reported in
literature concerning PEDOT polymers synthesized by conventional methods.

The present study bears witness to the tremendous potential of such a new electrons-based
methodology and gives us a glimpse of future promising industrial applications in the field of
conducting polymers synthesis. Indeed, thanks to the accelerated electrons-based nano-beams
which are nowadays available, it should appear possible to synthesize conducting polymers onto
conducting or even non conducting substrates with a high spatial resolution in order to produce
conductive patterns at a nanometric scale. The fact that conducting polymer growth proceeds
through a step by step mechanism, and not according to a chain reaction, should enable the

control of the chain length thanks to the adjustment of the irradiation dose.
3.5 Summary

According to the work of Samy Remita’s team, synthesis of conducting polymers (CPs) with
radiation method has been developed by the synthesis of conducting poly(3,4-
ethylenedioxythiophene) (PEDOT). Using y-radiolysis of aerated aqueous solutions of 3,4-

ethylenedioxythiophene (EDOT) in the absence of any external chemical initiators, PEDOT
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polymers were successfully synthesized with spherical appearance. The polymerization
mechanism was proposed to be a step-by-step procedure. By adjusting the oxidizing species,
PEDOT nanoparticles and nanofibers were prepared using y-irradiation of aqueous solutions of
EDOT degased with N,O. It is proved that PEDOT-OH polymers self-assemble in aqueous
solutions into globular nanostructures thanks to hydrogen-bond interactions. While, PEDOT-N3
polymers self-assembling should come from m-stacking interactions between conjugated
polymers forming fibrillar nanostructures. Pulse radiolysis study proved the formation of EDOT™"
radical cation and probably that of (EDOT-HO)+ adduct which lead to the EDOT, dimers.
Furthermore, it is suggested that EDOT monomers undergo degradation under high pH and the
synthesis of CPs with electron beam is feasible.

However, the versatility of this radiolytic method needs to be checked. The synthesis of other
CPs such as polypyrrole (PPy) by using y-irradiation is worth studying. The effect of synthetic
conditions (pH and soft template) on the polymerization of EDOT needs to be further studied.
Both the effect of pH and application of soft template on the polymerization of EDOT and on the
morphology of PEDOT is of great interest since they may affect the final properties of PEDOT
polymers.
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Chapter 4: Radiation induced synthesis of PPy: demonstration of the

versatility of radiolytic method

Since the discovery of conducting polymers (CPs) in 1970s, a variety of n-conjugated CPs

have been developed and these typical CPs include poly(3,4-ethylenedioxythiophene) (PEDOT),
polypyrrole (PPy), polyaniline (PANI) and their derivatives.’® All these CPs are characterized by
both environmental stability and high conductivity which are currently attracting great interests.”
Among these typical CPs, PPy has been mostly investigated due to its relatively easier synthesis
and greater stability.
Similar to the synthesis of PEDOT polymers, PPy polymers can be synthesized by the
polymerization of pyrrole (Py) monomers (Figure 2.1, chapter 2) using both traditional chemical
(e.g., K3S,0s, FeCls, H,0,) and electrochemical methods while some alternative ways, such as
enzymatic method, remain rarely proposed in literature.>

To the polymerization technologies of chemical and electrochemical methods, the first step of
polymerization corresponds to the preliminary oxidation of Py monomers into their ionic states
(Figure 4.1)."° It is worth noting that the cationization of Py monomers is favorable at the o and
o' positions. Then, dimerization of two Py cations leads to the formation of Py dimers by
eliminating two H atoms. Later, the formed Py dimers then repeat the previous oxidation reaction
forming the Py dimer cation and undergo coupling reaction with another Py cation. Finally, the
PPy polymers are formed according to this step-by-step mechanism.*® This mechanism which has
been highlighted in Samy Remita’s team by pulse radiolysis during the thesis of Cecilia Coletta is
comparable to that of PEDOT polymerization.**

Although the synthesis of PPy polymers has been widely studied for a long time, many efforts
are still being spent on simplifying their preparation and optimizing their properties.'***
Compared with the common chemical and electrochemical methods, radiolytic method is based
on the interaction of high energy ionizing radiations with matter. Instead of using external
oxidative chemicals to initiate polymerization as in the case of chemical method, y-radiolysis of
aqueous solution leads to the quantitative and selective in situ production of radicals which come
from the more abundant species present in the medium: the solvent molecules. These radicals,

such as hydroxyl radicals (HO*) which are known to be very oxidative species should then act as
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initiators of PPy synthesis.™ In this way, the synthetic procedure is easier and environmentally

friendly. In other words, water is used as the solvent without addition of chemical oxidants.

o, +—— Jj\ N/ \ + 2H*

Figure 4.1 Proposed mechanism for electropolymerization of pyrrole.*

In the previous part (chapter 3), PEDOT polymers are successfully synthesized thanks to the
use of different oxidizing species produced by water radiolysis.*>***" It is demonstrated that the
polymerization growth of PEDOT proceeds through a recurrent step-by step oxidation process.
This means that for a quantitative polymerization, the concentration of initiators must be at least
two times higher than that of monomers. Also, we demonstrated that the nature of the oxidizing
species produced from water radiolysis determines the morphology as well as the

physicochemical properties of the radiosynthesized PEDOT nanostructures.*’
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In order to demonstrate the versatility of radiolytic method, the original radiolytic
methodology is extended here to the synthesis of another CP, the polypyrrole (PPy) in aqueous
solution under N,O atmosphere. Under these conditions, the hydroxyl radicals (HO*) produced
by water radiolysis should act as an oxidizing species towards Py monomers leading to PPy
polymers. For comparison purpose, PPy polymers are also synthesized by traditional chemical
method using potassium persulfate (K;S,0g) as oxidant and as polymerization initiator. The

morphology and the properties of PPy synthesized by both methods are compared in details.
4.1 PPy synthesis methodologies and characterizations
4.1.1 Solution preparation

Pyrrole (Py) was used as the monomer and ultrapure water was used as the solvent. N,O was
used to degas the aqueous solutions of pyrrole before vy irradiation. Aqueous solutions containing
different concentrations in pyrrole ranging between 1 and 20 mM were prepared. Note that these
concentrations are both by far lower than Py solubility in water (0.9 M). Then, the samples were
degassed with N,O for 20 min and irradiated with a ®®Co y source (Laboratoire de Chimie
Physique, LCP, Paris-Sud University) at a dose rate of 6 kGy-h™ in order to synthesize PPy
polymers. For comparison purpose, chemical oxidant namely K,S,0g was used for chemical

synthesis of PPy.

4.1.2 Radiolytical and chemical preparation of PPy

Radiolytic method. Upon irradiating N,O-saturated diluted aqueous solutions at neutral pH, the
radiolytic yield of formation of hydroxyl radicals (HO*) is 5.6 X107 mol-J* (equation 2.15,

chapter 2). The concentration of HO+ produced by water radiolysis can then be expressed as a

function of the irradiation dose, D expressed in Gray (Gy) according to:

[HO+] (mol'L™Y) = D (Gy) x G (HO*) (mol-J™}) (4.1)
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As demonstrated in the previous part (section 3.2.2, chapter 3), for quantitative polymerization
of CP, the concentration of oxidative species (HOe¢) should be twice that of Py monomers
([Py]o).***" As a consequence, the dose Dpax Needed for a quantitative polymerization of Py can

be calculated as follows:

_ 2[Py], (mol L)
G(HO*) (mol J7) (4.2)

Dmax (GY)

It thus amounts to 3.6 kGy for 1 mM in Py and to 72 kGy for 20 mM in Py. Py solutions were
then irradiation at such doses.

Chemical method. For comparison purpose, PPy was also synthesized by a chemical method.
Aqueous solution containing both pyrrole monomers (20 mM) and K,S,0g oxidant (40 mM) was
prepared and stirred for another 24 h to ensure that Py monomers fully polymerize into
polypyrrole.’® As in the case of radiolytical method, the molar ratio of monomer to oxidant was

1:2 to ensure quantitative polymerization.
4.1.3 PPy characterization

In order to check whether the polymerization of pyrrole monomers occurred by both radiolytic
method and chemical method, Ultraviolet-visible (UV-vis) spectra of pyrrole aqueous solutions
or suspensions before and after polymerization were recorded in quartz cell with an optical path
length of 0.2 cm. The reference was always ultrapure water. All the solutions of Py after
polymerization were dried by to obtain dehydrated powders. After lyophilization, all the samples
were further directly investigated by ATR-FTIR, SEM and TGA.

To further identify PPy and its chemical composition, the Fourier transform infrared (FTIR)
spectra of lyophilized PPy were recorded. In order to observe the morphology of
radiosynthesized PPy polymers in aqueous solutions, in-situ observation of the morphology of
PPy was carried out on a transmission electron microscope in a cryogenic environment (Cryo-
TEM). In order to check whether the radiosynthesized PPy maintained its original morphology
during the drying process, after vy irradiation, a small drop of the solution was deposited onto the

upper surface of ZnSe prism (transparent in the mid-IR) and dried naturally. The dried deposit
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was observed by AFM-IR that combines the AFM with a pulsed infrared laser to perform
spectromicroscopy.'®# In order to check the morphology of PPy polymers synthesized by
radiolytic and chemical methods, PPy powders obtained after lyophilization were observed by
scanning electron microscopy (SEM).

The thermal stability and composition analysis of PPy was performed on a thermogravimetric
analysis instrument (TGA). To measure the conductivity of PPy, spin-coated films of PPy were
obtained by spinning a small drop of PPy suspensions on an ITO substrate. Before measurements,
the nanostructures of PPy solutions or suspensions were doped with NOBF, at a concentration of
10 M in acetonitrile. A four-point probe technique was used for measuring the resistance of PPy
film and a surface profiler was used for the thickness measurement of the film. The conductivity,
p (S-cm™) of doped PPy film was determined according to equation 2.35, chapter 2.

4.2  HO-*-induced oxidation of Py monomers

Aqueous solution containing 1 mM in Py was prepared under N,O atmosphere. Its UV-vis
absorption absorption spectrum displays the 205 nm characteristic peak of Py monomers which
corresponds to a m-m* transition (Figure 4.2, left).?**® The molar extinction coefficient of Py
monomers amounts to: &5 = 6730 L-mol™cm™ (in hexane).?? This solution was irradiated at
increasing doses up to 3.6 kGy and UV-vis absorption spectra were recorded as a function of the
dose (Figure 4.2, left). The absorption of Py monomers at 205 nm as a function of the dose is
plotted (Figure 4.2, right). One can observe the decrease of the absorption as a function of the
irradiation dose, which means that Py is progressively consumed (according to a pseudo-first
order exponential decay).

The initial radiolytic yield of Py consumption, G.pyo, corresponds to the value of the initial

slope of the curve which can be deduced thanks to an exponential fit of the experiment curve:

d[Py] (mol L)
dDose (Gy)

-7
G_Pyo(molJ ‘)=—( )=6.0><10 mol J-!
0

(4.3)

It is clear that: G.pyo =~ G(HO-). This indicates that a concentration of 1 mM in Py is sufficient

to scavenge all the HO- radicals produced by radiolysis and demonstrates that only HO- radicals
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react with Py monomers. Indeed, HO- is a strong oxidizing species since its standard redox
potential in neutral medium (pH=7) amounts to E°(HO+/H,0) = 2.3 Vst enabling oxidation of
Py (EY(Py*/Py) = 0.76 Vsneg).?*® Therefore, it is clear that the radiation induced polymerization
of pyrrole can be initiated by HO< as expected. Therefore, as previously explained, the dose
needed for quantitative polymerization of Py could be easily calculated (equation 4.2). In
particular, 72 kGy are needed for 20 mM in Py.
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Figure 4.2 UV-vis absorption spectra of aqueous solution of pyrrole (1 mM) as a function of the dose (left).
Evolution of pyrrole concentration as a function of the irradiation dose (right), | = 0.2 cm. Reference: water.?®

4.3  Radiation induced synthesis of PPy, a comparison with chemical synthesis

While relatively low concentrations in Py monomers (1 mM, see previous section) were
needed for succeeding in the follow-up of their oxidation mechanism, higher concentrations were
necessary for the characterization of PPy polymers either in agueous solution or after their
deposition onto substrates as it will be presented in the case of 20 mM in Py.

Aqueous solutions containing 20 mM in Py were irradiated at 72 kGy (Figure 4.3).%® It is noted
that after irradiation (spectrum b), only a shoulder is observable at 205 nm indicating that
polymerization is indeed almost quantitative at 72 kGy since only a small amount of Py

monomers remains in solution.
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Figure 4.3 UV-vis absorption spectra of pyrrole before and after polymerization by radiolytic
and chemical methods. (a) Aqueous solution of pyrrole (20 mM) before polymerization (diluted
20 times), (b) PPy synthesized by radiolytic method, y-PPy (diluted 20 times), and (c) PPy
synthesized by chemical method, x-PPy (diluted 20 times), L= 0.2 cm, Reference: water.?

Py disappearance parallels the formation of species which absorb at 300 nm as observed in
spectrum b. Vetter et al. reported that the shoulder at 300 nm should be attributed to terpyrrole.”®
Also, after a 72 kGy irradiation, continuous scattering (long absorption tail) in the range
400~1000 nm whose intensity increases with irradiation dose, is observed in the extinction
spectrum b. This is characteristic of the z-* transition of PPy with higher molecular weight.?*%

This scattering should result from the presence of a black suspension in the medium as
observed (Figure 4.4, image b). This suspension becomes denser and the solution appears more
turbid as the irradiation dose increases. As it will be demonstrated later, this suspension
corresponds to PPy polymers formed at high doses thanks to the HO *-induced oxidation process.
These polymers formed by radiolysis are called y-PPy. Note that no sedimentation is observed in
this case. This may be explained by a relatively low molecular weight of the polymers.

Nevertheless, the absence of any deposition implies that y-PPy polymers are not hydrophaobic.
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Figure 4.4 Photographs of Py samples before (a), after polymerization (b)
and (c) and after lyophilization (d) and (e).**

In order to compare the radiolytic procedure with a more common chemical methodology, 40
mM of K,S,0g was added as oxidant to a solution containing 20 mM in Py (ratio Py/ K,S,0g =
1:2) under stirring. After 24 hours, the absorption spectrum of the solution was recorded (Figure
4.3, spectrum c). This spectrum is somewhat different from the spectrum b. Indeed, one can note
the presence of residual Py monomers characterized by the absorption at 205 nm meaning that, in
the present experimental conditions, chemical polymerization is less complete than radiation
induced one. While no peak at 300 nm, characteristic of terpyrrole, is observed (Figure 4.3,
spectrum c). Continuous absorption in the range 400~1000 nm is present such as in the case of
radiolytical method. Nevertheless, the lower intensity of the extinction spectrum c in comparison
with that of spectrum b could be explained by the sedimentation process observable in the case of
chemical method. Indeed, contrarily to radiolytical method, a black powder deposits in this latter
case at the bottom of the solution as observed (Figure 4.4, image c).

Thus, as in the case of radiolysis, PPy polymers are formed in aqueous solution thanks to
chemical oxidation of Py. These polymers are called y-PPy. Nevertheless, the chemically
synthesized polymers (x-PPy) should be more hydrophobic than radiosynthesized ones (y-PPy) or

could have higher molecular weight since they precipitate.
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4.4  Highlighting y-PPy radioinduced synthesis

In order to perform ATR-FTIR experiments for comparing the chemical nature of both y-PPy
and ¢-PPy, the two samples (Figure 4.4, images b and c) were lyophilized. In both cases, black
powders were obtained (Figure 4.4, images d and e). While the powder obtained after irradiation
is only polymers, the powder obtained after chemical oxidation should also contain K;S,0g and
its conjugated reducing species. According to the oxidation mechanism which involves persulfate
ion (S;0¢%), sulfate radical (SO4*") is formed (equation 2.1, chapter 2) then oxidizes Py
monomers leading to Py radical cation (Py™*) and sulfate anion (SO,%). We can assume that Py™
dimerizes into Py, which undergoes a step-by-step polymerization process leading to the PPy
polymers as demonstrated in the thesis of Cecilia Coletta.™

The ATR-FTIR spectrum of y-PPy is presented (Figure 4.5, spectrum b) in the wavenumber
region 600~4000 cm™ together with those of x-PPy (Figure 4.5, spectrum c) and pure non
irradiated Py liquid sample (Figure 4.5, spectrum a).?* Note that the deposition of Py liquid phase
is translated by a better resolution when compared with the solid phase deposition of
lyophilization polymer powders.

The three obtained spectra are in good agreement with those previously reported for Py and
PPy in literature.*?** In addition, no considerable differences exist between spectra b and c.
Only small shifts in the vibration modes can be observed. Starting from what is known in
literature about Py, vibration at 3396 cm™ observed in spectrum a can be attributed to the in plane
stretching of N-H.?®3" The bands at 1571 and 1467 cm™ are due to C-C in-ring-stretch mode and
stretching vibration of pyrrole rings respectively.*®?® The band at 1047 cm™ is mostly attributed
to C-C out-of-plane deformation vibration.?®! The strong band at 726 cm™ results from the C-H
wag vibration at a, o’ positions.*

After polymerization, the C-H wag vibration and N-H in plane stretching in spectra b and ¢
decrease obviously indicating that free pyrrole monomers are not observable here, suggesting that
polymerization of pyrrole is relatively quantitative. In the case of chemically synthesized PPy
(Figure 4.5, spectrum c), the broad band at 3120 cm™ can’t be due to the presence of water since
samples were lyophilized. It corresponds to the stretch of N-H bond and the peak at 1700 cm™
corresponds to the stretch of C=0.%” It has been reported that the C=0O structure at the p position
of the pyrrole ring is typically due to the overoxidation of polypyrrole.?° The bands at 1556, 1481
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and 1043 cm™ correspond to stretching mode of C=C, C-N and C-C out-of-plane vibration
indicating the formation of PPy.” The bands at 1184 and 916 cm™ are attributed to the S=O
group and stretching vibration of PPy showing that chemically synthesized PPy is doped with the

oxidant. 3!
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Figure 4.5 ATR-FTIR spectra of pure pyrrole before polymerization (a), radiosynthesized PPy
after lyophilization (b), and chemically synthesized PPy after lyophilization (c).*

In the case of PPy synthesized by radiolytical method (Figure 4.5, spectrum b), some bands are
more or less displaced. The bands at 1180, 1099 and 1045 correspond to C-H, =C-H in-plane and
C-C out-of plane vibration proving the successful preparation of PPy.?®?%3! Nevertheless, there is
an obvious carbonyl C=0 group peak at 1674 cm™, which is more intense than the C=0O group
peak at 1700 cmin the case of y-PPy. The presence of this peak obviously demonstrates that y-
PPy is overoxidized.?®*® The spectrum of y-PPy also exhibits a very large band around 3251 cm™.
As in the case of x-PPy (Figure 4.5, spectrum c), this band is attributed to the N-H bond. The
observation of such a very large band should result from the N-H groups of the polymers. On the

other hand, this very large and relatively intense band observed in the case of y-PPy could also
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come from the -OH functionalization of the polymers by HO* radicals. This has already been
established in the case of radiation induced synthesis of PEDOT. This result is also in very good
agreement with literature since HO* radicals are known to add to the double bonds of organic

molecules and with pulse radiolysis study of Py polymerization which has been carried out in the
thesis of Cecilia Coletta,'?%34%

Therefore, PPy was successfully synthesized by both radiolytical and chemical methods.
Nevertheless, radiosynthesized PPy polymers could be functionalized by O-H and C=0 groups

which should then explain their higher hydrophilicity in comparison with that of y-PPy.

45  Morphological observations of PPy

As the solubility in water of PPy synthesized by radiolytic method (y-PPy) is relatively high,
the in-situ observation of the morphology of y-PPy is possible by Cryo-TEM. Aqueous solutions
containing 20 mM in Py and irradiated at 72 kGy were observed by cryo-transmission electron
microscopy just after irradiation. Representative images showed the presence of low density
globular structures forming polydisperse spherical nanoparticles the diameter of which was

comprised between 80 and 200 nm as observed (Figure 4.6, image a).?®

Figure 4.6 Cryo-TEM images of radiosynthesized PPy (y-PPy) at 72 kGy.

(a) Nanostructures of y-PPy, (b) full view of chaplets of y-PPy.?
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Also, these particles systematically appeared self-assembled into nanochaplets after
lyophilization (Figure 4.6, image b). These results are in good agreement with previous
observations reported in literature concerning such polymer systems.%

Since no other low density objects were observed during Cryo-TEM experiments, we deduce
that these more or less spherical nanoparticles are made up of radiosynthesized PPy polymers.
Each globular structure observed on Figure 4.6 should correspond to the self-assembly of
independent amorphous PPy polymer chains which interact all together by hydrogen-bonds as
already reported in literature.*®*3® Also, the packing and the structuration of the polymers into
supramolecular nanochaplets should also result from such intermolecular interactions.

In order to definitely prove the PPy nature of these spherical nanoparticles and in order to
characterize the morphology of the polymers after a deposition procedure and also to check
whether a drying process is able to affect the morphology of PPy, a drop of the solution
containing the PPy black suspension obtained after a 72 kGy-irradiation (polymers of Figure 4.6)
was deposited onto a ZnSe prism, then dried, and finally imaged and characterized by AFM-IR
(Figure 4.7).%

According to the AFM image of y-PPy recorded in contact mode, the top dark areas having no
thickness correspond to the substrate (Figure 4.7, image a).® The topography of y-PPy displayed
as the bright areas correspond to the thicker regions made up of isolated bigger spherical PPy
nanoparticles and closely packed smaller ones (200~300 nm in average).> This AFM observation
agrees well with the morphology of y-PPy particles previously observed in aqueous solution by
Cryo-TEM (Figure 4.6) without any significant change in the mean size and in the shape. Then,
the packing of the particles and their flattening onto the substrate when deposited and dried do
not seem to affect the nanostructuration of y-PPy polymers.

In order to confirm that the nanoparticles already observed by Cryo-TEM and AFM contain
only PPy polymers without any residual Py monomers, the sample was observed by AFM-IR in
the range of 1600~1800 cm™ (Figure 4.7, image b). The spectrum of image b in Figure 4.7
displays a peak at 1674 cm™ which is characteristic of C=O bonds. Now, these bonds have been
detected by ATR-FTIR spectroscopy in the y-PPy polymers (Figure 4.5, spectrum b) and not in
Py monomers (Figure 4.5, spectrum a). This demonstrates that the globular structures observed in

both Figure 4.6 and Figure 4.7 (image a) do not contain close-packed Py monomers.
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Figure 4.7 AFM topographic image of y-PPy in contact mode, (b) AFM-IR spectrum of PPy, and
(c) AFM-IR chemical mapping of PPy with the IR source tuned to the C=0 band at 1674 cm™.?

Since the AFM-IR technique also enables the chemical mapping of the sample, this
wavenumber 1674 cm™ was chosen for AFM-IR chemical mapping of our sample (Figure 4.7,
image c). In Figure 4.7 (image c), the red and yellow areas indicate a stronger absorption at the
characteristic wavenumber which is caused by a thick layer of y-PPy (~500 nm) linked onto the
prism. Compared with the topography of the sample (Figure 4.7, image a), it is clear that these
thick areas correspond to the bright regions of the y-PPy. As the distribution of y-PPy
nanoparticles on the prism is inhomogeneous, the appearance of AFM-IR is not totally the same
as its topography. Nevertheless, the signal of AFM-IR (Figure 4.7, image c) fits well with the
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thickness of y-PPy (Figure 4.7, image a). Thus, it is definitely assumed that the nanoparticles
observed on Figure 4.7 (image a) are composed of y-PPy polymers without any packed Py
monomers.

This result does not only prove that radiosynthesized PPy are spherical nanoparticles but also
further explains their hydrophilicity and their packing into nanochaplets. Indeed, the presence of
C=0 bonds at the surface of the PPy nanoparticles, as demonstrated by AFM-IR, should enhance
the probable effect of O-H functionalities, leading to strong hydrogen-bonds interactions between
the self-assembled nanoparticles as well as with the aqueous solvent.

In order to check whether the lyophilization procedure and whether the substrate nature affect
the morphology of y-PPy nanoparticles, the lyophilized PPy powder obtained after a 72 kGy-
irradiation was observed by SEM microscopy. Typical image is displayed and y-PPy polymers
appear as more or less spherical nanoparticles with a mean size of 100 nm (Figure 4.8, image
a).”® This definitely proves that the presence of the solvent, that the lyophilization, that the nature
of the substrate have no influence on the nanostructuration of the polymers. This would imply the

existence of very strong hydrogen-bond interactions into each nanoparticle.
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Figure 4.8 SEM images of PPy lyophilized after radiolytical (a) or chemical (b) synthesis.?®

In order to compare the morphology of y-PPy with that of ¥-PPy, the lyophilized PPy powder
obtained in the presence of 40 mM in K,S,0g was also observed by SEM (Figure 4.8, image b).
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¥-PPy polymers also appear as more or less close-packed spherical nanoparticles.”® However, the
value of the mean-size (~200 nm) and that of the polydispersity are much higher than those
corresponding to y-PPy. This result proves that our radiolytic methodology does not only lead to
more hydrophilic PPy polymers, but also to smaller and less polydisperse PPy nanoparticles. Due
to the absence of O-H and C=0O groups into x-PPy, the bigger size of y-PPy nanoparticles in
comparison with that of y-PPy structures, could explain their sedimentation observed after their

chemical synthesis into water (Figure 4.4, image c).
4.6  Physico-chemical properties of y-PPy, a comparison with y-PPy
4.6.1 Thermal stability

We wanted to check and to compare the thermal stability of y-PPy and y-PPy previously
synthesized and obtained as powders after lyophilization. The thermo gravimetric analysis (TGA)
plots of both PPy polymers are shown (Figure 4.9).%% The inset displays the temperature at which
the weight loss of PPy occurs.
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Figure 4.9 Thermo gravimetric analysis (TGA) plots of PPy synthesized by
radiolytic method (a) or chemical method (b). Insert: the weight derivative

curves of PPy as the temperature changes.”®
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In the case of y-PPy (Figure 4.9, image a), the weight loss exhibits three stages of
decomposition which is in agreement with literature.** From 40 t0100 °C, the main loss of weight
happens at 50 °C which may be caused by the loss of some unreacted pyrrole. Then, in the range
100-400 °C, the weight loss at 176 °C may be caused by the loss of terpyrrole which was
observed by UV-visible absorption spectroscopy (Figure 4.3, spectrum b), while the main weight
loss which occurs at about 330 °C may correspond to the decomposition of some y-PPy
oligomers characterized by low molecular weights.?® Finally, the decomposition of the backbone
of PPy occurs at around 600 °C. This TGA analysis is in very good agreement with TGA data
already reported in literature concerning PPy polymers.®*? Note that the same thermal stability is
found for y-PPy (Figure 4.9, image b). This result indicates that the size of the PPy polymer
nanoparticles as well as their functionalization by C=0 or O-H groups seem to have no effect on

their thermal behavior.

4.6.2 Electrical conductivity

In order to check and to compare the electrical conductivity of y-PPy and x-PPy by four point
probe technique, both samples were doped with NOBF, (10 mM). It is found that the electrical
conductivity of y-PPy is 1.2 <10 S-cm™. This value is similar to those reported in literature.*
Interestingly, the electrical conductivity of y-PPy synthesized by the original radiolytical
procedure was found to be higher: 5.7x10% S-cm™. This result proves that, even if the thermal
stability of y-PPy is not better than that of x-PPy, the value of the electrical conductivity of y-PPy
is nearly five times higher than that of x-PPy. The higher conductivity of y-PPy could be related
to the smaller particles size and the bigger surface areas.*** Indeed, as the diameter decreases,
more ordered chains of connected structure of y-PPy networks could counteract the influence of
insulated cavities and bigger surface areas could enhance the delocalization of charge carriers
over an extended region of the polymer chains. We think that both aspects contribute to a
relatively higher electrical conductivity of y-PPy.

4.7 Conclusions

In the previous chapter, we succeeded in the development of a new vy-radiolysis-based

alternative way for synthesizing PEDOT polymers in aqueous solution. In the present chapter,
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this radiolytic methodology was extended as an alternative green way for the synthesis of

conducting PPy polymers in aqueous solution.

PPy polymers synthesized by radiolysis are characterized by a very good long-term stability at
air in a humid environment. We showed that the as-prepared PPy polymers remain well-dispersed
in water, can be easily dried and are quite simply redispersed in protic solvents. As revealed by
ATR-FTIR spectroscopy, the probable presence along the polymeric chains of O-H and C=0
functionalities, which should come from the addition of hydroxyl radicals during the polymer
growth, could explain the hydrophilic properties of the radiosynthesized PPy polymers. This
could also justify the existence in aqueous solution of the globular self-assembled structures
made up of PPy polymeric chains and their packing into nanochaplets as observed by cryo-TEM.

After deposition onto substrate, the radiosynthesized PPy polymers appear as more or less
spherical nanoparticles as revealed by AFM and SEM observations. Moreover, in an original way,
high resolution atomic force microscopy, coupled with infrared nanospectroscopy was used to
probe the local chemical composition of PPy nanostructures.

A detailed investigation enabled the comparison between the properties of radiosynthesized
PPy and those of PPy synthesized by a conventional chemical polymerization. We found that
radiosynthesized PPy nanoparticles are more hydrophilic, smaller and less polydisperse than
chemically synthesized PPy. Besides, we demonstrated that radiosynthesized PPy nanostructures
are characterized by a very good thermal stability and an electrical conductivity which is five
times higher than that of chemically synthesized PPy.

In this chapter, the radiolytic procedure is extended to the successful synthesis of another
representative CP (different from PEDOT), namely PPy. This definitely demonstrated the
versatility of this original radiolytic methodology which should lead to the polymerization of
other kinds of CPs in aqueous solution including: PANI, P3HT, PTAA, etc.

At this stage of the research project, PEDOT and PPy have been prepared by radiolysis, by
using oxidizing radiolytical radicals in water in neutral medium. Now, the questions are: is it
possible to synthesize such CPs in other experimental conditions? What is the influence of such
conditions on the stability, the morphology and the properties of radiosynthesized CPs?

In the next chapter, further work is focusing on the study of the presence of surfactant and the

influence of the pH on the radiation induced synthesis of PEDOT polymers.

126



Chapter 4: Radiation induced synthesis of PPy: demonstration of the versatility of radiolytic method

References

[1] Groenendaal, L.; Jonas, F.; Freitag, D.; Pielartzik, H.; Reynolds, J. R., Poly(3,4-ethylenedioxythiophene) and Its
Derivatives: Past, Present, and Future. Adv. Mater. 2000, 12 (7), 481-494.

[2] De Jesus, M. C.; Fu, Y.; Weiss, R. A., Conductive polymer blends prepared by in situ polymerization of pyrrole:
a review. Polym Eng Sci 1997, 37, 1936-1943.

[3] Uter, W.; Stropp, G.; Schnuch, A.; Lessmann, H., Aniline - a 'historical' contact allergen? current data from the
ivdk and review of the literature. Ann Occup Hyg 2007, 51, 219-226.

[4] Harun, H. M.; Saion, E.; Kassim, A.; Yahya, N.; Mahmud, M., Conjugated conducting polymers: a brief
overview. J. Acoust. Soc. Am. 2007, 2, 63-68.

[5] Khulbe, K. C.; Mann, R. S.; Khulbe, C. P., Polymerization of pyrrole by potassium persulfate. J. Polym. Sci.,
Part A: Polym. Chem. 1982, 20, 1089-1095.

[6] Li, X.; Wan, M. X.; Wei, Y.; Shen, J. Y.; Chen, Z. J., Electromagnetic functionalized and core-shell
micro/nanostructured polypyrrole composites. J. Phys. Chem. B. 2006, 110, 14623-14626.

[7] Leonavicius, K.; Ramanaviciene, A.; Ramanavicius, A., Polymerization model for hydrogen peroxide initiated
synthesis of polypyrrole nanoparticles. Langmuir 2011, 27, 10970-10976.

[8] Li, C.; Bai, H.; Shi, G. Q., Conducting polymer nanomaterials: electrosynthesis and applications. Chemical
Society reviews 2009, 38, 2397-2409.

[9] Ramanaviciene, A.; Kausaite-Minkstimiene, A.; Oztekin, Y.; Carac, G.; Voronovic, J.; German, N.;
Ramanavicius, A., Visualization of red-ox proteins on the gold surface using enzymatic polypyrrole formation.
Microchimica Acta 2011, 175 (1), 79.

[10] Camurlu, P., Polypyrrole derivatives for electrochromic applications. RSC Advances 2014, 4 (99), 55832-55845.

[11] Coletta, C., Study of growth mechanism of conducting polymers by pulse radiolysis. Ph.D thesis 2016, 148.

[12] Coletta, C.; Cui, Z. P.; Archirel, P.; Pernot, P.; Marignier, J. L.; Remita, S., Electron-Induced Growth
Mechanism of Conducting Polymers: A Coupled Experimental and Computational Investigation. The Journal of
Physical Chemistry B 2015, 119 (16), 5282-5298.

[13] zhang, X. T.; Zhang, J.; Song, W. H.; Liu, Z. F., Controllable synthesis of conducting polypyrrole
nanostructures. J. Phys. Chem. B 2006, 110, 1158-1165.

127



Chapter 4: Radiation induced synthesis of PPy: demonstration of the versatility of radiolytic method

[14] Wang, D.; Li, Y. X.; Shi, Z,; Qin, H. L.; Wang, L.; Pei, X. F.; Jin, J., Spontaneous growth of free-standing
polypyrrole films at an air/ionic liquid interface. Langmuir 2010, 15, 8259-8264.

[15] Varmenot, N.; Remita, S.; Abedinzadeh, Z.; Wisniowski, P.; Strzelczak, G.; Bobrowski, K., Oxidation processes
of N,S-diacetyl-I-cysteine ethyl ester: influence of S-acetylation. J. Phys. Chem. A 2001, 105, 6867-6875.

[16] Lattach, Y.; Besseau, A. D.; Guigner, J. A.; Remita, S., Radiation chemistry as an alternative way for the
synthesis of PEDOT conducting polymers under “‘soft”” conditions. Radiation Physics and Chemistry 2013, 82, 44—
53.

[17] Lattach, Y.; Coletta, C.; Ghosh, S.; Remita, S., Radiation-induced synthesis of nanostructured conjugated
polymers in aqueous solution fundamental effect of oxidizing species. ChemPhysChem 2014, 15, 208 — 218.

[18] zhong, W. B.; Li, S. M.; Chen, X. H.; Wang, Y. X.; Yang, W. T., High-yield synthesis of superhydrophilic
polypyrrole nanowire networks. Macromolecules 2006, 39, 3224-3230.

[19] Dazzi, A.; Prazeres, R.; Glotin, F.; Ortega, J. M., Local infrared microspectroscopy with subwavelength spatial

resolution with an atomic force microscope tip used as a photothermal sensor. Opt. Lett. 2005, 30, 2388-2390.

[20] Policar, C.; Waern, J. B.; Plamont, M. A.; Clede, S.; Mayet, C.; Prazeres, R.; Ortega, J. M.; Vessieres, A.; Dazzi,
A., Subcellular ir imaging of a metal-carbonyl moiety using photothermally induced resonance. Angew. Chem., Int.
Ed. 2011, 50, 860-864.

[21] Dazzi, A.; Prater, C. B.; Hu, Q. C.; Bruce Chase, D.; Rabolt, J. F.; Marcott, C., AFM-IR: combining atomic
force microscopy and infrared spectroscopy for nanoscale chemical characterization. Appl. Spectrosc. 2012, 66,
1365-1384.

[22] Silverstein, R. M.; Bassler, G. C., Spectrometric idenntification of organic compounds. John Wiley & Sons, Inc.
1998, 7, 311.

[23] Cui, Z.; Coletta, C.; Dazzi, A.; Lefrancois, P.; Gervais, M.; Neron, S.; Remita, S., Radiolytic method as a novel
approach for the synthesis of nanostructured conducting polypyrrole. Langmuir 2014, 30 (46), 14086-14094.

[24] Koppenol, W. H.; Stanbury, D. M.; Bounds, P. L., Electrode potentials of partially reduced oxygen species,
from dioxygen to water. Free radical biology & medicine 2010, 49, 317-322.

[25] Martmez, M. W.; Thompson, T. T.; Smit, M. A., Characterization and electrocatalytic activity of carbon-
supported polypyrrole-cobalt-platinum compounds. Int. J. Electrochem. Sci. 2010, 5, 931 - 943.

[26] Vetter, C. A.; Suryawanshi, A.; Lamb, J. R.; Law, B.; Gelling, V. J., Novel synthesis of stable polypyrrole
nanospheres using ozone. In Langmui, 2011; Vol. 27, pp 13719-13728.

128



Chapter 4: Radiation induced synthesis of PPy: demonstration of the versatility of radiolytic method

[27] Ye, S. J.; Fang, L.; Lu, Y., Contribution of charge-transfer effect to surface-enhanced IR for Ag@PPy
nanoparticles. Phys. Chem. Chem. Phys. 2009, 11, 2480-2484.

[28] Li, X. G.; Hou, Z. Z.; Huang, M. R.; Moloney, M. G., Efficient synthesis of intrinsically conducting polypyrrole
nanoparticles containing hydroxy sulfoaniline as key self-stabilized units. J. Phys. Chem. C 2009, 113, 21586-21595.

[29] Li, X. G,; Li, A.; Huang, M. R.; Liao, Y. Z.; Lu, Y. G., Efficient and scalable synthesis of pure polypyrrole
nanoparticles applicable for advanced nanocomposites and carbon nanoparticles. J. Phys. Chem. C 2010, 114,
19244-19255.

[30] Scienza, L. C.; Thompson, G. E., Preparation and surface analysis of PPY/SDBS films on aluminum substrates.
Pol meros 2001, 11, 142-148.

[31] Hazarika, J.; Kumar, A., Controllable synthesis and characterization of polypyrrole nanoparticles in sodium
dodecylsulphate (SDS) micellar solutions. Synthetic Metals 2013, 175, 155-162.

[32] Hawkins, S. J.; Ratcliffe, N. M., A study of the effects of acid on the polymerisation of pyrrole, on the oxidative
polymerisation of pyrrole and on polypyrrole. J. Mater. Chem. 2000, 10, 2057-2062.

[33] Wang, H. L.; Fernandez, J. E., Conducting polymer blends-polypyrrole and poly(vinyl methyl ketone).
Macromolecules 1992, 25, 6179-6184.

[34] Choi, S.; Kim, K.; Nam, J; Shim, S. E., Synthesis of silica-coated graphite by enolization of
polyvinylpyrrolidone and its thermal and electrical conductivity in polymer composites. Carbon 2013, 60, 254-265.

[35] Talarico, A. M.; Szerb, E. |.; Mastropietro, T. F.; Aiello, I.; Crispini, A.; Ghedini, M., Tuning solid state
luminescent properties in a hydrogen bonding-directed supramolecular assembly of bis-cyclometalated iridium(ll1)
ethylenediamine complexes. Dalton T 2012, 41 (16), 4919-4926.

[36] Chatterjee, S.; Shit, A.; Nandi, A. K., Nanochannel morphology of polypyrrole—-ZnO nanocomposites towards
dye sensitized solar cell application. J. Mater. Chem. A 2013, 1, 12302-123009.

[37] Jang, J.; Oh, J. H., Fabrication of a highly transpartent conductive thin film from polypyrrole/poly(methyl
methacrylate) core/shell nanospheres. Adv Funct Mater 2005, 15, 494-502.

[38] Zang, J. F.; Bao, S. J.; Li, C. M.; Bian, H. J.; Cui, X. Q.; Bao, Q. L.; Sun, C. Q.; Guo, J.; Lian, K. R., Well-
aligned cone-shaped nanostructure of polypyrrole/RuO2 and its electrochemical supercapacitor. J Phys Chem C 2008,
112, 14843-14847.

[39] Vasilyeva, S. V.; Vorotyntsev, M. A.; Bezverkhyy, I.; Lesniewska, E.; Heintz, O.; Chassagnon, R., Synthesis
and characterization of palladium nanoparticle/polypyrrole composites. J. Phys. Chem. C 2008, 112, 19878-19885.

129



Chapter 4: Radiation induced synthesis of PPy: demonstration of the versatility of radiolytic method

[40] Xu, P.; Han, X. J.; Wang, C.; Zhou, D. H.; Lv, Z. S.; Wen, A. H.; Wang, X. H.; Zhang, B., Synthesis of
electromagnetic functionalized nickel/polypyrrole core/shell composites. J Phys Chem B 2008, 112, 10443-10448.

[41] Guo, J.; Gu, H. B.; Wei, H. G.; Zhang, Q. Y.; Haldolaarachchige, N.; Li, Y.; Young, D. P.; Wei, S. Y.; Guo, Z.
H., Magnetite-polypyrrole metacomposites: dielectric properties and magnetoresistance behavior. J Phys Chem C
2013, 117, 10191-10202.

[42] Yang, C.; Liu, P., Polypyrrole/conductive mica composites: preparation, characterization, and application in
supercapacitor. Synthetic Metals 2010, 160, 768-773.

[43] Shen, C.; Sun, Y.; Yao, W.; Lu, Y., Facile synthesis of polypyrrole nanospheres and their carbonized products
for potential application in high-performance supercapacitors. Polymer 2014, 55, 2817-2824.

[44] Ghosh, S.; Remita, H.; Ramos, L.; Dazzi, A.; Deniset-Besseau, A.; Beaunier, P.; Goubard, F.; Aubert, P. H.;
Brisset, F.; Remita, S., PEDOT nanostructures synthesized in hexagonal mesophases. New J. Chem. 2014, 38, 1106-
1115.

[45] Peng, S. J.; Tian, L. L.; Liang, J.; Mhaisalkar, S. G.; Ramakrishna, S., Polypyrrole nanorod networks/carbon
nanoparticles composite counter electrodes for high-efficiency dye-sensitized solar cells. Acs Appl Mater Inter 2012,
4, 397-404.

130



Chapter 4: Radiation induced synthesis of PPy: demonstration of the versatility of radiolytic method

131



Chapter 5: Effect of synthetic conditions on gamma radiation induced synthesis of PEDOT polymers

Chapter 5: Effect of synthetic conditions on radiation induced

synthesis of PEDOT polymers

In chapter 4, the versatility of radiolytic method has been proved by the successful
synthesis of polypyrrole (PPy). However, the morphology and properties of conducting
polymers (CPs) can be affected and adjusted by the synthetic conditions (soft template and
pH). Therefore, it is necessary to study the effect of the experimental conditions on the
synthesis of CPs by using gamma (y)-irradiation.

In the present chapter, synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) induced by
y-irradiation is selected as the research target and effects of synthetic conditions on the
polymerization of 3,4-ethylenedioxythiophene (EDOT) monomers are discussed.

First, in order to control the morphology of PEDOT polymers, the effect of the presence of
soft templates on the polymerization of EDOT monomers is studied. The radiation stability of
soft templates formed by sodium dodecyl sulfate (SDS) is checked and the influence of SDS
concentration on the polymerization of EDOT monomers is studied.

Second, in order to improve the properties of PEDOT polymers, the effect of pH on the
synthesis of PEDOT polymers is studied. PEDOT polymers are prepared in acidic aqueous
solution by using y-irradiation. On the one hand, influence of concentration of acid on the
polymerization of EDOT monomers is checked. On the other hand, effect of the nature of the
acid on the polymerization is studied by choosing perchloric acid (HCIO,4) and hydrochloric
acid (HCI). In order to check the effect of ionic strength on the polymerization of EDOT

monomers, sodium perchlorate (NaClO,) is added instead of the inorganic acid.
5.1 PEDOT synthesis and characterization methodologies
5.1.1 Solution preparation and y-irradiation

EDOT is selected as the monomer and deionized water is used as the solvent. SDS with a
concentration which is below or above critical micelle concentration (CMC) is added to
EDOT solutions to form soft template. HCIO, or HCI are added to adjust the pH of EDOT

solutions. NaClOQy is used to adjust the ionic strength of the solutions. Nitrous oxide (N,O) is

applied for degassing. Nitrosyl tetrafluoroborate (NOBF,) is dissolved in acetonitrile for p-
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doping during the electrical conductivity test. Poly(4-styrenesulfonic acid) (PSSH) and
dimethyl sulfoxide (DMSO) are applied to help PEDOT form PEDOT/PSS membranes.

Soft template. Aqueous solutions of SDS at concentrations of 1 (below CMC 1), 10
(between CMC | and CMC I11I) and 200 (above CMC IlI) mM (chapter 2) are prepared at room
temperature. EDOT monomers are solubilized in pure water at a concentration of 10 mM. To
study the effect of soft template on the polymerization of EDOT monomers, EDOT aqueous
solutions are added with SDS to prepare aqueous solutions containing concentration ratios of
EDOT to SDS at 10:0, 10:1, 10:10 and 10:200.

Acidic medium. A series of acidic solutions containing EDOT and HCIO4 (or HCI) with
molar ratios (in mM) of 10:0 (pH = 8), 10:1 (pH = 3), 10:10 (pH = 2), 10:100 (pH = 1) and
10:1000 (pH = 0) are prepared by adding HCIO, (or HCI) into EDOT aqueous solutions (10
mM). In addition, for comparison purpose, EDOT solution (10 mM) is added with NaClO,4
with a concentration of 1000 mM.

y-irradiation. Before y-irradiation, aqueous solutions of SDS, EDOT solutions added with
SDS, EDOT solutions added with HCIO,4 (or HCI) and EDOT solutions added with NaClO4
are all degassed with N,O for 20 min. Then, all the solutions were irradiated for 72 kGy in the
®Co source (Laboratoire de Chimie Physique, Paris-Sud University) at a dose rate of
4.1 kGy-h™.

5.1.2 Radiolysis of acidic medium

It is well known that the radiolysis of water under nitrogen (N,) atmosphere at neutral pH
produces various species: HOe, He, ey, H3O", H,0,, H, (equation 2.2, chapter 2). Among
these formed species, solvated electron (e,q) and hydroxyl radical (HO<) are the most
abundant species with high reactivity. As the pH of aqueous solution decreases, €.y is
transformed to hydrogen atom (He) by reacting with hydrogen ions (H") in the acidic medium
(equation 2.18, chapter 2) while the yield of HO« remains nearly the same. As a result, the
radiolysis of water under N, atmosphere in acidic conditions (pH = 0) mainly produces HO«
and He and the radiolytic yields are 2.9x10" mol J*and 3.7>10"" mol J™* (Figure 2.5, chapter
2).

When irradiation of aqueous solution happens under N,O atmosphere, € 54 is transformed
into HO+ (equation 2.14, chapter 2) which competes with the transformation of e’y into He
(equation 2.18, chapter 2). Therefore, the main species produced by the radiolysis of water

under N,O atmosphere in acidic conditions are still HO+ and He. Nevertheless, under N,O
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atmosphere, radiolytic yield of production of HO- is higher than under N, atmosphere, while
the yield of production of at least 2.9<10"" mol J™ while the maximum radiolytic yield of He
is necessarily lower.*

When HCIO, is added to adjust the pH of aqueous solution, the main species produced by
radiolysis of acidic aqueous solution under N,O atmosphere containing HCIO, are oxidizing
HO- and reducing He since ClIO,4 anions remain unreactive.

When HCI is used instead of HCIO,4, HO- is converted to Cl,-” (reactions 2.19~2.21, chapter
2) which is very oxidative agent.” Therefore, the main species produced by y-radiolysis of
acidic aqueous solution containing HCI under N,O atmosphere are Cl,""as well as He.

Therefore, y-irradiation of acidic aqueous solutions of EDOT can induce polymerization of
EDOT either by oxidation of EDOT either by HO+ or Cl," depending on the nature of the
used acid. Note in these conditions, the reactivity of He should be taken into account due to

the high concentration in hydrogen atoms.

5.1.3 Characterizations and measurements

To study the effect of y-irradiation, Ultraviolet-visible (UV-vis) spectra of all the prepared
solution before and after y-irradiation were recorded without dilution or with 10 times dilution
using a quartz cell with an optical path length of 0.2 cm. Acidic solutions of EDOT (10 mM)
and HCIO4 (or HCI) (10:1000) after y-irradiation were selected for further characterizations.
To identify the formation of PEDOT and its chemical composition, attenuated total reflection
fourier transform infrared (ATR-FTIR) absorption spectra were measured within the
wavenumber range of 4000 to 600 cm™ with a resolution of 4 cm™. The morphology of the as-
prepared products in solution was observed by cryo-transmission electron microscopy (Cryo-
TEM). The morphology samples dried by lyophilization were observed by scanning electron
microscopy (SEM). In addition, energy dispersive X-Ray (EDX) analysis is carried out to
identify the chemical composition of the materials during the SEM characterizations. Atomic
force microscopy-based infrared spectroscopy (AFM-IR) was performed to further study the
morphology and composition of the as-prepared samples.

The electrical conductivity measurements were done by spinning PEDOT suspension on a
glass and doping with NOBF,; (10 mM) solvated in acetonitrile. Similarly, the electrical
conductivity of PEDOT was measured by using the same procedures applied for PPy (chapter
4).
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5.2 Effect of SDS on the polymerization of EDOT monomers

SDS was used as surfactant building-block for the preparation of soft template in order to
prepare architecture-controlled PEDOT polymers. Indeed, EDOT and PEDOT being mainly
hydrophobic, EDOT monomers and PEDOT polymers should preferentially dissolve inside
the micelles. The choice of concentration below CMC I, between CMC | and CMC Il and
above CMC Il should enable the preparation of free PEDOT nanoparticles, PEDOT
nanoparticles in the core of spherical micelles and PEDOT nanotubes in cylindrical micelles.

In order to study the influence of SDS on the polymerization of EDOT monomers in
neutral aqueous solution, the stability of SDS upon irradiation under N,O atmosphere in
aqueous solution was checked first in the absence of EDOT monomers. The photographs of
aqueous solutions of SDS (1, 10 and 200 mM) before and after y-irradiation are shown
(Figure 5.1).

Figure 5.1 Photographs of aqueous solutions of SDS before (left) and after y-irradiation at
72 kGy under N,O atmosphere. The concentrations of SDS are 1 (a), 10 (b) and 200 (c) mM.

It is clear that all the SDS solutions are transparent before y-irradiation indicating that SDS
is completely solubilized in the concentration range of 1 to 200 mM. After y-irradiation at 72
kGy, solutions (a) and (b) become light yellow while solution (c) remains almost the same as
its appearance without y-irradiation. Therefore, y-irradiation of SDS solutions leads to slight
color change at low concentration indicating the chemical instability of SDS surfactant upon
irradiation.

In order to carry out spectroscopic comparison, Ultraviolet-visible (UV-vis) spectra of
aqueous solutions of SDS before and after y-irradiation are recorded (Figure 5.2). According
to Figure 5.2, all aqueous solutions of SDS are overlapped and show no absorption above 250
nm without y-irradiation (Figure 5.2, left). After y-irradiation, all the solutions show clear
absorption below 350 nm and UV-vis absorption spectra of solutions (a) and (b) (Figure 5.1)
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show weak absorption within the wavelength number of 350~500 nm which may explain the
light yellow color (Figure 5.2, right). The obvious changes of UV-vis absorption spectra of
SDS indicate that y-radiolysis of SDS solutions under N,O atmosphere produces some species
which absorb below 500 nm. This may result from the degradation of SDS by reacting with
HO- forming SDS radicals.®>* Since no clear precipitates are observed and since SDS micelles
have been widely used during the radiolysis, it is reasonable to suppose that SDS self
assembles remain stable upon y-radiolysis.>>" Even if SDS (dispersed or self-assembled into
micelles) is relatively unstable upon high dose irradiation, it is worth checking whether
PEDOT polymers could be synthesized in the presence of SDS surfactants. Indeed, since the
rate constants of oxidation of SDS by HO-+ corresponding to 7.6 < 10° L mol™ s™ (below
CMC 1) and 0.5 x10° L mol™ s (above CMC 1) are comparable to the rate constant of EDOT
oxidation by HO+ with a rate constant of 5 x 10° L mol™ s, one can expect competitive
reaction of HO- onto both EDOT (10 mM) and SDS (up to 200 mM) which should finally
lead to the synthesis of PEDOT polymers.*®
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Figure 5.2 UV-vis absorption spectra of aqueous solutions of SDS before (left) and after (right) y-irradiation for

72 kGy under N,O atmosphere. All the spectra are recorded without dilution with | = 0.2 cm.

To study the effect of SDS on the polymerization of EDOT, EDOT solutions (10 mM) are
added with SDS at different concentrations (1, 10 and 200 mM) and irradiated for 72 kGy
(Figure 5.3). As the critical micelle concentrations (CMC) of SDS are 8.3 mM (CMC 1, 25 °C)
and 70 mM (CMC 11, 25 °C) and the solubility of EDOT increases from 11 mM to 73 mM
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(chapter 2), it is certain that EDOT is completely solubilized in solution or distributed in SDS

micelles whatever the experimental conditions.

Ch [ £ 0 5 c o

. |

Figure 5.3 Photographs of EDOT solutions (10 mM) added with SDS before (left) and after (right) y-irradiation for 72 kGy
under N,O atmosphere. The concentrations of SDS are 0 (a), 1 (b), 10 (c) and 200 (d) mM.

From Figure 5.3, it can be seen that all the EDOT solutions added with SDS appear to be
transparent before irradiation as EDOT and SDS are completely solubilized. Therefore,
EDOT has no effect on the solubilization of SDS. Also, when comparing the absorption
spectra of EDOT in the absence or in the presence of SDS (1, 10 and 200 mM), one can
observe that the absorption of EDOT at 235 and 255 nm decreases slightly with increasing
SDS concentration (Figure 5.4, left).

1.6 1.6
- —— EDOT:SDS=10:0 ——EDOT:SDS=10:0
141 ——EDOT:SDS=10:1 141+ ——EDOT:SDS=10:1
] ——EDOT:SDS=10:10 ——EDOT:SDS=10:10
= 1.2 F235nm — —— EDOT:SDS=10:200 . 12} —— EDOT:SDS=10:200
= =
G 10} & 1.0
] ] 255 nm
£ 08 £ 08
] «
= T
2 06 ¢ 06
-] =
< 04 < 041
0.2 — 0.2} 700 am
0'()'T.|.|.|‘|‘|.|.| O'O-I.I.I.I.l.l.l.l

200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 1000
Wavelength/nm Wavelength/nm

Figure 5.4 UV-vis absorption spectra of EDOT solutions (10 mM) added with SDS before (left)
and after (right) y-irradiation for 72 kGy under N,O atmosphere. The concentrations of SDS are
0, 1, 10 and 200 mM. All the spectra are recorded after 10 times dilution with | = 0.2 cm.
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This decrease can’t be due to a lower solubility of EDOT in SDS micelles. This systematic
error is due to the variation of the volume and then of EDOT concentration when SDS powder
is added to the medium, to the dilution of the solution which is necessary before recording
UV-vis absorption spectra and also to the bubbling of the solution which is more important
when SDS concentration is higher.

After y-irradiation, apparent color changes happen to all the solutions and all the EDOT
solutions added with SDS have no precipitate (Figure 5.3). The appearance of EDOT solution
is the same as reported results (Figure 3.7, chapter 3). In particular, in the absence of SDS, the
yellow suspension is due to the formation of PEDOT polymers.

However, solution (b) added with 1 mM of SDS becomes yellow green while solution (c)
with a concentration of SDS 10 mM becomes yellow brown. Compared with solutions (b) and
(c), solution (d) added with SDS 200 mM becomes light brown. As the concentration of SDS
increases, the color becomes lighter implying that less polymerization of EDOT happens. In
general, the color of PEDOT is light blue (oxidized state) or dark blue (reduced state).
Therefore, only the color of solution (b) is close to the color of PEDOT in reduced state
indicating that low concentration of SDS favors the polymerization of EDOT.

The UV-vis absorption spectra of the irradiated solutions in the presence of SDS after 10
times dilution are displayed (Figure 5.4, right). While the absorption spectrum obtained in the
absence of SDS is similar to that previously obtained (Figure 3.7, chapter 3) confirming the
presence of PEDOT, the spectra obtained in the presence of SDS are quite different. No
intense bands are observed at high wavelengths. On the contrary, after irradiation the
characteristic band of EDOT at 255 nm remains. The intensity of this band increases with
SDS concentration.

Solution (b) (Figure 5.3, right) added with 1 mM of SDS (ratio 10:1) shows decreasing
absorption band at 255 nm suggesting the polymerization of EDOT happens. There is a new
band around 700 nm which further proves that polymerization of EDOT happens and may
explain the y-irradiation induced yellow green color of solution (b) (Figure 5.3). However, at
SDS concentration higher than 10 mM (ratios 10:10 and 10:200), the absorbancy at 255 nm
remains confirming that EDOT polymerization is inhibited. In the absence of SDS, all EDOT
monomers are consumed. On the contrary, in the presence of 200 mM in SDS, the intensity of
the absorption band of EDOT monomers is nearly the same as before irradiation indicating
the remaining of all EDOT monomers. It can be concluded that unfortunately the yield of
EDOT oxidation decreases with SDS concentration. The competitive reaction of HO- radicals

onto EDOT and SDS don’t enable the efficient preparation of PEDOT polymers in the
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presence of SDS surfactant when self-assembled into organic micelles. Therefore, the
application of SDS-based soft template is not helpful for y-irradiation induced synthesis of
PEDOT while the addition of SDS with a concentration lower than CMC | contributes to the
polymerization of EDOT. In this latter condition, PEDOT polymers display absorption band

at around 700 nm which is in agreement with reported results.>*°

5.3 Effect of pH on the polymerization of EDOT monomers

In order to study the effect of pH on the polymerization of EDOT, EDOT solutions were
added with either HCIO, or HCI and irradiated under N2O. Since y-radiolysis of acidic
aqueous medium produces different oxidizing species (HO- or Cl,"") (chapter 3), the effect of

these different oxidizing species on the polymerization of EDOT are also discussed.
5.3.1 Effect of HCIO,
With the aim to check the influence of HCIO4 on the polymerization of EDOT, EDOT

solutions were added with HCIO, at different concentrations (0, 1, 10, 100 and 1000 mM)
(Figure 5.5) and the pH values of all the solutions were measured with a pH-meter.
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Figure 5.5 Photographs of EDOT solutions (10 mM) added with HCIO, before (left) and after
(right) y-irradiation at 72 kGy under N,O atmosphere. The concentrations of HCIO, are 0 (a),
1 (b), 10 (c), 100 (d) and 1000 () mM and the pH values are 8, 3, 2, 1 and 0, respectively.

As is shown in Figure 5.5, before y-irradiation, all the EDOT solutions added with HCIO,
are transparent and the pH values of all the solutions are 8, 3, 2, 1 and 0, respectively. After y-
irradiation, all the transparent solutions become colored suspensions and the color darkens as
the concentration of HCIO4 increases. In particular, when the concentration of HCIO,4 is 1000

mM (pH = 0), dark blue suspension is obtained which is the same as the color of PEDOT in
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reduced state.***? Therefore, pH has obvious effect on the polymerization of EDOT
monomers and the polymerization of EDOT monomers at low pH is more favorable.
To further check the effect of pH, UV-vis absorption spectra of all EDOT solutions before

and after y-irradiation are recorded after 10 times dilution (Figure 5.6).
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Figure 5.6 UV-vis absorption spectra of aqueous solutions of EDOT (10 mM) added with HCIO, before irradiation (left) and
after (right) irradiation for 72 kGy under N,O atmosphere. The concentrations of HCIO, are 0, 1, 10, 100 and 1000 mM and

the pH values are 8, 3, 2, 1 and 0, respectively. All the spectra are recorded after 10 times dilution with 1 =0.2 cm.

According to Figure 5.6, before y-irradiation, UV-vis absorption spectra of all EDOT
solutions (b), (c), (d) and (e) (Figure 5.5) added with HCIO, are nearly the same as that of
pure EDOT solution (a) (Figure 5.5). Only a slight decrease in the absorption is observed with
increasing pH values. This should be due to the variation of the volume (and then of EDOT
concentration) when HCIO, is added and also to the dilution of solution which is needed for
recording UV-vis absorption spectra. Therefore, the addition of HCIO4 has no effect of the
absorption spectrum of EDOT which means that EDOT monomers remain stable in very
acidic medium. After y-irradiation, in the absence of HCIO,, the UV-vis absorption spectrum
of EDOT solution is the same as before (Figure 5.4), while clear variations of UV-vis
absorption spectra are observed as the pH decreases. In particular, a new band around 650 nm
appears in the UV-vis absorption spectrum of solution (e) (Figure 5.5) which is added with
HCIO, at a concentration of 1000 mM (pH = 0). This new band may arise from PEDOT in

reduced state. Taking into account its dark blue color, these results indicate that EDOT
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polymerization occurs and PEDOT may be formed by reacting with radiolytic radicals
obtained in acidic medium.

Let’s consider the two competitive reactions (2.14 and 2.18, chapter 2) of €5 onto N>O
(which leads to additional HO+) and H* (which leads to additional He), respectively. Taking
into consideration the concentration of [N>O] (0.0265 mol L™) and [H*] (10™") as well as the
rate constants kn,o (9>10° L mol™ s™) and ky" (2.3<10" L mol™ s™) corresponding to
reactions 2.14 and 2.18, the branching ratio (R) between the two reactions (2.14 and 2.18) can
be estimated. It enables the quantification of the ratio between the additional amounts of HO«
and He produced by reactions 2.14 and 2.18. If the radiolytic yields of production of HO- and

He produced by reactions 2.14 and 2.18 are noted G'yo. and G'i., then R can be expressed as:

_ Glho._ K300 2O~ 951095 0.0265 _ 0.01

R Gy "k, ] 23 x 10U [H] [H]

(5.1)

which evidently depends on the pH value. The lower the pH (the higher the [H']), the higher
the amount of He in comparison with that of HO-.
Taking into account the pseudo-first order decay of e, by its reaction with N,O and H”,

one can consider its half-time to be:

In2
tp= n
szo [N,O] + ky+ [HT]

(5.2)

which is around few ns.
For the calculation of G'yo.and G'n. Which result from e, decay according to reactions
2.14 and 2.18, let’s then consider the yield of production of e,y at 3 ns for consideration

which is:
Ge,q = G'Ho-+ G’ = 34 =10 mol J* (5.3)
Knowing the dependence of R = (G'o./G'h.) as a function of H*, it is then possible to

evaluate the values of G'yo.and G'y.at pH 0, 1, 2 and 3 (Table 5.1). The total radiolytic yields

of production of HO+ and He can then be calculated according to:
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G(HO*) = Gyo. + G'no.= 2.8 X107 mol J™* + G'yo. (5.4)
G(He) = G + G'y.= 0.6 <107 molJ™* + G'p. (5.5)
Table 5.1 Radiolytic yields of HO+ and He under N,O atmosphere in acidic medium.
[EDOTY/ G'Ho- G'h. G(HOv) G(He)
[HCIO, |pH| R | (10" mold™) | (<107 mold™) | (<107 molJ™) | (<107 molJ™)
10:1000 | 0 | 0.01 0 3.4 2.8 4
10:100 | 1 | 0.1 0.3 3.1 3.1 3.7
10:10 2 1 1.7 1.7 45 2.3
10:1 3 | 10 3.1 0.3 5.9 0.9

These calculations enable the evolution of the radiolytic yields of production of HO+ and He

as a function of the pH under N,O atmosphere. Evidently, at lower pH, the radiolytic yield of

HO- is lower and that of He is higher. Nevertheless, at this stage of the work, it is not possible

to know if both HO+ and He react onto EDOT monomers. In order to find the answer, aqueous

solutions containing 1 mM in EDOT in the presence of 1000 mM HCIO, (pH = 0) are

irradiated at increasing dose (Figure 5.7).
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Figure 5.7 UV-vis absorption spectra of aqueous solutions of EDOT (1 mM) added with HCIO, (1000

mM) (pH = 0) as a function of the dose under N,O atmosphere (left) and evolution of EDOT

concentration as a function of the irradiation dose (right). Insert: zoom which highlights the

existence of an isosbestic point. All the spectra are recorded without dilution and | = 0.2 cm.
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When the dose increases, one can observe the progressive decrease of the characteristic
bands of EDOT at 235 and 255 nm (Figure 5.7, left). This decrease parallels an increase of the
absorbancy at higher wavelength. Note that an isosbestic point is observed at around 270 nm
(see insert). In order to calculate the radiolytic yield of EDOT consumption (G.epoto) at pH =
0, the evolution of EDOT concentration (deduced from the absorbancy at 255 nm) is
displayed as a function of the dose (Figure 5.7, right). The initial slope of the curve enable to

calculate G.gpoTo. It amounts to:

G.eporo = 2.0 £0.5 mol J* (5.6)

It is noted that this yield is close the value of G(HO-) at pH = 0 (Table 5.1) and much lower
than that of G(HO-) + G(He) at the same pH. This result shows that, as in the case of neutral
medium, HO- reacts with EDOT leading to PEDOT polymers. He atoms which are
predominant in very acidic medium don’t seem to be involved in the polymerization of EDOT
monomers. Note that isopropanol or tert-butanol were added to scavenge HO« and He during
radiolysis. Nevertheless, the yield of EDOT disappearance was found to be the same. This
should be due to the instability of alcohols in very acidic medium. Indeed, alcohols can
undergo B-elimination or nucleophilic substitution which leads to ethylenic compounds and
halogeno-compound.*®

Considering the spectra of PEDOT polymers as function of the dose, the evolution couldn’t
be attributed to the nature of oxidizing radicals since only HO+ seem to react with EDOT
monomers. The difference which exists in the spectra could be due to the ionic strength which
increases drastically with pH.

As the ionic strength is very high under extreme acidic conditions, it is necessary to check
its effect on the polymerization of EDOT in neutral aqueous solutions. EDOT solution added
with NaClO,4 (1000 mM) is then exposed to y-irradiation up to 72 kGy under N,O atmosphere
and UV-vis absorption spectrum of the obtained solution is measured after 10 times dilutions
(Figure 5.8).

Figure 5.8 shows that UV-vis absorption spectrum of EDOT solution added with NaCIlO4
has weak absorption from 200 to 1000 nm and no characteristic bands are observed. Similarly,
the solution after y-irradiation appears to be yellow suspension. These results are different
from that obtained with HCIO, implying that ionic strength has no effect on the
polymerization of EDOT. Therefore, the effect of ionic strength on the polymerization of

EDOT can be excluded while pH has critical effect. The differences which exist in the spectra
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of PEDOT obtained at different pH values are certainly due to the concentration of H* which

could affect the morphology of the polymers as well as the doping level.
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Figure 5.8 UV-vis absorption spectrum of aqueous solution of EDOT (10 mM) added with NaClO,
(1000 mM) irradiated for 72 kGy under N,O atmosphere. The spectrum is recorded after 10 times
dilution with I = 0.2 cm. Insert: photograph of the solution after y-irradiation.

5.3.2 Effect of HCI

In order to check whether the original results obtained in the presence of HCIO, could be
obtained in the presence of another inorganic acid, HCI is considered. As in the case of HCIOy,
HCI is added into EDOT solutions at different concentrations (0, 1, 10, 100 and 1000 mM) to
study the effect of pH on the polymerization of EDOT (pH =8, 3, 2, 1, 0) (Figure 5.9).
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Figure 5.9 Photographs of EDOT solutions (10 mM) added with HCI before (left) and after
(right) y-irradiation for 72 kGy under N,O atmosphere. The concentrations of HCI are 0 (a), 1
(b), 10 (c), 100 (d) and 1000 () mM and the pH values are 8, 3, 2, 1 and 0, respectively.
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In Figure 5.9, all EDOT solutions added with different concentrations of HCI are
transparent and the pH values of all the solutions are 8, 3, 2, 1 and 0, respectively. After -
irradiation, all transparent solutions become colored suspensions and solution (e) appears to
be dark blue. These results are the same as those obtained in the case of EDOT added with
HCIO,4. Dark blue suspension is only formed under extremely acidic medium (pH = 0)
indicating that the polymerization of EDOT under acidic is more favorable.

In order to verify the effect of pH, UV-vis absorption spectra of all EDOT solutions before
and after y-irradiation are recorded after 10 times dilution (Figure 5.10). From Figure 5.10, it
is clear that all EDOT solutions show characteristic bands of EDOT at 233 and 255 nm before
y-irradiation confirming that HCI has no absorption within this wavelength range. Also,
EDOT monomers remain stable in the presence of HCI. The slight variation in the absorption
of EDOT should be once again due to the dilution. After y-irradiation, quite different
absorption spectra are recorded and all the characteristic bands of EDOT disappear indicating
that the polymerization of EDOT quantitatively occurs. UV-vis absorption spectrum of
solution (e) (Figure 5.9, right) after y-irradiation has a new absorption band around 685 nm
which may correspond to PEDOT polymers in reduced state formed in the present

experimental conditions.
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Figure 5.10 UV-vis absorption spectra of aqueous solutions of EDOT (10 mM) added with HCI before irradiation (left) and
after (right) irradiation for 72 kGy under N,O atmosphere. The concentrations of HCl are 0, 1, 10, 100 and 1000 mM and the
pH values are 8, 3, 2, 1 and 0, respectively. All the spectra are recorded after 10 times dilution with 1 =0.2 cm.

As demonstrated above with HCIO, (equation 5.1), the radiolytic yields of HO+ and He
depend on the pH of the medium. If HO- is quantitatively converted into Cl, " (with HCI), one
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can evaluate once again the radiolytic yields of production of Cl,-"and He as a function of the
pH. Evidently, at lower pH, the radiolytic yield of Cl,"is lower and that of He is higher. If
considering that He atoms don’t react with EDOT monomers, the formation of PEDOT
polymers is certainly exclusively due to Cl,~ which should quantitatively oxidize EDOT
monomers thanks to its high redox potential. Since similar results are obtained with both
HCIO, and HCI, we can conclude that the reactivity of Cl,”” onto EDOT monomers is
comparable with that of HOe, leading to PEDOT polymers with similar absorption properties
(compare Figure 5.6 and 5.10). As the UV-vis absorption spectra obtained with HCIO, and
HCI are similar at a given pH, this means that the concentration of H is the crucial parameter
which determines the morphology and the doping level of the PEDOT polymers.

Based on the above results, it is easy to see that both HCIO, and HCI have nearly the same
effect on the polymerization. Although the oxidizing species produced by y-radiolysis of
acidic medium, containing either HCIO4 or HCI are different (HO- or Cl,"), the color and
absorption spectra of final products are quite similar suggesting that both HO+ and Cl,'" can

initiate the polymerization of EDOT monomers and lead to the same polymeric compound.
5.4 Spectroscopic characterization of PEDOT polymers synthesized at pH =0

In order to characterize PEDOT polymers formed at pH = 0 in the presence of HCIO,
(Figure 5.5, solution (e)) and HCI (Figure 5.9, solution (e)) and to identify the chemical
composition and functional groups of the as-prepared products, EDOT solutions added with
HCIO,4 or HCI after y-irradiation are dried by lyophilization and attenuated total reflection
fourier transform infrared (ATR-FTIR) spectra are recorded (Figure. 5.11). The obtained
products after lyophilization are noted PEDOT-HCIO, and PEDOT-HCI. For comparison, the
ATR-FTIR spectrum of pure EDOT is also displayed.

According to Figure 5.11, it is clear that the ATR-FTIR spectrum of EDOT monomers
shows the characteristic band at 755 cm™ which corresponds to the C-H out-of-plane bending
vibration at a,a' positions.** After y-irradiation, this characteristic band disappears in FTIR
spectra of PEDOT-HCIO, and PEDOT-HCI indicating that polymerization of EDOT
monomers occurs totally via o, o' coupling reactions.™

Furthermore, all the characteristic bands of PEDOT polymers can be clearly identified
which confirms the polymerization of EDOT monomers into PEDOT polymers. In the FTIR
spectrum of PEDOT-HCI, the absorption bands at 835, 902 and 981 cm™ correspond to the
vibrations of C-S bond.*® The band at 1054 is attributed to the ethylenedioxy group (C-O-R-
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0-C).'® The stretching vibrations of C=C in thiophen ring are seen at 1390 and 1471 cm™.1%*/

The bands at 1226 and 1349 cm™ originate from of C-C bond.'"*® Note that observation of CI°
is not possible by FTIR since no characteristic band of chloride based functional group is
recorded. The FTIR spectrum of PEDOT-HCIO, is quite similar to that of PEDOT-HCI
proving that PEDOT polymers are formed. Nevertheless, in the case of PEDOT-HCIO,, there
are two weak peaks at 620 and 1016 cm™ which arise from the ClIO4” anions which remain in
the sample after lyophilization. FTIR spectra clearly identify the characteristic peaks of
PEDOT polymers confirming successful synthesis of PEDOT polymers with HCIO, and HCI
at pH = 0. Therefore, the synthesis of PEDOT in acidic medium is successful and offers

another synthetic approach for the preparation of CPs.
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Figure 5.11 ATR-FTIR spectra of pure EDOT, PEDOT-HCIO, and PEDOT-HCI
after a 72 kGy y-irradiation at pH = 0 under N,O atmosphere.

5.5 Morphological observations of PEDOT polymers synthesized at pH =0

In order to observe the morphology of PEDOT polymers, EDOT solutions added with
HCIO,4 or HCI after y-irradiation (solutions (e), Figure 5.5 and Figure 5.9) are characterized
by cryo-transmission electron microscopy (Cryo-TEM). Typical Cryo-TEM images of
PEDOT-HCIQ, are exhibited (Figure 5.12).
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Figure 5.12 Cryo-TEM images of PEDOT-HCIO, synthesized by a 72 kGy
irradiation of EDOT aqueous solution at pH = 0 under N,O atmosphere.

Figure 5.12 shows Cryo-TEM images of PEDOT in acidic solution added with HCIO,. It
can be found that PEDOT-HCIO,4 appears to be amorphous in acidic medium. Although some
granular-like (~50 nm) and aggregated structures are observed, PEDOT-HCIO, shows no
specific features which is different from that of PEDOT obtained in neutral aqueous solution
(Figure 3.10, chapter 3)."*'* The morphological difference may result from the random
aggregation of small size of PEDOT formed in acidic medium.?®** Maybe, this amorphous
aspect and the high level of aggregation observed are responsible of the characteristic UV-vis
absorption spectra obtained in the presence of HCIO, at very low pH (Figure 5.6).

Similarly, in order to observe the morphology of PEDOT-HCI in solution, Cryo-TEM
images of PEDOT-HCI are recorded (Figure 5.13).

Figure 5.13 Cryo-TEM images of PEDOT-HCI synthesized by a 72 kGy
irradiation of EDOT aqueous solution at pH = 0 under N,O atmosphere.
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As is shown in this figure, the morphology of PEDOT-HCI appears to be amorphous in
acidic medium as in the case of HCIO, and aggregated structures are observed. This result is
the same as that of PEDOT-HCIO, further proving that the polymerization of EDOT is
favorable whatever the kind of acid.

In order to observe the morphology of PEDOT polymers after deposition, the solutions
previously observed by Cryo-TEM are dried by lyophilization and characterized by scanning
electron microscopy (SEM). In order to get highly contrasted SEM images, the obtained
powders are coated with gold before SEM characterization. The typical SEM images of
PEDOT-HCIO,4 and PEDOT-HCI are presented (Figure 5.14).
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Figure 5.14 SEM images of PEDOT-HCIO, (up) and PEDOT-HCI (down) synthesized by a 72
kGy irradiation of EDOT aqueous solution at pH = 0 under N,O atmosphere.

In Figure 5.14, different morphologies of PEDOT-HCIO, (up) and PEDOT-HCI (down)
can be found. To PEDOT-HCIO,, big blocks and compact aggregation of granular particles

can be seen. This result may result from the perchlorate anions (ClO4) which absorb humid
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making PEDOT-HCIO,4 wettish. However, the SEM images of PEDOT-HCI highlight the
existence of compact aggregates of granular particles. These aggregations are formed by
amorphous and granular structures observed by Cryo-TEM (Figure 5.13). Therefore, the
morphological difference of PEDOT polymers may result from the presence of CIO, in one
case and of CI” which is less hygroscopic in the other case.

In order to study the chemical composition of the obtained powders, energy dispersive X-
Ray (EDX) analysis is carried out during the SEM characterization within a selected area. The
EDX spectra of the PEDOT-HCIO,4 and PEDOT-HCI are recorded (Figure 5.15).
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Figure 5.15 EDX spectra of PEDOT-HCIO, (up) and PEDOT-HCI (down) synthesized by a
72 kGy irradiation of EDOT solution at pH = 0 under N,O atmosphere..

From the EDX spectra of both PEDOT polymers, the peaks of C, O, S and ClI can be clearly
seen indicating that the PEDOT powders contain Cl. Since the ATR-FTIR spectra of the
PEDOT polymers show no characteristic vibration bands of functional groups containing Cl,
Cl atoms are not bounded to polymer chains. But, the ClI element may exist in the form of
counter ions of ClIO,” or CI" which can’t be removed by lyophilization. This may explain the
wettish character of PEDOT-HCIO,4 during the SEM characterization.
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In order to further observe the morphology of PEDOT polymers and check their chemical
compositions, a few drops of acidic solutions of PEDOT-HCIO, and PEDOT-HCI are
deposited onto the ZnSe prism, dried naturally and characterized by atomic force microscopy-
based infrared spectroscopy (AFM-IR). The results of AFM-IR characterizations of PEDOT-
HCIO, are shown (Figure 5.16).
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Figure 5.16 AFM-IR characterization of PEDOT-HCIO, synthesized by a 72 kGy irradiation of
EDOT solution at pH = 0 under N,O atmosphere. (2) AFM topographic image of PEDOT-HCIO,
polymers in contact mode, (b) AFM-IR spectrum of PEDOT-HCIO, and (c¢) Chemical map of
PEDOT-HCIO, polymers with the IR source tuned to the C=C bond at 1480 cm™.

As is shown in Figure 5.16, topography of PEDOT-HCIO, (Figure 5.16, image a) appears
to be very loose granular structures when dried naturally. It is clear that PEDOT-HCIO, is not
dry enough due to the presence of CIO,  which absorbs humid. During the AFM-IR test,
PEDOT-HCIQ, is scratched by the tip and moves making the topography unclear. The wettish
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property and loose granular structure are in agreement with the results obtained by SEM
characterization (Figure 5.14, up). The IR spectrum (Figure 5.16, image b) of PEDOT-HCIO,
shows the vibration band of C=C at 1471 cm™ indicating the presence of PEDOT polymers.
The chemical map (Figure 5.16, image c¢) of PEDOT-HCIO, is recorded with the IR sourced
tuned to the absorption of C=C band at 1480 cm™. The red color indicates regions absorbing
stronger at the selected IR wavenumber 1480 cm™ while the green color shows the contrary.
The fact that chemical mapping (Figure 5.16, image c) fits well with topography (Figure 5.15,
image c) indicates that the loose structures are made of PEDOT polymers. This result further
confirms that PEDOT polymers are successfully synthesized in acidic medium.
Similarly, AFM-IR test is applied to PEDOT-HCI and results are presented (Figure 5.17).
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Figure 5.17 AFM-IR characterization of PEDOT-HCI synthesized by a 72 kGy irradiation of
EDOT solution at pH = 0 under N,O atmosphere. (a) AFM topographic image of PEDOT-HCI
polymers in contact mode, (b) AFM-IR spectrum of PEDOT-HCI and (¢) Chemical map
of PEDOT-HCI polymers with the IR source tuned to the C=C bond at 1480 cm™.
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From the topography of PEDOT-HCI (Figure 5.17 a), it is clear that PEDOT polymers
appear as aggregated granular particles after drying. This result is in agreement with the
morphology of PEDOT-HCI observed by SEM (Figure 5.14, down). Therefore, dried from the
acidic solution, PEDOT-HCI appears to be granular particles.

The collected AFM-IR spectrum (Figure 5.17, image b) of the granular deposit displaying
the absorption band of C=C stretching band at 1478 cm™ which is also observed in the ATR-
FTIR spectrum of PEDOT-HCI polymers (1471 cm™). The chemical map (Figure 5.17, image
¢) is scanned with the laser tuned to 1480 cm™ which is the characteristic absorption band of
PEDOT polymers and the absorption strength is recorded. Compared with the topography
(Figure 5.17, image a), the chemical map shows stronger absorption areas corresponding to
the regions where more nanoparticles compactly aggregate. The features of both topography
and chemical map are quite similar indicating that the granular particles are mainly composed
by PEDOT polymers. Therefore, it can be concluded that amorphous PEDOT polymers
synthesized by y-irradiation induced polymerization in aqueous solution sin acidic medium

form granular particles after deposition.

5.6 Electrical conductivity of PEDOT polymers synthesized at pH =0

The electrical conductivity of PEDOT polymers prepared in acidic medium (pH = 0) by vy-
irradiation is measured by using the same procedures as those already described in the case of
PPy and PEDOT polymers (chapter 4). After p-doping, the electrical conductivity of PEDOT-
HCIO, and PEDOT-HCI are determined to be 7.7><10and 3.3x10° S-cm™. These values are
comparable with the electrical conductivity of PEDOT prepared by electron beam, which is
9x10* S cm™ (chapter 3) and the low electrical conductivity of PEDOT prepared in acidic
medium suggests that acidic condition is not so good for the enhancement of electrical

conductivity of PEDOT even when doped with counter anions (CIO, ™ or CI").
5.7 Preparation of PEDOT/PSS membranes

As the membranes composed by PEDOT and poly(4-styrenesulfonic acid) (PSSH) have
various applications, the prepared PEDOT polymers in very acidic solutions (pH = 0) are

mixed with PSSH to form PEDOT/PSS membranes (Figure 5.18). The ratio of PEDOT to
PSS is fixed at 1:2.5 (wt%) and DMSO is added (5%) to help the distribution of PEDOT.
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As is shown in Figure 5.18, the PEDOT/PSS membranes appear to be dark blue and clear
cracks are seen after drying in the oven. As the membranes are very fragile, it is necessary to
check the effect of ratio on the mechanical stability of PEDOT/PSS.

Figure 5.18 PEDOT/PSS membranes prepared by mixing PEDOT-HCIO, (left)
or PEDOT-HCI with PSS and DMSO. PEDOT-HCIO, and PEDOT-HCI are
synthesized by a 72 kGy irradiation of EDOT solution at pH = 0 under N,O atmosphere.

5.8 Conclusions

In this chapter, the effect of synthetic conditions (soft template, pH and ionic strength) on
the polymerization of EDOT is studied. First, the presence of SDS micelles didn’t allow the
synthesis of PEDOT polymers due to the competitive reaction of HO+ onto SDS molecules.
On the contrary, a very acidic medium (HCIO4 or HCI) enabled the synthesis of PEDOT
polymers thanks to the oxidation of EDOT monomers by HO- or Cl,*". A dark blue precipitate
is obtained after y-irradiation at pH=0. Spectroscopic studies prove that PEDOT polymers in
reduced state are synthesized. Next, it is proved that the kind of acid and ionic strength have
no effect on the polymerization of EDOT. Microscopic observations (Cryo-TEM and SEM)
showed that the produced PEDOT appears to be amorphous in solution while compact
aggregates of granular particles are observed after deposition. These granular particles are
mainly composed of PEDOT polymers as confirmed by AFM-IR. PEDOT polymers prepared
in acidic medium possess electrical conductivity in the order of 10°S-cm™ which comparable
to that of PEDOT prepared in neutral medium. In conclusion, synthesizing conducting
PEDOT polymers using gamma irradiation in acidic medium is feasible and may offer a new

approach for the synthesis of CPs. Finally, even if the fabrication of PEDOT/PSS membrane
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is successful, the preparation conditions needs to be optimized in order to improve the
mechanical stability of the layer.
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Chapter 6: Development of a radiation-induced reduction-

polymerization route for the synthesis of PEDOT polymers

Conducting polymers (CPs) have been widely investigated due to their potential
applications in many areas." A large variety of CPs have been developed among which
poly(3,4-ethylenedioxythiophene) (PEDOT) polymers have attracted great interests for their
easy synthesis, good environmental stability and high electrical conductivity”*. PEDOT
polymers have many potential applications as conducting coating, organic transistor, sensor,
electrochromic display and photovoltaic device.*”

As an important kind of CPs, PEDOT polymers are normally prepared by the traditional
chemical or electrochemical polymerization of 3,4-ethylenedioxythiophene (EDOT)
monomers.2** PEDOT is usually synthesized by oxidation—polymerization routes thanks to
the initial oxidation EDOT monomers and to the further coupling reactions in a,a’ positions
(Figure 2.2, chapter 2).

To initiate the polymerization of EDOT monomers, both the chemical and electrochemical
methods involve the oxidation of EDOT monomers to the EDOT cations. Both chemical
oxidants and applied electrochemical oxidation potential can oxidize the EDOT monomers
into EDOT cations which form EDOT dimers by a-o' coupling reactions. Two H atoms are
subtracted from o and o' positions of EDOT monomers forming a new C-C bond. Then, the
formed EDOT dimers undergo similar chemical or electrochemical oxidation and coupling
reactions produce EDOT oligomers. Finally, elongation of the EDOT oligomers with the

similar procedures produces PEDOT polymers (Figure 6.1).
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Figure 6.1 Schematic of chemical and electrochemical

polymerization of EDOT monomers into PEDOT polymers.
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While the more traditional oxidation—polymerization ways consist in chemical or
electrochemical methods, some alternative approaches such as plasma deposition and
enzyme-catalyzed polymerization to synthesize PEDOT polymers have been reported.* It
has also been reported that the combination of chemical oxidation and gamma (y)-irradiation
was applied for the synthesis of CPs.™>"" Contrary to the traditional oxidation-polymerization
approach, the reduction polymerization route has been rarely applied and only the chemical
reduction polymerization of halothiophene is reported.’® To the best of my knowledge, the
synthesis of PEDOT polymers by reduction polymerization has not been reported.

In chapter 3, an easy and “green” methodology has been developed by using exclusively y-
rays to induce oxidation-polymerization of EDOT monomers in aqueous solution.”® Also, by
adjusting polymerization conditions, different oxidizing species, namely hydroxyl and azide
radicals, were produced under N,O atmosphere by y-radiolysis of water and leaded to the self-
assembled PEDOT polymers with different morphologies.?® In chapter 4, this radiolytic
methodology has also been extended to the synthesis of polypyrrole (PPy) polymers.
Therefore, radiolytic methodology, especially y-irradiation, has definitely proved to be a
useful alternative approach for the oxidation—polymerization of nanostructured CPs.
Nevertheless, to the best of our knowledge, radiation chemistry has never been used, in
reducing conditions, as a route for conducting polymers reduction—polymerization procedure.

In this chapter, simple y-rays-based reduction—polymerization route for synthesizing
conducting polymers under N, atmosphere is described at room temperature. The originality
of the work comes from the use, during the initiation step of polymerization, of reducing
species produced from water radiolysis, namely hydrated electrons (e, ), instead of oxidizing
radicals, such as hydroxyl radicals (HOe¢) or azide radicals (Ns¢). Morphology and
physicochemical properties of PEDOT synthesized by reduction—polymerization (action
of eaq under N, atmosphere), noted PEDOTred, are checked and compared with those of
PEDOT already synthesized by y-irradiation under oxidative  conditions,
noted PEDOTox (action of HO+ under N,O atmosphere).

6.1 PEDOT synthesis stragety and characterization

6.1.1 Solution preparation

Aqueous solutions containing different concentrations in EDOT (1 and 10 mM) were
prepared at room temperature and in the dark to prevent any photochemical reaction. The

159



Chapter 6: Development of a radiation-induced reduction—polymerization route for the synthesis of PEDOT

chosen EDOT concentrations, which are lower than EDOT solubility in water, were always
checked by UV-vis absorption spectroscopy since the spectrum of EDOT had earlier been
determined.® EDOT concentrations higher than 10 mM were not used in order to avoid the
direct ionization of EDOT molecules which could occur during radiolysis. The pH of the
solutions was, in all the cases, found to be close to 7. Note that no drastic change in the pH
was observed after irradiation.

For PEDOT g synthesis, EDOT aqueous solutions were added with isopropanol (0.2 M),
degassed with N for 20 min and then irradiated with increasing doses up to 72 kGy in order
to achieve complete polymer synthesis. For comparison purpose and in order to quantitatively
synthesize PEDOT ., EDOT aqueous solutions were degassed by bubbling with nitrous oxide,
N.O, for 20 min, in the absence of isopropanol and then irradiated at 72 kGy. All irradiations

were carried out at a dose rate of 5 kGy h™.
6.1.2 Water radiolysis and radiation-induced polymerization

y-radiolysis of aqueous solutions under N, atmosphere at neutral produces two main
species, namely hydroxyl radicals (HO+) and hydrated electrons (e,q) with the same radiolytic
yields of 2.8x107 mol J* (equations 2.4 and 2.5, chapter 2). Note that HOs is a strong
oxidant (2.2 Vsue at pH = 7) and e,q is a very reducing species (-2.8 Vsue). Due to these two
extremal redox potential values, one can consider the possible oxidation of EDOT (1.4
Vagiagcl) by HO+ as well as its possible reduction by e,q.**

In order to reduce EDOT monomers and then to synthesize PEDOT g polymers, HOs must
be scavenged. This is possible, under N, atmosphere, in the presence of isopropanol,
(CH3),CHOH. Indeed, when isopropanol is present (at a relatively high concentration,
0.2 M for instance), HO- is quantitatively converted into isopropanol radical, (CH3),C+OH
(reaction 2.23, chapter 2). In addition, y-radiolysis of water produces hydrogen atoms (He)
which also quantitatively reacts with (CH3),CHOH producing (CH3),C+OH (reaction 2.24,
chapter 2).

As a consequence, when irradiating Nj-saturated aqueous solutions in the presence of

isopropanol, as in the case of EDOT solutions, in addition to €, (Geaq' =2.8X107 mol-J™?),

only an additional short-lived transient species is quantitatively formed, namely (CH3),C+OH,
the radiolytic yield of which being 3.4x<107 mol J* (equation 2.26, chapter 2). Note that
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(CHj3),C+OH cannot oxidize EDOT. In fact, it is almost a reducing species, the redox potential
of which amounts to —1.8 Vg at pH = 7.2

On the contrary, in order to oxidize EDOT and then to synthesize PEDOT,, hydrated
electrons must be scavenged. As described before (chapter 3), this is possible under N,O
atmosphere. As a consequence, when irradiating N,O-saturated aqueous solutions at neutral
pH, as in the case of EDOT solutions, only one short-lived transient species is quantitatively
formed, namely HO- radicals, the radiolytic yield of which becoming 5.6x<10" mol J*
(equation 2.15, chapter 2).

The concentration, C, of a radiolytic species produced by water radiolysis can be expressed
as a function of the irradiation dose, D, expressed in Grays according to:

[e25] = D (Gy) >Ge,, (Mol J7) (6.1)
[HO+] = D (Gy) xG(HO*) (mol J?) (6.2)

Then, under N, atmosphere in the presence of isopropanol, a dose of 3.6 kGy produces
1 mM in hydrated electrons (and 1 mM in isopropanol radicals), while under N,O atmosphere,
a dose of 1.8 kGy is needed for the production of 1 mM in hydroxyl radicals.

As demonstrated in chapter 3, the yield of EDOT monomers oxidation by hydroxyl
radicals is strictly equal to the yield of HO- formation.*®® It is also demonstrated that the
guantitative synthesis of PEDOT . polymers throughout oxidation—polymerization mechanism
implies the use of two HO -radicals per EDOT molecule. This is consistent with the fact that,
in a polymer, all the monomers apart from the terminal ones, are bound to two neighbors in o
and o' positions. Thus, the theoretical irradiation dose (Dmax) Which should lead to the
quantitative formation of PEDOT,, under N,O atmosphere is twice the dose necessary for the
total oxidation of EDOT monomers. In a N,O-saturated aqueous solution containing 10 mM
in EDOT, according to (equation 2.4, chapter 2 and equation 6.2), the dose which is necessary
for the total oxidation of EDOT (10 mM) by hydroxyl radicals, amounts to 18 kGy, while the
dose Dpax Which is necessary for the complete synthesis of PEDOTx amounts to 36 kGy.

One can suppose that the quantitative synthesis of PEDOTq polymers throughout
reduction—polymerization mechanism implies also the use of two reducing radicals per EDOT
molecule. The theoretical irradiation dose (Dmax) Which should lead to the quantitative
formation of PEDOT g, under N, atmosphere in the presence of isopropanol, is then twice the

dose necessary for the total reduction of EDOT monomers. Since, isopropanol radicals do not
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reduce EDOT as it will be further demonstrated and since only hydrated electrons react onto
EDOT molecules, due to equation 2.5 (chapter 2 ) and equation 6.1, the doses which are
necessary for the total reduction of 1 mM and 10 mM in EDOT, amount to 3.6 and 36 kGy
respectively, while the doses Dmax Which are necessary for the complete synthesis of

PEDOT eq, amount to 7.2 and 72 kGy respectively.

6.1.3 PEDOT,,q and PEDOT . characterization

UV-visible absorption spectra of EDOT (before irradiation) and of radiosynthesized
PEDOT,x or PEDOT g (after irradiation) solutions were recorded by putting the obtained
aqueous solutions in a quartz cell with an optical path length of 0.2 cm. Due to the relatively
high extinction coefficient of EDOT, aqueous solutions containing 10 mM EDOT monomers
were diluted 10 times before measurement. The morphology of PEDOT polymers in solution
was directly observed by Cryo-TEM before any deposition.

To further identify radiosynthesized polymers and their chemical composition, the Fourier
transform infrared (FTIR) spectra of lyophilized PEDOT.x and PEDOT 4 Were recorded. In
order to check the morphology of radiosynthesized polymers after deposition,
PEDOT . powder obtained after lyophilization was sprinkled onto carbon tape adhered to
aluminum mounts and SEM images were obtained.

AFM-IR measurement were carried out by depositing a small drop of PEDOT ¢q solution
onto the upper surface of ZnSe prism (transparent in the mid-IR) and dried naturally in
air. The thermal stability and composition analysis of lyophilized PEDOT,x and PEDOT eq
was performed under a nitrogen flow of 50 mL/min. The temperature ranged from 40 to
900 T at a heating rate of 20 <T/min.

To measure the conductivity of PEDOTy and PEDOT,q, spin-coated films of PEDOT
were obtained by spinning a small drop of PEDOT suspensions on a glass substrate. Before
measurements, the nanostructures of PEDOT solutions or suspensions were doped with
NOBF, at a concentration of 10 mM in acetonitrile. A four-point probe technique was used
for measuring the resistance of PEDOT ., and PEDOT 4 films and surface profiler was used
for the thickness measurement of the films. The conductivity, p (S cm™) was determined
thanks to equation2.35 (chapter 2).
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6.2 Hydrated electrons-induced EDOT reduction

In chapter 3, it has already been demonstrated that, at air and under N,O atmosphere,
hydroxyl radicals quantitatively oxidize EDOT molecules, the yield of EDOT monomers
oxidation being strictly equal to the yield of formation of HO- radicals."** In order to check
whether EDOT molecules can be alternatively reduced by radical species produced by water
radiolysis, we irradiated aqueous solutions containing 1 mM in EDOT at increasing doses up
to 7.2 kGy under N in the presence of 0.2 M isopropanol.

The UV-vis absorption spectrum of aqueous solution containing 1 mM in EDOT displays
as already highlighted two absorption maxima at 235 and 255 nm as shown (Figure 6.2).
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Figure 6.2 UV-vis absorption spectrum of EDOT monomer (1 mM)
aqueous solution (1=0.2 cm, reference: water). Insert: evolution of EDOT
concentration of as a function of the dose. The initial radiolytic yield of

EDOT consumption corresponds to the initial slope of the curve.?®

The characteristic peak of EDOT monomers at 255 nm arises from n—n* electronic
transitions in the thiophene ring and its extinction coefficient value was estimated to be
7048 L mol™' cm™" which is in agreement with the results obtained (section 3.2.2, chapter 3).*°
The evolution of the UV-visible absorption spectrum of this solution as a function of the
irradiation dose displays a continuous decrease in the absorption at 235 and 255 nm (results

not shown) indicating the progressive consumption of EDOT (according to a pseudo-first-
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order exponential decay). From the value of the extinction coefficients at 255 nm, we deduced
the variation in EDOT concentration with the irradiation dose (Inset of Figure 6.2). The initial
radiolytic yield of EDOT consumption, G_gpot o, IS given by the value of the initial slope of

the curve which can be deduced thanks to an exponential fit of the experimental curve:

d[EDOT] (mol L'1)
dDose (Gy)

=7
G _upor , (mol J) =—( ) =26 x 10 mol J-!
0

(6.3)

The same vyield is obtained when irradiations are performed in the presence of tert-butanol
(instead of isopropanol) which is also a scavenger of HO- radicals. Nevertheless, contrarily to
isopropanol radicals, tert-butanol radicals are known to be unreactive. These results
demonstrate that, under N in the presence of isopropanol, only hydrated electrons react with

EDOT monomers. In addition, we clearly find that:
G.epoto~ Ge,y (6.4)

This indicates that a concentration of 1 mM in EDOT is sufficient to scavenge all the
hydrated electrons produced by radiolysis of water and that e, quantitatively reduces EDOT
monomers. Also, the reactivity of e,y onto EDOT was checked by pulse radiolysis and the
rate constant of reduction of EDOT has been determined as it will be presented in the next
part (chapter 7).

6.3 Radiation-induced reduction—polymerization of PEDOT

In chapter 3, it has been demonstrated that, at air and under N,O atmosphere, HO--induced
oxidation of EDOT implies the formation of a transient species, namely EDOT™" cation
radical, which dimerizes and deprotonates leading to a stable product, namely
EDOT, dimer.?* This result proves that PEDOT., growth is not a chain reaction. On the
contrary, it proceeds through a step-by-step mechanism made up of the following recurrent
steps: (i) oxidation/activation, (ii) growth/chain length increase, (iii) deprotonation. As a
consequence, PEDOT radioinduced synthesis proceeds through a recurrent oxidation
process: HO -reacts with EDOT monomers, then with dimers, then with oligomer. This means
that the quantitative synthesis of PEDOT . polymers throughout oxidation—polymerization

mechanism implies the use of two HO- radicals per EDOT molecule. This has also been
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demonstrated since doses higher than 36 kGy enabled the quantitative radiation-induced
oxidation polymerization of 10 mM in EDOT under N,O atmosphere.*?*?

While hydroxyl radicals oxidize EDOT monomers leading to PEDOT,« polymers, hydrated
electrons are able to reduce EDOT and, by comparison, should lead to PEDOT 4 polymers.
The fact that the yield of EDOT consumption is equal to that of e, production (equation 6.4)
means that the process initiated by hydrated electrons and which will be further attributed to
PEDOT q radioinduced synthesis does not proceed through a chain reaction. Then, one can
suppose that the quantitative synthesis of PEDOT.q4 polymers throughout a reduction-
polymerization process implies also a step-by-step mechanism and then needs the use of two
hydrated electrons per EDOT molecule.

In order to check whether reduction of EDOT monomers by e, is accompanied by a
radiation-induced polymerization process, under N, atmosphere in the presence of
0.2 M isopropanol, aqueous solutions containing 10 mM in EDOT were irradiated at

increasing doses up to 72 kGy (Figure 6.3 spectrum b).?*
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Figure 6.3 UV-vis absorption spectra of an aqueous solution containing 10 mM in EDOT (a) before
irradiation, (b) irradiated at 72 kGy under N, in the presence of isopropanol (PEDOT ), (c) irradiated
at 72 kGy under N,O (PEDOT,,). The optical path length was 0.2 cm. The reference was water.”®

This used dose is that needed for the total reduction of EDOT in case of a step-by-step
reduction—polymerization mechanism. Note that while low concentrations in EDOT

monomers (1 mM) were needed for succeeding in the follow-up of their reduction mechanism,
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higher concentrations in EDOT were necessary for the characterization of
PEDOT g polymers, either in aqueous solution or after their deposition onto substrate as it
will be further presented in the case of 10 mM in EDOT.

In Figure 6.3, the UV-visible absorption spectrum of the solution irradiated (at 72 kGy)
under N3 in the presence of isopropanol (spectrum b) is similar to the spectrum obtained for
PEDOT. (at the same dose) under N,O (spectrum c).?° Only a small difference between the
intensities of the spectra is observed. In both cases, the two absorption bands of EDOT
monomers at 235 and 255 nm (spectrum a) have completely disappeared, which should
indicate that oxidation—polymerization as well as reduction—polymerization are quantitative at
72 KGy (Dmax) as expected. Both spectra display an absorption maximum around 310 nm,
which has been attributed to EDOT dimers and oligomers (section 3.2.2, chapter 3).>>?® Such
a band was also observed in the case of oxidation—polymerization (section 3.3.2, chapter 3).%°
Also, spectra are characterized by a continuous scattering in the range of 400—800 nm which
should correspond to longer oligomers and polymers of PEDOT.??® The observed light
scattering traduces the presence in the irradiated solutions of a dense yellow suspension such
as that observed in the case of EDOT solution irradiated under N (Figure 6.4, image b).?* As
it will be later demonstrated thanks to ATR-FTIR spectroscopic measurements, these
suspensions correspond to PEDOT g and PEDOT . polymers formed at high doses thanks

respectively to the reduction—polymerization and the oxidation—polymerization processes.
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Figure 6.4 Photographs of EDOT samples (a) at a concentration of
10 mM before irradiation, (b) after a 72 kGy-irradiation under N, in
the presence of isopropanol (PEDOT ), (c) after lyophilization.”®

6.4 Highlighting PEDOT (¢4 radioinduced synthesis

After a 72 kGy-irradiation under N, the original transparent aqueous solution of EDOT

monomers in the presence of isopropanol (Figure 6.4, image a) becomes turbid (Figure 6.4,
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image b). The yellow suspension was then dried by lyophilization in order to eliminate any
residual water molecules which could be trapped in the polymer-containing dark solid phase
obtained (Figure 6.4, image c). For comparison, EDOT aqueous solution irradiated at 72 kGy
under N,O was also lyophilized. The lyophilized samples were then characterized by ATR-
FTIR spectroscopy in order to investigate the chemical nature of the solid phases and to
confirm the presence of PEDOT polymers in both of them.

The ATR-FTIR spectra of both powders, radiosynthesized at 72 kGy under reducing
(spectrum b) and oxidizing conditions (spectrum c), are presented in the wave number region
4000-600 cm ™! together with the spectrum of pure non irradiated EDOT (spectrum a) (Figure
6.5).%
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Figure 6.5 ATR-FTIR spectra of (a) pure EDOT monomers, (b)
PEDOT 4 powder obtained by reduction—polymerization at 72 kGy, (c)
PEDOT,, powder obtained by oxidation—polymerization at 72 kGy.?

Between 1600 and 600 cm ', the three obtained spectra are in good agreement with those
previously reported for PEDOT and EDOT in literature. The absorption bands at 890, 1054
and 1182 cm ™! correspond to the stretching vibrations of ethylenedioxy group (C—-O—R-O-C).
The stretching vibrations of C—C and C=C in thiophene ring are also observed at 1365 and
1481 cm™ ' The absorption bands at 1361, 1430 and 1488 cm ' originating from C—C and
C=C can be seen in the ATR-FTIR spectra of both powders.?® All the characteristic bands of
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PEDOT are then present in spectra b and ¢ of Figure 6.5 even if they appear relatively slightly
displaced. For instance, the absorption band assigned to ethylenedioxy group is observed at
1087 cm " in the case of the powder obtained by reduction—polymerization, while it appears at
1064 cm " in the case of the powder obtained by oxidation. Nevertheless, this demonstrates,
without any ambiguity, that PEDOT polymers are obtained by radiolysis either by reduction—
polymerization or by oxidation—polymerization.

Note that the characteristic peak at 755 cm ™%, attributed to the C—H out-of-plane bending
vibration at a, o’ positions of EDOT (spectrum a), totally disappears after irradiation (spectra
b and c). This result proves the successful synthesis of PEDOT, and PEDOT via a, o’
coupling reactions and definitely demonstrates that EDOT polymerization is complete at
72 kGy, in agreement with a step-by-step PEDOT growth mechanism in both oxidizing and

reducing conditions.?°

6.5 Morphological observation of PEDOT (¢q

Agueous solutions containing 10 mM in EDOT and irradiated at 72 kGy under N, in the
presence of isopropanol were observed by cryo-transmission electron microscopy just after
irradiation and before any sedimentation. Representative images showed the presence of low
density globular structures forming polydisperse spherical nanoparticles with a diameter
comprised between 100 and 500 nm as observed (Figure 6.6, images a and b at two different
magnifications).?®

Since no other low density objects were observed during our cryo-TEM experiments, we
deduce that these spherical nanoparticles are made up of PEDOT 4 polymers. The mean size,
the shape and the polydispersity of PEDOT . polymer nanostructures obtained in the present
work, through reduction—polymerization, are the same as those of PEDOT 4 polymers already
synthesized through oxidation—polymerization routes induced either by y-rays or by
accelerated electrons (chapter 3).1%2%%

Such as in the case of PEDOT obtained by radiation induced oxidation polymerization,
each observed nanoparticle should be composed of interdigitated polymer chains. Since no
parasite o-B’ linkages could occur during polymerization, radiosynthesized PEDOT g
nanostructures must be composed of linear chain polymers which are not branched nor
networked. Thus, each globular structure observed on Figure 6.6 should correspond to a self-

assembly of independent amorphous PEDOT chains.
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Figure 6.6 Cryo-TEM images of aqueous samples containing 10 mM in EDOT irradiated at
72 kGy under Njin the presence of isopropanol. They exhibit spherical nanoobjects with

diameters comprised between 100 and 500 nm attributed to self-assembled PEDOT 4 polymers.?

In order to characterize the morphology of the polymers after drying and deposition
procedures, PEDOT 4-containing lyophilized powder obtained after a 72 kGy-irradiation was
deposited onto carbon tape adhered to aluminum mounts and dried. The surface was then
imaged by SEM (Figure 6.7).%°
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Figure 6.7 SEM images of PEDOT .4 polymers after lyophilization and deposition onto carbon
tape adhered to aluminum mounts. Polymers were obtained after a 72 kGy-irradiation of an

aqueous solution containing 10 mM in EDOT under N, in the presence of isopropanol.?
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The images of Figure 6.7 displayed at two different magnifications (images a and b),
indicate the presence of very close-packed spheroid polymeric particles. These structures
should come from the globular nanostructures already observed in aqueous solution by Cryo-
TEM (Figure 6.6). All these observations are consistent with the reported characterizations of
PEDOT. polymers synthesized by oxidation—polymerization (chapter 3).”° The particles
observed by SEM after deposition are polydisperse in size with a diameter comprised between
100 and 500 nm. These SEM observations agree well with the morphology of PEDOT g
particles previously observed in aqueous solution by Cryo-TEM (Figure 6.6) without any
significant change in the mean size and in the shape. Then, the packing of the particles and
their flattening onto the substrate when deposited and dried do not seem to affect the
nanostructuration of PEDOT ¢q polymers.

In order to further prove that the spherical nanoparticles already observed by Cryo-TEM
and SEM are made up of PEDOT polymer chains, a drop of the yellow suspension (Figure 6.4,
image b, obtained after the irradiation at 72 kGy of an aqueous solution containing 10 mM in
EDOT under N in the presence of isopropanol) was deposited on the upper surface of a ZnSe
prism, dried naturally and finally imaged and characterized by AFM-IR (Figure 6.8).

According to the AFM image of PEDOT 4 recorded in contact mode (Figure 6.8, image a),
the bottom dark areas having no thickness correspond to the substrate. The topography of
PEDOT,q displayed as the bright areas correspond to the thicker regions made up of close-
packed spherical nanoparticles (100-300 nm in diameter). This AFM observation agrees well
with the morphology of PEDOT g globular particles previously observed in aqueous solution
by Cryo-TEM (Figure 6.6) without any significant change in the mean size and in the shape.
Then, the packing of the particles and their flattening onto ZnSe substrate when deposited and
dried do not seem to affect the nanostructuration of polymer nanostructures.

In order to confirm that these nanoparticles are made up of PEDOT polymers, the sample
was observed by AFM-IR in the range of 1000-1500 cm™' (Figure 6.8, image b). The
spectrum of Figure 6.8b displays a peak at 1370 cm ' which corresponds to the C-C
stretching band of PEDOT as observed in ATR-FTIR spectra at 1361 cm ™' (Figure 6.5,
spectrum b). This definitely demonstrates that the nanoparticles observed (Figure 6.8, image a,
Figure 6.6 and Figure 6.7) contain close-packed PEDOT g polymer chains.

Since the AFM-IR technique also enables the chemical mapping of the sample, this
wavenumber 1370 cm ™' was chosen for AFM-IR chemical mapping of our sample. The

chemical map was scanned and the absorption strength was recorded. (Figure 6.8, image c).
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In image c, the red areas indicate a stronger absorption at the characteristic wavenumber
which is caused by a thick layer of PEDOT g (~300 nm) linked onto the prism.
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Figure 6.8 AFM-IR characterization of PEDOT polymers synthesized according to reduction—
polymerization (a) AFM topographic image of PEDOT .4 polymers in contact mode, (b) AFM-IR
spectrum of PEDOT 4 polymers and (c) AFM-IR chemical mapping of PEDOT .4 polymers with the IR
source tuned to the C—C band at 1370 cm™. Samples containing 10 mM in EDOT were irradiated at

72 kGy under N, in the presence of isopropanol, then deposited onto ZnSe prism after lyophilization.®

When comparing the topography (Figure 6.8, image a) and the chemical mapping (Figure
6.8, image c), one can observe that the stronger absorbing areas fit very well with the thicker
regions, which implies that the spherical nanoparticles are mainly composed by PEDOT
polymer chains.® Therefore, we conclude, without any ambiguity that radiation chemistry in
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reducing conditions (in the presence of hydrated electrons) leads to the reduction of EDOT
monomers and to the growth of PEDOT polymers which self-assemble into spherical
nanoparticles (of few hundred nanometers in diameter), those we observed in this work by
Cryo-TEM, SEM and AFM (Figure 6.6, Figure 6.7 and Figure 6.8 respectively).

6.6 Physicochemical properties of PEDOT (¢4, @ comparison with those of PEDOT o

In order to check and to compare the thermal stability of PEDOT.qand PEDOT
previously synthesized (under reducing conditions and oxidative conditions, respectively) and
obtained as powders after lyophilization, the thermogravimetric analysis (TGA) plots of both
polymers are recorded and displayed (Figure 6.9).?® The degradation curves (green lines),
which indicate the remaining weight of PEDOT powders as a function of temperature, are

represented together with the weight derivative curves (red lines).
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Figure 6.9 Thermogravimetric analysis (TGA) plots and weight derivative curves of (a)
PEDOT 4 polymers synthesized under N, in the presence of isopropanol with a 72 kGy-
irradiation, (b) PEDOT polymers synthesized under N,O with a 72 kGy-irradiation.?

In the case of PEDOT 4 (Figure 6.9a), it can be found that a slow weight loss takes place
before 150 < due to the evaporation of water and the degradation of PEDOT oligomers.®
Then, a continuous decomposition occurs between 250 and 450 €€ due to PEDOT
fragmentation and carbon oxidation. This decomposition results in about a 70% weight lost.
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The quick degradation observed with temperature may be caused by the relatively small
PEDOT particles size. Indeed, smaller particles are characterized by higher surface area for
heat transfer.3? After 450 <C, weight loss of residuals is negligible. For comparison purpose,
the TGA curve of PEDOTx was also recorded (Figure 6.9b) and the degradation processes
are quite similar for both PEDOT synthesized by reduction—polymerization and oxidation—
polymerization. The present results, which are in good agreement with earlier reports on
PEDOT polymers, indicate that PEDOT g is characterized by a good thermal stability, at least
comparable to that of PEDOT polymers usually synthesized by oxidative routes.*

At the end, in order to check and to compare the electrical conductivity of PEDOT g and
PEDOT, (synthesized under reducing conditions and oxidative conditions, respectively),
they were characterized by four point probe technique. In this aim, both samples were doped
with NOBF, (10 mM). The average electrical conductivity of PEDOT,, was found to be
3.4x107° Scm™'. This value is close to PEDOT conductivity values already reported in
literature.>>** Thus, the synthesis of conducting materials thanks to this original radiation-
induced reduction—polymerization route is successful. Nevertheless, it is found that
PEDOT q conductivity, which has not been optimized yet, remains somewhat lower than that

of PEDOT,, polymers, which amounts to 9.8x10 > S cm™".

6.7 Conclusions

Current research aims to develop new synthesis strategies and new conducting polymers
with tuned morphologies and properties. For the first time in literature, the development of a
new radiolysis-based alternative methodology for synthesizing conducting polymers in
aqueous solution was attempted. High energy y-rays as well as high energy electrons
irradiator were successfully used to generate oxidizing species, namely hydroxyl radicals,
through water radiolysis, inducing first oxidation of monomers and then polymers
growth.**?2?* This radiation-induced oxidation-polymerization route, which has been shown
to proceed through a step-by-step oxidation process, enabled the preparation of
nanostructured PEDOT (chapter 3 and chapter 5) conducting polymers as well as polypyrrole
(PPy) (chapter 4).%

In this chapter, radiolysis was used, in a different way, to generate reducing species (instead
of oxidizing radicals), namely hydrated electrons, in order to reduce monomers and to induce

polymers growth. Starting from EDOT monomers dissolved in water, for the first time this
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simple y-rays-based reduction—polymerization route was described for synthesizing PEDOT
conducting polymers in aqueous solution (PEDOT ).

PEDOT e polymers synthesized by radiation-induced reduction polymerization are
characterized by a very good long-term stability at air in a humid environment. We showed
that the as-prepared PEDOT g polymers remain well dispersed in water, can be easily dried
and are quite simply redispersed in protic solvents. The chemical nature of
PEDOT e polymers was confirmed by ATR-FTIR spectroscopy while their morphology was
checked in solution by Cryo-TEM microscopy and after lyophilization and deposition by
SEM microscopy and AFM-IR nanospectroscopy. PEDOT 4 polymers were found to form
polydisperse spherical nanoparticles whose morphology was kept after deposition onto solid
substrates. Finally, the electrical conductivity of PEDOT 4 Was evaluated at 34x1073Scem™,

This conductivity is comparable to conductivities already reported in literature concerning
PEDOT polymers synthesized by conventional oxidative methodologies, but remains
somewhat lower than that of PEDOT,x polymers we previously synthesized by oxidation—
polymerization.

In this part, the radiolytic procedure is extended to the synthesis of CPs by the way of a
reduction route instead of an oxidation procedure. This novel route, not really used in
literature, should lead to the preparation of different kinds of CPs in water. In the next chapter,
this original reduction route will be used for the synthesis of CP nanocomposites composed

by PEDOT and silver (Ag) nanoparticles.
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Chapter 7: Extension of the radiolytic procedure to the synthesis of

PEDOT/Ag nanocomposites

The combination of conducting polymers (CPs) with inorganic nanoparticles produces
composites of CPs which can not only maintain the properties of CPs and inorganic nanoparticles
but also endow the CPs composites new properties.”> Among various CPs composites,
nanocomposites composed by CPs and noble metal nanoparticles have been of great research
interest.*> CPs such as poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy) and
polyaniline (PANI), are organic polymers which exhibit inherent electrical conductivity due to
the unique n-conjugated system in their structures, while noble metal (Au, Ag) nanoparticles
constitute inorganic components which have already been widely studied and applied in a variety
of fields.>>”

Generally, synthesis of CPs nanocomposites can be achieved by traditional chemical and
electrochemical routes.>>® According to the synthetic methodologies, two-step method or one-pot
method are usually applied to synthesize CPs nanocomposites.®*° These latter usually show core-
shell structure, the composition of which fundamentally depends on the preparation procedure.”
3 In literature, PEDOT/Ag nanocomposites have already been successfully synthesized by the
means of either chemical or electrochemical methods and have also been shown to possess
various potential applications.*48

In previous works, radiation-induced synthesis of shape controlled silver nanoparticles in
aqueous solution has been successfully conducted in our lab, on the one hand, and the radiolytic
preparation of nanostructured conducting PEDOT polymers has been realized as previously
highlighted in this manuscript on the other hand.'**® This evidently represents good omens for
the successful synthesis of PEDOT/Ag composites by radiolysis. Starting from an aqueous
solution containing metal ions and organic monomers, this work intends to originally use
radiation chemistry for the in situ production of hydrated electrons and hydroxyl radicals as
reducing and oxidizing species respectively, in order to synthesize CPs/metal nanocomposites.

In this work, starting from EDOT monomers and Ag” silver ions dissolved in water, simple -
rays-based radiolytic methodology which enables the synthesis of CPs/metal nanocomposites is
described in details. In fact, PEDOT/Ag nanocomposites are prepared by both two-step and one-
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pot methods. According to the two-step method, PEDOT polymers are first synthesized by either
oxidation or reduction of EDOT monomers and then, PEDOT/Ag nanocomposites are prepared
by the further reduction of silver ions into metal nanoparticles. Differently, according to the one-
pot method, polymerization and metal ions reduction are achieved in parallel, in one step. Pulsed
radiolysis experiments are additionally performed in order to find the rate constants and also to

understand the mechanism involved in such a one-pot procedure.
7.1  Nanocomposites synthesis strategy and characterization
7.1.1 Solution preparation

3,4-ethylenedioxythiophene (EDOT) is used as organic monomer for PEDOT production.
Silver perchlorate salt (AgClOy) is used as Ag® source for silver nanoparticles synthesis. Note
that, ClIO,4 anion is unreactive under radiolysis. Isopropanol and tert-butanol are added to the
solutions as hydroxyl radicals scavengers. N,O and N, are used to degas the agqueous solutions
before y-irradiation.

Aqueous solutions containing EDOT (10 mM) and different concentrations in Ag” ions
(ranging from 0 to 20 mM) are prepared at room temperature, in the dark, to prevent any
photochemical reaction. In all cases, the pH of the solutions is found to be close to 7. EDOT
concentration is always checked by UV-vis absorption spectroscopy.?* Also, concentrations used
in this work remain lower than EDOT and AgClO, solubilities in water.**?® Note that such
relatively low concentrations avoid direct ionization of EDOT molecules and Ag” ions by v rays.

After degassing, all solutions are irradiated with a ®®Co v at a dose rate of 5 kGy h™, up to
doses enabling the total consumption of EDOT molecules and Ag” ions.

Starting from 10 mM in EDOT and 10 mM in silver ions, if considering that, at high doses,
EDOT polymerization into PEDOT, on one hand, and Ag” reduction into metal nanoparticles, on
the other hand, are quantitative, then the weight ratio Wpeepot/Wag should amount, after radiolysis,

to 1.3/1 whatever the preparation procedures.
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7.1.2 Synthetic methodologies of PEDOT/Ag composites

y-radiolysis of aqueous solution at neutral pH under N, atmosphere produces two main species,
hydroxyl radicals (HO+) and hydrated electrons (eaq), which are respectively strong oxidant and
reducing species.?*%

In the presence of an alcohol, such as isopropanol, (CH3),CHOH, (at a relatively high
concentration, 0.2 M), HOe and He radicals are quantitatively scavenged, producing a reducing
(CH3),C+OH secondary radical (reactions 2.23 and 2.24, chapter 2).3*? As a consequence, when
irradiating N-saturated aqueous solutions in the presence of isopropanol, two short-lived reactive
transient species are formed, namely e, and (CHz),C+OH radicals, the radiolytic yields (G-
values) of which amount to 2.8x10" mol J™* and 3.4x107 mol J* (equations 2.25 and 2.26,
chapter 2).% Note that isopropanol radical is a reducing species with a redox potential of - 1.8
Vshe at pH =7 (section 2.3.4, chapter 2).

When diluted aqueous solutions, containing Ag® ions, are irradiated by y-rays, both
(CH3)2C+OH and eyq quantitatively act as reducing species towards silver ions, leading to silver
atoms which aggregate into silver nanoparticles.®* As a consequence, under N, atmosphere, in the

presence of isopropanol, the radiolytic yield, G-value, of reduction of silver ions is:*
Grea(Agh) = 6.2x107 mol J* (7.1)

Differently, when diluted EDOT aqueous solutions are irradiated by y-rays, (CH3),C+OH
radicals don’t reduce EDOT monomers as demonstrated (section 6.2, chapter 6).2 Only €aq s &S
reducing species, react onto EDOT molecules, leading to PEDOT polymers. As a consequence,

under N, atmosphere, in the presence of isopropanol, the G-value of EDOT reduction is:*
Greg(EDOT) = 2.8x10" mol J* (7.2)
While silver nanoparticles can only be obtained by reduction of silver ions, PEDOT polymers can
be synthesized either by reduction or by oxidation of EDOT molecules as demonstrated in
chapter 6.2 In order to specifically oxidize EDOT, hydrated electrons must be scavenged. This

is possible under nitrous oxide (N,O) atmosphere as described (section 2.3.3, chapter 2),
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evidently in the absence of isopropanol. In these conditions, only one transient species is
quantitatively formed, namely HO- radicals, with a radiolytic yield of 5.6<10” mol J** (equation
2.15, chapter 2).%°

When diluted aqueous solutions, containing EDOT monomers, are irradiated by y-rays under
N.O, HO- radicals quantitatively act as oxidizing species, leading to PEDOT polymers. As a
consequence, under N,O atmosphere, in the absence of isopropanol, the G-value of EDOT

oxidation is:??

Gox(EDOT) = 5.6x10" mol J* (7.3)

Then, under nitrogen in the presence of isopropanol, knowing the yield of reduction of silver ions
(Grea(Ag)), 10 mM of Ag" are totally reduced and silver nanoparticles are quantitatively
synthesized at doses higher than 16 kGy. Also, in the same experimental conditions, knowing the
yield of EDOT reduction (Geg(EDOT)), 10 mM of EDOT are totally reduced above 36 kGy. Now,
when irradiating N,O-saturated aqueous solutions, due to the vyield of EDOT oxidation
(Gox(EDQT)), 10 mM of EDOT are totally oxidized at about 18 kGy.

Two-step method

In this method, the first step corresponds to the synthesis of PEDOT, while the second step is
related to the reduction of silver ions into inorganic nanoparticles. Two different procedures
(procedures @ and @) are used (Figure 7.1):%

- Procedure @ (Figure 7.1). In the first step, aqueous solution of EDOT monomers (10 mM) is
prepared and degassed with N,O for 20 min (sample a), then irradiated by y-rays at 36 kGy in
order to quantitatively oxidize EDOT monomers and to synthesize PEDOT polymers (sample b).
In the second step, the solution is added with AgCIO, (10 mM) and isopropanol (0.2 M),
degassed with N, for 20 min and then irradiated at 36 kGy in order to quantitatively reduce silver
ions (sample c).

- Procedure @ (Figure 7.1). In the first step, aqueous solution of EDOT monomers (10 mM)
added with isopropanol (0.2 M) is first degassed with N, for 20 min (sample a) and irradiated at
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36 kGy in order to quantitatively reduce EDOT monomers and synthesize PEDOT polymers

(sample e).

N,O

Iyophilization

: ). PEDOT,, )\ (PEDOT, /Ag,.0) (PEDOT,x/Agrea)
e ——
i stepl -+’ = | step2 7

Ag', Nz
VWWWWWYWWVWVWA— e
72 kGy

Iyophilization

N

| onestep
vV

(PEDOT/Ag) e

Figure 7.1 Radiation-induced synthesis of PEDOT/Ag nanocomposites, starting from an aqueous solution of EDOT
(10 mM), sample a. Different ways were used. In procedure @, which is a two-step method, EDOT solution is first
irradiated at 36 kGy, under N,O (sample b), in order to quantitatively oxidize EDOT monomers into PEDOT
(PEDOT ). In the second step, the solution was added with Ag+ (10 mM) and isopropanol (0.2 M), then irradiated at
36 kGy under N, (sample c), in order to quantitatively reduce silver ions. Lyophilization leads to the nanocomposites
called (PEDOT _/Ag, ) (sample d). In procedure @, which is also a two-step method, EDOT solution is first

irradiated at 36 kGy, under N, (sample e), in order to quantitatively reduce EDOT monomers into PEDOT

(PEDOT ). In the second step, the solution was added with Ag+ (10 mM) and isopropanol (0.2 M), then irradiated
at 36 kGy under N, (sample f), in order to quantitatively reduce silver ions. Lyophilization leads to the

nanocomposites called (PEDOT _/Ag,,) (sample g). In procedure ®, which is a one-pot method, EDOT solution is
added with Ag+ (10 mM) and isopropanol (0.2 M), then irradiated at 72 kGy under N, (sample h), in order to

guantitatively reduce, at the same time, EDOT monomers and Ag+ ions. Lyophilization leads to the nanocomposites

called (PEDOT/Ag) _. (sample i).%

red
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In the second step, the solution is added with AgCIO, (10 mM) and isopropanol (0.2 M),
degassed again with N, for 20 min and finally irradiated at 36 kGy in order to quantitatively

reduce silver ions (sample f).

One-pot method

In this method, reduction of EDOT (production of PEDOT) and reduction of silver ions
(production of silver nanoparticles) are considered concurrently, at the same time (procedure @,
Figure 7.1): aqueous solutions containing 10 mM in EDOT, 10 mM in AgCIO, (EDOT/Ag ratio
= 10:10) and 0.2 M in isopropanol are prepared, degassed with N, for 20 min and irradiated at 72
kGy (sample h). This dose is enough to ensure the total reduction of both EDOT molecules and
Ag" ions.

According to this one-pot method, for the ratio 10:10, the irradiation dose is varied from 0 to
72 kGy. Also, the EDOT/Ag ratio is changed, from 10:1 to 10:20, by varying the amount of
AgCIlO4. Whatever the ratio of EDOT to Ag, the aqueous solutions are always added with
isopropanol (0.2 M), degassed with N, for 20 min and irradiated at 72 kGy, which enables in all
cases the total reduction of both EDOT and Ag".

7.1.3 Characterizations of PEDOT/Ag nanocomposites

Radiosynthesized PEDOT/Ag nanocomposites were characterized by different experimental
techniques: UV-Vis absorption spectrophotometry, EDX spectroscopy and Cryo-TEM
microscopy in solution, ATR-FTIR spectroscopy and SEM microscopy after deposition. The
thermal stability and composition analysis of lyophilized PEDOT polymers (prepared in the
absence of silver) and of PEDOT/Ag nanocomposites were performed by thermogravimetric
analysis (TGA). The electrical conductivity of PEDOT/Ag nanocomposites were measured by

four-point probe technique.

7.2 Synthesis of PEDOT/Ag nanocomposites by two-step method

In this method, the first step corresponds to the synthesis, in aqueous solution, of PEDOT

polymers by either oxidation (procedure @) or reduction (procedure @) of EDOT monomers. An
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aqueous solution containing 10 mM in EDQOT is first prepared. This aqueous solution is found
transparent (Figure 7.1, sample a). In this solution, EDOT monomers display two absorption
maxima at 235 and 255 nm (Figure 7.2, spectrum a) in agreement with results obtained before

(section 6.2.1, chapter 6).*4%*%°
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Figure 7.2 UV-visible absorption spectra of sample a (containing 10 mM in EDOT before irradiation), sample b and
sample ¢ (containing respectively PEDOT,, and (PEDOT,/Agq), both synthesized according to procedure @),
sample e and sample f (containing respectively PEDOT 4 and (PEDOT,.s/Agreq), both synthesized according to
procedure @) and sample h (containing (PEDOT/AQ),.q prepared according to procedure ®. Inset: evolution of the
UV-vis absorption spectrum of sample h with the irradiation dose according to the one-pot method (the dose was 0,
10, 20, 30, 50 and 70 kGy). All solutions were diluted 10 times. Optical path was 0.2 cm and water was used as

reference.®®

According to procedure © (Figure 7.1), in the first step, the transparent aqueous solution of
EDOT monomers (10 mM) is degassed with N,O, then irradiated at 36 kGy. In these conditions,
hydroxyl radicals generated by radiolysis should quantitatively oxidize EDOT monomers. After
irradiation, a yellow-brown suspension is observed (Figure 7.1, sample b). Its absorption

spectrum (Figure 7.2, spectrum b) displays an absorption band at 290, a shoulder at 350 nm and a
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long absorption tail in the range of 400-800 nm, which are attributed to PEDOT oligomers and
polymers.”® One can note, in this spectrum, the absence of absorption bands at 235 and 255 nm.
This definitely proves that, after a 36 kGy-irradiation, EDOT monomers have completely
disappeared, as expected. Indeed, they are quantitatively converted by oxidation into PEDOT
polymers, called PEDOT .

In the second step of procedure © (Figure 7.1), the irradiated solution is added with AgCIlO,4
(10 mM) and isopropanol (0.2 M), degassed with N,, then irradiated again at 36 kGy. In these
conditions, e, and (CH3),C+OH radicals generated by radiolysis should quantitatively reduce
Ag" ions. After the second irradiation, a black suspension, which slowly precipitates, is clearly
observed (Figure 7.1, sample c). Its absorption spectrum (Figure 7.2, spectrum c) displays the
well-known plasmon absorption band of silver nanoparticles at around 450 nm.*® The asymmetric
shape of the surface plasmon resonance (SPR) band could be due to the aggregation of silver
nanoparticles or to their interaction (adsorption) with organic molecules.***" Note that the two
shoulders at 290 and 350 nm, attributable to PEDOT, are still present in the absorption spectrum.
This demonstrates that, according to procedure ©, both PEDOT (obtained by oxidation) and
silver nanoparticles (obtained by reduction) are present in the aqueous medium. The
corresponding composites will be called (PEDOT ox/AQred)-

In a different way, according to procedure @ (Figure 7.1), the aqueous solution containing 10
mM in EDOT is degassed with Ny, then irradiated at 36 kGy. In these conditions, hydrated
electrons generated by radiolysis should quantitatively reduce EDOT monomers. After irradiation,
as in the case of procedure @, a yellow suspension is observed (Figure 7.1, sample e). Its UV-
Visible absorption spectrum (Figure 7.2, spectrum e) does not display bands at 235 and 255 nm,
but highlights absorption bands in the UV and a long absorption tail in the range of 400-800 nm,
which are attributed in a previous work to PEDOT oligomers and polymers.?® Once again, it can
be concluded that, after a 36 kGy-irradiation, but this time under N, EDOT monomers are
quantitatively converted by reduction into PEDOT oligomers and polymers, called PEDOT y¢g.

In the second step of procedure @ (Figure 7.1), which is similar to the second step of procedure
@, the irradiated solution is added with AgClO,4 and isopropanol, then irradiated again at 36 kGy
under N, atmosphere. At the end of the procedure, a black suspension, which sediments, is
clearly observed (Figure 7.1, sample f). Its absorption spectrum (Figure 7.2, spectrum f), which,
once again, displays the plasmon absorption band of silver nanoparticles at around 500 nm, is

185



Chapter 7: Extension of the radiolytic procedure to the synthesis of PEDOT/Ag nanocomposites

very similar to that obtained at the end of procedure © (Figure 7.2, spectrum c). This
demonstrates that, according to procedure @, both PEDOT (obtained by reduction) and silver
nanoparticles (also obtained by reduction) are present in the agueous medium. The corresponding
composites will be called (PEDOT reg/ AQred)-

Irradiated solutions, corresponding to the black suspensions of sample ¢ and sample f, are
dried by lyophilization in order to quantitatively eliminate water and isopropanol from the two
dark powders obtained (Figure 7.1, sample d and sample g respectively). Naturally, due to the
previous spectrophotometric results, these powders are expected to contain an organic component,
PEDOT, in addition to an inorganic phase, Ag. In addition, perchlorate anions, CIO4, should also
remain present in the sample after lyophilization. PEDOT/Ag composite, contained in sample d,
which is obtained at the end of procedure ® and which implies first the oxidation-polymerization
of EDOT and second the reduction of silver ions, is called (PEDOT«/Agrq). The second
composite, contained in sample g, which is obtained at the end of procedure @ and which implies
first the reduction-polymerization of EDOT and second the reduction of silver ions, is differently
called (PEDOT eq/AQreq)-

Both lyophilized samples (sample d and sample @) are characterized by ATR-FTIR
spectroscopy in order to investigate the chemical nature of the solid phases and to confirm the
presence of PEDOT polymers in the powders. The ATR-FTIR spectra of both powders,
(PEDOTox/Agreq) and (PEDOT eq/Agreq) are presented in the wave number region 4000-600 cm™,
together with the spectra of pure non irradiated EDOT and of pure AgCIO, salt (Figure 7.3).%

In ATR-FTIR spectrum of EDOT, the characteristic peak at 755 cm™ corresponds to the C-H out-
of-plane bending vibration in the thiophen ring.?* The stretching vibrations of C-C and C=C in
thiophene ring are also seen at 1365 and 1481 cm™.*® ATR-FTIR spectra of (PEDOT ox/Agreq)
(Figure 7.3, spectrum d) and (PEDOT e4/AQreq) (Figure 7.3, spectrum g) are in good agreement
with PEDOT spectra found in literature.** Indeed, all the characteristic bands of PEDOT are
present, even if they appear slightly displaced. The bands at 1062 cm™ (spectrum d) and 1087 cm’
! (spectrum g) are attributed to the ethylenedioxy group.?* The peaks at 1430 and 1361 cm™
originating from C-C and C=C stretching vibrations are also observed in both cases.*
Nevertheless, one can note the absence, in spectrum d and spectrum g, of the C-H vibration peak

at 755 cm™, which definitely proves that quantitative polymerization of EDOT, through «, o'
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coupling reaction, took place in both cases (procedures @ and @), leading to organic/inorganic
composites made of PEDOT.

////
2
f - A ’y
EDOT L A A A
_ R i) B s~ ) G f W o LA , U A YOGS () P B
o
=
d =
=

Absorbance(a.u.)
}

% AgClO, &
|/l.¥ 1 l‘f—."J}‘*n t 1 | 1 | 1 | 1
4000 3500 3000 1600 1400 1200 1000 800 600

-1
Wavenumber/cm

Figure 7.3 ATR-FTIR spectra of pure EDOT and pure AgClO, salt together with spectra of sample d containing
(PEDOT,/Agreq) composites prepared according to procedure @, sample g containing (PEDOT ../ Agreq) COMpOSites
prepared according to procedure @ and sample i containing (PEDOT/AQ)..q cOmposites prepared according to

procedure ®. Samples d, g and i were obtained after Iyophilization of samples c, f and h respectively.*®

In ATR-FTIR spectrum of AgClO4 salt, the stretching vibrations of coordinated and free ClIO4
anions are observed at 1016 and 620 cm™, while the peaks at 1619 and 3451 cm™ are due to the
bending and stretching vibrations of O-H groups, which is explained by the hygroscopic nature of
AgClO, salt.*** In ATR-FTIR spectra of (PEDOTo/Agreq) (spectum d) and (PEDOT eg/Agreq)
(spectrum g), one can observe the presence of large intense bands around 1016 and 620 cm™,
which let guess the presence of ClO4, as doping anions, into (PEDOT./Agrs) and
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(PEDOT ed/Agreq) dried composites. In fact, these anions come from silver perchlorate salt and
are well-known to remain unreactive in the present radiolytic conditions.*

In order to investigate, in liquid phase before any deposition, the structure and morphology of
(PEDOTox/Agreq) and (PEDOT .4/ Agreq) COMposites, the black suspensions obtained at the end of
procedures © and @ (sample ¢ and sample f respectively), are observed by cryo-transmission
electron microscopy just after irradiation and before any sedimentation (Figure 7.4, image ¢ and
image f respectively).*® The observations made on (PEDOT/Agred) and (PEDOT eq/AGreq)
aqueous samples are totally similar, as can be seen when comparing images ¢ and f. In both cases,
representative images show the presence of low density globular structures forming polydisperse
spherical nanoparticles with a diameter comprised between 100 and 500 nm. This result is in very
good agreement with the observations already made in the case of PEDOT synthesized, alone (in
the absence of silver) by radiolysis, either by EDOT oxidation or by EDOT reduction.?**® Thus,
these low density globular objects are made of PEDOT polymers. Each globular structure should
correspond to the self-assembly of independent amorphous PEDOT chains.

As can be seen in images ¢ and f, smaller nanoparticles (from few nm to 50 nm), which appear
very more contrasted (darker), are systematically found adsorbed onto the bigger globular
PEDOT nanoparticles. The relatively high contrast of these small particles suggests their metal
nature.*® Since no other objects are observed during our Cryo-TEM experiments, we suppose that
these small spherical nanoparticles are made up of silver.

During Cryo-TEM observations, in situ Energy-Dispersive X-ray (EDX) spectroscopy is used
to check the chemical composition of our radiosynthesized materials in order to prove the
presence of sulfur atoms (which are only present in PEDOT polymers, one sulfur atom per EDOT
molecule) and of silver atoms (which would be the signature of silver nanoparticles). The aim is
also to check the molar ratio between both atoms in radiosynthesized PEDOT/Ag composites.
EDX spectra (Figure 7.4, spectrum c¢ and spectrum f) which correspond respectively to the
elemental analysis of the surrounded areas of image ¢ and image f of Figure 7.4, highlight the
presence, in both samples, of the following chemical elements: O (Ka 0.525 keV), C (Ka 0.277
keV), S (Ka 2.31 keV) and Ag (Lo 2.98 keV and Lg 3.15 keV). The presence of oxygen and
carbon atoms in both samples may be related to the presence of PEDOT polymers. Nevertheless,
their preponderance in EDX spectra is certainly due to the ice which surrounds all the observed
nanomaterials and to the carbon-coated grid itself (which is used for Cryo-TEM observations).
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Contrarily to oxygen and carbon atoms, the detection of sulfur and silver elements definitely
demonstrates, as expected, the concomitant presence, in the analyzed areas of images ¢ and f of
Figure 7.4, of both PEDOT polymers and silver nanoparticles. A quantitative analysis enabled us
to estimate S and Ag atomic percentages in the surrounded areas of Figure 7.4. It is found 39 % S
and 61 % Ag in spectrum c and 67 % S and 33 % Ag in spectrum f. Even if these percentages are
not far from those expected (50 % S and 50 % Ag) starting from 10 mM in EDOT and 10 mM in
AgCIlQ,, they are found to be dependent on the analyzed area. In fact, sulfur and silver are
systematically detected in all the nanoparticles observed by Cryo-TEM. But their atomic
percentage is found to vary from 20 % to 80 %. Note that sulfur and silver atoms are only

observed into the nanomaterials and are never found in the surrounding aqueous medium.
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Figure 7.4 Cryo-TEM images of sample c containing (PEDOT .,/Ag,eq) Synthesized according to procedure @,
sample f containing (PEDOT .q/Agrq) Synthesized according to procedure @ and sample h containing
(PEDOT/AQ)eq prepared according to one-pot procedure ®. Energy-Dispersive X-ray (EDX) spectra

corresponding to the elemental analysis of the surrounded areas in Cryo-TEM images.®
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As demonstrated by Cryo-TEM microscopy and EDX spectroscopy, composites prepared by
two-step method are made of large spherical PEDOT nanoparticles at the surface of which
smaller silver nanoparticles adsorb. The deposition and the aggregation of these silver
nanoparticles onto PEDOT organic compounds should explain their characteristic asymmetric
plasmon absorption bands which are found by UV-Vis absorption spectroscopy (Figure 7.2,
spectra c and f).

Due to the two-step method used in procedures ©® and @, PEDOT polymers are first
synthesized, in the absence of inorganic ions, and self-assemble thanks to Van der Waals
interactions into globular organic nanoparticles. Silver nanoparticles are formed only during the
second step. This explains their presence outside PEDOT nanoparticles. Nevertheless, in spite of
all our Cryo-TEM investigations, metal nanoparticles are never found isolated in the aqueous
phase. They are always found adsorbed onto PEDOT spherical nanostructures. Maybe,
during the second step, silver nanoparticles are radiolytically synthesized in the bulk of the
aqueous solution and then diffuse and adsorb at the surface of PEDOT thanks to weak Van
der Waals interactions. But, more probably, prior to irradiation, silver ions first strongly
interact with PEDOT particles and bind, as soft Lewis acids, with the sulfur atoms (soft
Lewis bases) present all along the polymer chains. These coordinated silver ions are further
reduced by hydrated electrons in the vicinity of PEDOT nanoparticles.

In order to check the morphology of (PEDOT ¢x/Agreq) and (PEDOT eg/AQreq) COMposites, after
deposition procedure and drying step, PEDOT-containing lyophilized powders (sample d and
sample g) are deposited onto carbon tape adhered to aluminum mounts. The surface is then
imaged by Scanning Electron Microscopy (Figure 7.5, image d and image g respectively).*

The images d and g of Figure 7.5 indicate the presence of very close-packed spheroid particles.
Some of these particles are surrounded for clarity. These structures should come from the
globular nanostructures already observed in aqueous solution by cryo-TEM (Figure 7.4, image ¢
and image f respectively). AIll these observations are consistent with the reported
characterizations of PEDOT polymers synthesized by oxidation-polymerization or reduction
polymerization routes.”*?®* The composite nanoparticles observed by SEM after deposition are
polydisperse in size with a diameter comprised between 100 and 500 nm. These SEM
observations agree well with the size and the shape of (PEDOT ox/AQreq) and (PEDOT req/AGred)
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particles previously observed in aqueous solution by Cryo-TEM (Figure 7.4). Then, deposition
and drying do not seem to affect the nanostructuration of PEDOT/Ag nanocomposites.

Figure 7.5 SEM images of sample d containing (PEDOT,/Ag.q) composites prepared according to

procedure @, sample g containing (PEDOT 4/Agreq) COmMposites prepared according to procedure @
and sample i containing (PEDOT/AQ),.q cOmposites prepared according to procedure ®. Samples d, ¢

and i were obtained after lyophilization of samples c, f and h respectively.*®
7.3 Synthesis of PEDOT/Ag nanocomposites by one-pot method

After the successful synthesis of PEDOT/Ag nanocomposites according to two-step method
(procedures ©® and @, Figure 7.1), we tried to simplify the synthesis methodology by using a
reduction-based one-pot method (procedure ®, Figure 7.1). The aim is also to compare the
morphology and the properties of the composites prepared by procedure ® with those of
nanocomposites differently prepared according to procedures © and @. For the success of the
one-pot method, production of PEDOT and of silver nanoparticles should be concomitant. This is
conceivable only if reduction of silver ions and oxidation of EDOT monomers take place
simultaneously.

While, both (CH3;),C*OH and e,y act as reducing species towards silver ions, only hydrated
electrons can reduce EDOT monomers, leading probably to EDOT anion radicals, EDOTs .2 As
a consequence, the success of procedure @ depends on the rate constant values of the two

following reactions:

Ag'+ ey — Ag (7.4)
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EDOT + e, — EDOT> (7.5)

While the rate constant of reaction (7.4) amounts to ky4 = 3<10* L mol™ s, the rate constant of
reaction (7.5), kzs, remains unknown.*°

In order to understand the mechanism involved in the one-pot method and, more particularly,
to determine the rate constant of reduction of EDOT molecules by hydrated electrons, pulse
radiolysis experiments are carried out on the picosecond laser-triggered electron accelerator
(ELYSE at Paris-Sud University) coupled with a time-resolved absorption spectroscopic
detection system.*"?

In pulse radiolysis, an aqueous solution irradiated by a short pulse of high-energy electrons
produces a significant concentration of radical species, according to reaction 2.2 (chapter 2). In
order to study the specific action of hydrated electrons, e,q, onto EDOT molecules and in order to
determine its rate constant, an aqueous solution containing 1 mM in EDOT and 0.2 M in tert-
butanol, (CH3)3COH, is prepared, degassed with N, and then studied by pulse radiolysis. Such as
isopropanol, tert-butanol is an efficient scavenger of HO- radicals (with a rate constant of 6.8x10°

M™s™), according to the following reaction:32*°

(CH3)3COH + HO* — «CH,(CH3),COH + H,0 (7.6)

Tert-butanol radicals, *CH,(CH3),COH, are known to be totally unreactive, which enables us
to be sure that, in the present experimental conditions, only hydrated electrons can act, as
reducing species towards EDOT molecules.

The transient absorption spectra of the irradiated solution are then recorded at different
timescales from 200 ns to 1 s after the electron pulse (Figure 7.6).%° One can observe at 200 ns a
large and intense absorption band at around 600 nm, which is the well-known signature of
hydrated electrons generated in the medium by water radiolysis. At longer times, this absorption
band progressively decreases, demonstrating the decay of ey, while a weaker peak grows up at
around 290 nm. Since no other bands are observed in the spectrum over the first 800 ns, one can
conclude that the species absorbing at 290 nm comes from the reaction (7.5) of hydrated

electrons onto EDOT monomers and should correspond to EDOTe+ anion radical.
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The evolution with time, over 800 ns, of the absorbancies at 290 and 600 nm are displayed in
inset of Figure 7.6 (absorbancies are normalized here for clarity). One can find that the time
evolution of the absorbance of hydrated electrons at 600 nm fits well with a first-order decay. On

the other hand, the growth of EDOTe at 290 nm, which is very well correlated with

eaq decay, fits well with a pseudo-first order reaction, in good agreement with reaction (7.5) since
EDOT is present in excess in the irradiated medium (1 mM). The kinetic study of the decay at
600 nm and of the growth at 290 nm enabled us to find, two times, the same value for the
effective rate constant of reaction (7.5): k75 = 3x10° L mol™ s™.
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Figure 7.6 Optical absorption spectra recorded in the first 1 ms after the electron pulse and obtained by pulse
radiolysis of an aqueous solution containing 1 mM in EDOT and 0.2 M in tert-butanol under N, in a cell of 10 mm.

Inset: Kinetic profiles over 800 ns of the absorbancies at 290 nm and 600 nm, which were normalized for clarity.*

One can note that even if the value of k; s is relatively high, it remains ten times smaller than
that of kz4. This result means that starting from an aqueous solution containing equimolar
amounts of EDOT monomers and Ag” ions (10 mM in both for instance), the reduction of EDOT
should be ten times slower than that of silver ions. Therefore, according to procedure @, PEDOT
polymers and silver nanoparticles can be produced simultaneously. Nevertheless, the production
of Ag nanoparticles should be faster than that of polymers.
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According to procedure ® (Figure 7.1), aqueous solutions containing 10 mM in EDOT, 10
mM in AgCIO, (EDOT/Ag ratio = 10:10) and 0.2 M in isopropanol are prepared, degassed with
N, for 20 min and irradiated at 72 kGy. Let’s remember that, whatever the rate constants of
reduction, this irradiation dose is enough to ensure the total reduction of both EDOT molecules
and Ag” ions.

After irradiation of the transparent aqueous solution containing both EDOT and silver ions, a
brown-black suspension, which slowly precipitates, is observed (Figure 7.1, sample h). Its
absorption spectrum (Figure 7.2, spectrum h) displays an asymetric plasmon absorption band,
between 400 and 800 nm, which is once again characteristic of silver nanoparticles.®®
Nevertheless, the shape of the spectrum is quite different from that of spectra ¢ and f. This could
be due to the synthesis by the way of procedure ® of silver nanoparticles with new morphology
and which could interact differently with PEDOT polymers. One can also note in spectrum h, the
absence of the absorption bands of EDOT at 235 and 255 nm. This proves that, after a 72 kGy-
irradiation, at the end of procedure @, EDOT monomers have completely disappeared, as
expected.

The simultaneous production of PEDOT polymers and of silver nanoparticles according to this
one-pot method is checked by following the evolution of the UV-visible absorption spectrum of
the aqueous solution (inset of Figure 7.2) as a function of the irradiation dose (0, 10, 20, 30, 50
and 70 kGy). One can note that even if silver ions reduction is faster as demonstrated by pulse
radiolysis, EDOT reduction is noticeable from the lower doses. Indeed, at 10 kGy, which is a
dose lower than the dose which is necessary for the total reduction of 10 mM in Ag* (16 kGy), the
decay of EDOT at 235 and 255 nm is evident. Also, with increasing the irradiation dose, the
growth of the plasmon band of silver nanoparticles between 400 and 800 nm and the decay of the
absorption bands of EDOT at 235 and 255 nm are concomitant. This definitely demonstrates that,
according to procedure ®, PEDOT polymers and silver nanoparticles are formed simultaneously
and are thus finally present in the aqueous medium of sample h. The corresponding composites
will be called (PEDOT/AQ)req-

Irradiated solution, corresponding to the black suspension of sample h, is dried by
lyophilization into a black powder (Figure 7.1, sample i). Lyophilized sample i, which is
expected to contain (PEDOT/AQ)q Nanocomposites, is then characterized by ATR-FTIR
spectroscopy. As observed in Figure 7.3, its infrared spectrum (spectrum i) is found very similar
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to spectrum d and spectrum g. This definitely proves that, such as sample d and sample g, sample
I, obtained at the end of procedure @, contains PEDOT polymers, silver nanoparticles as well as
perchlorate anions.

According to this one-pot method, we changed the EDOT/Ag ratio, from 10:1 to 10:20, by
varying the concentration of AgCIO4 from 1 mM to 20 mM. Whatever the ratio of EDOT to Ag,
the aqueous solutions are all added with isopropanol (0.2 M), degassed with N, for 20 min then
irradiated at 72 kGy. This dose enables, in all cases, the total reduction of both EDOT and Ag".
In all cases, black suspensions are obtained after irradiation and black powders are got after
lyophilization. The absorption spectra obtained after irradiation are all very close to spectrum h of
Figure 7.2 (obtained for the ratio 10:10) (results not shown). Also, the ATR-FTIR spectra are all

similar to spectrum i of Figure 7.3 (Figure 7.7).
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Figure 7.7 ATR-FTIR spectra of (PEDOT/AQ),.s cOmposites prepared according to
procedure @ with EDOT/Ag ratios ranging from 10:1 to 10:20.

This indicates, that, even if silver ions reduction is faster than that of EDOT monomers,
(PEDOT/AQ)res composites can be formed according to the one-pot method whatever the
EDOT/Ag ratio from 10:1 to 10:20.

In order to investigate, in liquid phase before any deposition, the structure and morphology of

(PEDOT/AQ)red cOmposites, the black aqueous suspension obtained at the end of procedure ®
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(sample h), is observed by Cryo-transmission electron microscopy just after irradiation and
before any sedimentation (Figure 7.4, image h). (PEDOT/AQ)q Nanocomposites appear as
granular mixtures.’**® Representative images of (PEDOT/AQ).es aqueous sample are very
different from those obtained in the case of (PEDOT ox/Agreq) and (PEDOT eq/Agreq) (Figure 7.4,
images ¢ and f respectively). Indeed, image h of Figure 7.4, shows the presence of low density
globular structures forming polydisperse spheroidal nanoparticles with a diameter comprised
between 10 and 50 nm. These organic particles, made of PEDOT polymers and obtained by one-
pot method, are ten times smaller than PEDOT nanoparticles obtained by two-step method. On
another hand, as can also be observed in image h of Figure 7.4, smaller nanoparticles which
appear very more contrasted (darker), are found embedded into the core of the bigger globular
PEDOT nanoparticles. Some of these dark nanoparticles are indicated on the figure by arrows.
The relatively high contrast of these smaller particles suggests once again that they are made of
silver.**** The presence of organic molds around these silver nanoparticles should explain their
characteristic asymmetric plasmon absorption band which is found by UV-Vis absorption
spectroscopy (Figure 7.2, spectrum h).

EDX spectrum (Figure 7.4, spectrum h) which corresponds to the elemental analysis of the
surrounded area of image h, highlights, the presence, in sample h, of all the chemical elements
already detected in spectrum c¢ and spectrum f of Figure 7.4, namely O, C, Ag and S. This
definitely demonstrates, as expected, the presence, in the analyzed area of image h, of both
PEDOT polymers and silver nanoparticles. In this area, S and Ag atomic percentages are found to
be 21 % and 79 % respectively. Nevertheless, these percentages are found very dependent on the
analyzed area.

In procedures ® and @, PEDOT nanoparticles are first synthesized, then in a second step,
silver ions are reduced at the surface of these polymer nanoparticles. Differently, in procedure ®,
silver ions reduction takes place in parallel with EDOT reduction. Then, since silver reduction is
faster than that of EDOT, metal nanoparticles can form prior to the existence of PEDOT
nanoparticles. In one-pot method, according to procedure ®, all silver nanoparticles are found
surrounded by an organic shell (Figure 7.4, image h). This could mean that EDOT reduction and
polymerization happen in the vicinity of silver nanoparticles. Such a growth mechanism could be
explained by the strong interaction which exists between silver ions (or even atoms) and the

sulfur atoms of EDOT monomers. Or maybe, PEDOT polymers are formed far from silver
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nanoparticles, in the bulk of the agueous solution, and then diffuse and adsorb at their surface,
thanks to weak Van der Waals interactions, enabling the thermodynamic stabilization of silver
particles and avoiding their aggregation and sedimentation. This effect of polymers onto silver
nanoparticles has already been reported in literature.>

In order to characterize the morphology of (PEDOT/AQ).s COMposites, after drying and
deposition procedures, PEDOT-containing lyophilized powder (sample i) is observed by SEM
(Figure 7.5, image i). Contrarily to the observations made on images d and g of Figure 7.5
concerning (PEDOTox/Agreq) and (PEDOT 4/ AQreq) respectively, no spherical nanoparticles are
observed in image i. Maybe their relatively small size avoids their observation by SEM
microscopy. In fact, SEM characterization shows that (PEDOT/AQ).s COMposites become
compact hybrid after deposition.

According to this one-pot method, we changed the EDOT/Ag ratio, from 10:1 to 10:20, by
varying the concentration of AgCIO4 from 1 mM to 20 mM. Whatever the ratio of EDOT to Ag,
(PEDOT/AQ)red Nanocomposites appear as granular mixtures with silver nanoparticles embedded
into organic molds. This indicates that, whatever the EDOT/Ag ratio from 10:1 to 10:20,
(PEDOT/AQ)req composites have the same morphology in aqueous solution. Nevertheless, when
the amount of silver is higher, the size of the nanocomposites increases and a more important

aggregation takes place (Figure 7.8).%

Figure 7.8 SEM images of (PEDOT/AQ).s composites prepared
according to procedure ® with EDOT/Ag ratio ranging from 10:1 to 10:20.
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7.4 Physico-chemical properities of PEDOT/Ag nanocomposites

As demonstrated previously, PEDOT/Ag nanocomposites can be prepared by both two-step
method ((PEDOTo/Agreq) and (PEDOTq/Agreq) cOmposites) and one-pot method
((PEDOT/AQ)req cOmposites) thanks to y-radiolysis. The obtained PEDOT/Ag nanocomposites
display very close UV-vis absorption spectra and similar ATR-FTIR spectra. All composites
which are found to be made of PEDOT polymers and silver nanoparticles are shown to be doped
with perchlorate anions.

Contrarily to their chemical composition which is the same, the morphology of PEDOT/Ag
nanocomposites in aqueous solution and after deposition is almost different. In aqueous solution,
while (PEDOT«/Agreq) and (PEDOT .s/Agreq) COmposites are made of large spherical PEDOT
nanoparticles at the surface of which smaller silver nanoparticles adsorb, (PEDOT/AQ)red
composites are made of silver nanoparticles embedded in the core of small irregular spheroidal
PEDOT nanoparticles. After deposition, while (PEDOTo/Agred) and (PEDOT eq/AQred)
composites are made of very close-packed polydisperse spheroidal particles, (PEDOT/AQ)req
composites appear denser and form more compact blocks.

In order to check the influence of the morphology of PEDOT/Ag nanocomposites onto their
physico-chemical properties, thermal stability and composition analysis of lyophilized
(PEDOTox/AQred), (PEDOT eg/Agreq) and (PEDOT/AQ)es composites are performed by
thermogravimetric analysis (TGA). Also, in order to check the influence of the presence of silver
component onto the stability of radiosynthesized polymers, lyophilized PEDOT polymers
prepared in the absence of silver ions according to procedures © and @, PEDOT o and PEDOT g
respectively (Figure 7.1), are also analyzed by TGA from 50 to 900 °C.

The degradation curves of PEDOT polymers and PEDOT/Ag composites, which indicate the
remaining weight of the powders as a function of temperature, are all displayed (Figure 7.9).%
TGA curves of PEDOT/Ag nanocomposites show quite similar tendency in the whole
temperature range. Before 150<C, a small weight loss is caused by the evaporation of water and
degradation of PEDOT oligomers. Then, progressive weight loss happens from 150 to 450<C
resulting from PEDOT fragmentation and carbon oxidation.>® After 450<C, the degradation
curves tend to be constant up to 900 <C. At this temperature, the remaining weights of PEDOT/Ag
nanocomposites are about 45 %. The residues should contain silver nanoparticles, perchlorate and
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undecomposed PEDOT.Y The similarity in the degradation curves of (PEDOTox/AGred),
(PEDOT ed/Agred) and (PEDOT/AQ)req COMposites means that the morphology of the composites
has no clear influence on their thermal stability. This similarity in the curves is certainly due to
the fact that the three materials have, as already demonstrated, the same chemical composition

(even if the synthesis methodologies are different).
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Figure 7.9 Thermogravimetric analysis (TGA) plots of PEDOT,, and (PEDOT,/Ageq), both synthesized according
to procedure @ (two-step method), PEDOT .4 and (PEDOT 4/Agreq), both synthesized according to procedure @
(two-step method) and (PEDOT/AQ)..q prepared according to procedure ® (one-pot method).*

TGA curves of pure PEDOT polymers, PEDOT.x and PEDOT e, prepared in the absence of
silver perchlorate, show quite similar tendency in the whole temperature range (Figure 7.9).
Before 150<C, contrarily to what is observed in the case of composites, no weight loss is
observed in the case of pure PEDOT. This could be explained by the existence of a smaller
amount of PEDOT oligomers resulting from a higher level of polymerization. Above 150<C and
up to 450<C, a progressive weight loss happens resulting from PEDOT fragmentation and carbon
oxidation. Note that, in this range of temperature, degradation rate of pure PEDOT is faster than
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that of PEDOT/Ag nanocomposites. This result indicates a superior thermal stability of
PEDOT/Ag composites compared with that of pure PEDOT. Thus the presence of silver
nanoparticles into the composites increases the thermal stability of PEDOT polymers.** Above
450<C, the degradation curves of pure PEDOT tend to be constant up to 900<C, only a small
weight loss is observed. Besides, one can note that the final weight loss is more important in the
case of pure PEDOT than in the case of composites. This result is logical. Indeed, in the case of
pure PEDOT, the residue should contain only undecomposed PEDOT, while in the case of
composites, it should also contain silver nanoparticles together with perchlorate. In conclusion,
thanks to the presence of silver, PEDOT/Ag composites display a thermal stability which is
globally higher than that of pure PEDOT over a wide range of temperatures.

Besides, when varying EDOT/Ag ratio, from 10:1 to 10:20 in the case of (PEDOT/AQ)red
composites, as the proportion of silver perchlorate increases, one can note an increase in the
remaining weight of the composites at 900<C (Figure 7.10). In particular, the remaining weight
reaches 60 % for the ratio 10:20.
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Figure 7.10 TGA curves of (PEDOT/AQ).s COmposites prepared
according to procedure ® with EDOT/Ag ratio ranging from 10:1 to 10:20.
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Finally, in order to measure and to compare the electrical conductivities of the differently
prepared PEDOT/Ag nanocomposites and in order to check the influence of the morphology and
of the presence of silver, spin-coated films of (PEDOTo/AQred), (PEDOT ea/AQred),
(PEDOT/AQ)red, PEDOT,x and PEDOT g are prepared and a four-point probe technique is used
for measuring the resistance of all PEDOT and PEDOT/Ag films. Note that before measurements,
all PEDOT and PEDOT/Ag solutions are doped with NOBF, at a concentration of 10 mM in
acetonitrile.

The electrical conductivities measured by four-point probe technique are all reported (Table
7.1).% The values found in the case of PEDOT/Ag composites are in the same order of magnitude,
even if that of (PEDOT ed/AQreq) appears slightly higher. These values are comparable to those
already reported in literature for PEDOT nanocomposites prepared according to other methods.’
Also, when varying EDOT/Ag ratio, from 10:1 to 10:20 in the case of (PEDOT/AQ);eq COMpOSites,
as the proportion of silver perchlorate increases, one can note a slight increase in the electrical
conductivity from 3.2x10°%t0 3.9x10° S cm™ (results not reported in Table 7.1).

Table 7.1 Electrical conductivities of PEDOTy and (PEDOT/Agrq), both synthesized
according to procedure @ (two-step method), PEDOT g and (PEDOT es/AQred), both synthesized
according to procedure @ (two-step method) and (PEDOT/AQ)q prepared according to

procedure ® (one-pot method).*®

Sample Conductivity / S cm?
PEDOT, 9.8x107
PEDOT, 4 3.4x107

(PEDOT,,/Ag,.q) 3.2x10%®
(PEDOT,./Ag,..) 5.6x107
(PEDOT/Ag),., 3.6x107

The measured electrical conductivities of PEDOT.x and PEDOT 4 are also reported in Table
7.1. The value found in the case of PEDOT eq (3.4><10'3 S cm'l) is somewhat lower than that of
PEDOTox (9.8x10° S cm™). Nevertheless, both values are close to those already reported in
literature for PEDOT polymers.>*>* Moreover, conductivities of pure PEDOT polymers and those

of PEDOT/Ag composites are found in the same order of magnitude. Definitely, this proves that
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neither the morphology of the composites, nor their chemical composition (amount of silver and
perchlorate) have a clear influence on the electrical conductivity. The main factor which seems to
determine the final conductivity is the amount of PEDOT conducting polymers, which is the
same in all samples. Note that the oxidation or reduction methodologies used for the production

of PEDOT polymers seem to have no influence.

75 Conclusions

Hybrid nanocomposites, made of organic conducting polymers and inorganic metal
nanoparticles attracted intensive research interests due to their remarkable properties. These
nanocomposites are generally synthesized by traditional chemical and electrochemical routes.
Nevertheless, in our knowledge, radiolysis has never been used for the preparation of such
conducting polymers-based nanocomposites. Herein, an original methodology based on radiation
chemistry is used for the first time for the synthesis of hybrid organic-inorganic composites in
aqueous solution.

Starting from an aqueous solution containing both metal ions and organic monomers, we
originally used gamma-radiolysis for the in situ production of hydrated electrons and hydroxyl
radicals as reducing and oxidizing species respectively, in order to synthesize hybrid CPs/metal
nanocomposites.

Starting from EDOT monomers and silver perchlorate salt, preparation of PEDOT/Ag
composites, made of PEDOT conducting polymers and silver nanoparticles, is achieved by using
different radiolytical procedures. According to the two-step method, PEDOT polymers are first
synthesized by either oxidation or reduction of EDOT monomers and then, silver nanoparticles
are produced in the presence of PEDOT by reduction of silver ions. Differently, according to the
one-pot method, polymerization and metal ions reduction are achieved in parallel, in one step,
thanks to the concomitant reduction of EDOT monomers and of silver ions, as demonstrated by
pulse radiolysis experiments.

As highlighted by UV-Vis absorption spectrophotometry, ATR-FTIR spectroscopy and EDX
spectroscopy, all prepared nanocomposites are made of PEDOT polymers and silver
nanoparticles. Also, they are found to be doped with perchlorate anions. On the contrary, the
morphologies of PEDOT/Ag nanocomposites are almost different and depend on the preparation
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procedure, as demonstrated respectively by Cryo-TEM observations in agueous solution and
SEM microscopy after deposition. While composites prepared by two-step method are made of
large spherical PEDOT nanoparticles at the surface of which smaller silver nanoparticles adsorb,
composites produced according to one-pot method are made of silver nanoparticles embedded in
the core of small irregular spheroidal PEDOT nanoparticles.

Four-point probe measurements demonstrated that electrical conductivities of all
radiosynthesized PEDOT/Ag composites, which are close to those reported in literature for
PEDOT nanocomposites prepared according to other methodologies, are in the same order of
magnitude. Moreover, these conductivities are close to those measured in the case of pure
PEDOT polymers synthesized by radiolysis in the absence of silver. This proves that neither the
morphology, nor the presence of silver have a clear influence on the electrical conductivity of the
composites. The main factor which seems to determine the final conductivity is the amount of
PEDOT conducting polymers, which is the same in all our nanocomposites. More interestingly,
TGA analysis revealed that, whatever their morphology, all PEDOT/Ag composites are
characterized by the same thermal stability, which remains higher, over a wide range of
temperatures, than that of pure PEDOT synthesized by radiolysis. Also, this thermal stability can
be enhanced by increasing the amount of silver into the composites.

As demonstrated in previous chapters (chapter 3, 4, 5 and 6), that PEDOT and PPy conducting
polymers can be produced in aqueous solution by radiolysis.***** According to oxidation or
reduction route. In this chapter, the radiolytic procedure was extended to the synthesis of CPs
nanocomposites. In particular, thanks to radiation chemistry, the preparation of hybrid
nanocomposites made of PEDOT conducting polymers and of silver nanoparticles was realized.
This novel methodology, never used in literature, should enable us to prepare in aqueous solution
different kinds of CPs/metal nanocomposites containing, for instance, PPy as CPs and gold as

inorganic component.
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Conclusions and perspectives

In this thesis, synthesis of conducting polymers (CPs) and CPs nanocomposites with radiolytic
method has been studied. The radiolytic method was developed by Samy Remita’s team
(Laboratoire de Chimie Physique, LCP) and this new method opens a novel approach for the
synthesis of CPs. Based on the radiolytic method, synthesis of different kinds of CPs has been
carried out and the effect of synthetic conditions on the polymerization has been investigated. In
addition, new synthetic routes based on oxidation or reduction of monomers have been tried for
the synthesis of CPs and CPs nanocomposites. During the study, some general conclusions are
drawn and some unsolved questions are proposed for perspectives.

In chapter 3, the original radiolytic methodology was developed for the synthesis of
poly(3,4-ethylenedioxythiophene) (PEDOT) polymers from aqueous solutions of 3,4-
ethylenedioxythiophene (EDOT) monomers. Different oxidizing species produced by gamma
(y)-radiolysis were applied to oxidize EDOT monomers leading to PEDOT polymers with
different morphologies. With pulse radiolysis study, a step-by-step mechanism has been
established for the polymerization of EDOT monomers and accelerated electron beam also
enables the synthesis of PEDOT polymers.

In chapter 4, the versatility of y-radiolysis-based alternative way for synthesizing CPs is
proved by the successful synthesis of polypyrrole (PPy) polymers by using hydroxyl radicals
(HOe) produced from y-radiolysis of water as the oxidizing species. Radiosynthesized PPy
polymers show good stability and can be well dispersed in polar solvents. PPy polymers show
globular self-assembled structures and pack into nanochaplets in aqueous solution. Compared
with the PPy polymers prepared by traditional chemical method by using potassium persulfate
(K2S20g), radiosynthesized PPy nanoparticles are more hydrophilic, smaller and less
polydisperse than chemically synthesized PPy. In addition, the radiosynthesized PPy
nanostructures are characterized by a very good thermal stability and an electrical conductivity
which is five times higher than that of chemically synthesized PPy. The successful synthesis of
PPy polymers extends the application of radiolytic method for the synthesis of CPs.

In chapter 5, the effect of synthetic conditions including soft template, pH and ionic strength
on the polymerization of EDOT monomers are studied in detail. It is found that the addition of

SDS surfactant does not affect the polymerization of EDOT at a concentration lower than its
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CMC I. Nevertheless, the use of self-assembled surfactants in micelles inhibits the
polymerization of SDS due to the competitive reaction of radiolytic radicals onto highly
concentrated SDS molecules. The effect of pH on the polymerization of EDOT is obvious. Dark
blue precipitate is obtained after y-irradiation at pH = 0. Spectroscopic studies prove that
poly(3,4-ethylenedioxythiophene) (PEDOT) polymers in reduced state are obtained in very acidic
medium. Microscopic observations show that PEDOT prepared in these conditions appears to be
amorphous. It forms granular particles in solution and compact aggregates after deposition. It is

noted that the kind of acid and the nature of oxidizing species hydroxyl radicals (HOe) or

dichloride anion radicals (Cl,") have no effect on the polymerization of EDOT. In addition, it is
proved that the ionic strength has no effect on the polymerization of EDOT. PEDOT polymers
prepared in very acidic medium possess electrical conductivity in the order of 10° S-cm™. Also,
the as-prepared PEDOT has successfully been mixed with poly(4-styrenesulfonic acid) (PSSH) to
form PEDOT/PSS membranes.

In chapter 6, the polymerization of EDOT is initiated by hydrated electrons (e,,) produced
from vy-radiolysis of water. For the first time, such a simple y-rays-based reduction
polymerization route solution is described for synthesizing PEDOT conducting polymers in
aqueous. PEDOT polymers synthesized by radiation-induced reduction polymerization are
characterized by a very good long-term stability at air in a humid environment. PEDOT polymers
are found to form polydisperse spherical nanoparticles after deposition with an electrical
conductivity of 3.4x10° S cm ™.

In chapter 7, based on the results of chapter 6, starting from EDOT monomers and silver
perchlorate salt, preparation of PEDOT/Ag composites, made of PEDOT conducting polymers
and silver nanoparticles, is achieved by using different radiolytical procedures. According to a
two-step method, PEDOT polymers are first synthesized by either oxidation or reduction of
EDOT monomers and then, silver nanoparticles are produced in the presence of PEDOT by
reduction of silver ions. As a result, composites prepared by two-step method are made of large
spherical PEDOT nanoparticles at the surface of which smaller silver nanoparticles adsorb.
Differently, according to an one-pot method, polymerization and metal ions reduction are
achieved in parallel, in one step, thanks to the concomitant reduction of EDOT monomers and of
silver ions, as demonstrated by pulse radiolysis experiments. Therefore, composites produced

according to one-pot method are made of silver nanoparticles embedded in the core of small
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irregular spheroidal PEDOT nanoparticles. All PEDOT/Ag composites are characterized by the
same thermal stability, which remains higher, over a wide range of temperatures, than that of
pure PEDOT synthesized by radiolysis. Also, their electrical conductivity are in the same order
of magnitude.

All in all, the synthesis of CPs and CPs nanocomposites has been tried in this thesis for
primary study. The versatility of radiolytic methodology has been proved to be a potential
alternative method. However, there are also few questions that worth further investigation for
better understanding and application of the radiolytic method.

For the synthesis of PPy using radiolytic method, the oxidation polymerization of pyrrole
introduces the new carbonyl band into the PPy polymers. It is necessary to check the reaction for
the formation of this new group and check whether PPy polymers are overoxidized. In addition,
the extension of radiolytic method for the synthesis of different kinds of CPs including
polyaniline (PANI), polythiophene (PTs) and poly(3-thiophene acetic acid) (P3TAA) is worth
studying. Moreover, the synthesis of CPs directly onto conducting or nonconducting substrates
by y-irradiation or accelerated electron beams may offer synthetic routes.

In the study of the effect of synthetic conditions on the polymerization of EDOT, the effect of
soft template formed by SDS needs to be checked in detail below CMC I. To control the
morphology of CPs, use of hexagonal mesophases or microemulsions is worth trying. It is worth
studying the mechanism of polymerization of EDOT in acidic medium and determining the role
of He during the polymerization of EDOT. To the preparation of PEDOT/PSS membranes, it is
necessary to optimize the ratios and add other supporting reagents. In order to enhance the
electrical conductivity of radiosynthesized CPs, we will work on increasing the doping level by
adding chemical oxidant and increasing the polymer chain length thanks to the decrease of the
dose rate during irradiation.

To the polymerization of EDOT by reduction polymerization with e,q’, the mechanism for the
reduction induced polymerization has not been reported which is worth studying. During the
synthesis of PEDOT/Ag nanocomposites, the interaction between PEDOT and Ag nanoparticles
needs further study. In addition, the application of PEDOT/Ag nanocomposites for catalytic
applications is of great mean. The synthesis of poly(3-hexylthiophene) (P3HT) or
poly(diphenylbutadiyne) (PDPB) or mixture of PEDOT/P3HT, PEDOT/PSS for photovoltaic,

electrochromic, solar cell applications is meaningful.
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Therefore, the improvement of synthetic conditions as well as potential applications of CPs
and CPs nanocomposites needs further research.
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