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Abstract

In this study, a novel and extremely facile method for the synthesis of conducting
polypyrrole (PPy) was achieved in aqueous solution. This radiolytic method is totally free of
template and environmentally friendly compared with traditional chemical methods. According to
ultraviolet-visible (UV-vis) spectroscopy and Fourier transform infrared (FTIR) spectroscopy
analysis, pyrrole (Py) monomers were polymerized into PPy thanks to their oxidation by HO-
radicals produced by the radiolysis of water when exposed to v irradiation. The morphology of
PPy was characterized by Cryo-transmission electron microscopy (Cryo-TEM) in aqueous
solution and by scanning electron microscopy (SEM) after deposition. In an original way, high
resolution atomic force microscopy, coupled with infrared nanospectroscopy, is used to probe the
local chemical composition of PPy nanostructures. The results demonstrated that spherical and
chaplet-like PPy nanostructures were formed by y-radiolysis. Thermogravimetric analysis (TGA)
and electronic conductivity measurements showed that radiosynthesized PPy had good thermal

stability and an electrical conductivity higher than that of chemically synthesized PPy.
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1. Introduction

Conducting polymers (CPs), as a novel generation of polymers,’® have been intensively
investigated due to their intrinsically unique m-conjugated systems which enable their potential
applications in various fields such as conducting materials,* photovoltaic cells,” field effect
transistors,® chemical or biological sensors and anti-corrosion materials.”® Since their discovery,
a variety of m-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 to possess both environmental stability and high
conductivity which are attracting great interests currently.™

Among these typical CPs, PPy has been mostly investigated due to its relatively easier
synthesis and greater stability. Generally, the polymerization of pyrrole monomers, Py, into PPy
(Scheme 1) could be achieved by traditional chemical (e.g., K;S;Os, FeCl;, H,0;) and
electrochemical methods while some alternative ways, such as enzymatic method, remain rarely
proposed in literature.**® Although the polymerization technologies of chemical and
electrochemical methods are quite different, the first step of polymerization corresponds to the
preliminary oxidation of Py monomers into their ionic states which systematically preceeds and
initiates the polymerization process.*® %

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
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.

We recently, and for the first time in literature, succeeded in the synthesis of a CP in aqueous

solution, namely poly(3,4-ethylenedioxythiophene), PEDOT, thanks to the use of different



oxidizing species produced by water radiolysis.>* We showed that the polymerization growth of
CP proceeds through a recurrent step-by step oxidation process. This means that for a quantitative
polymerization the concentration of oxidizing species 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. 2

In this work, we extend our original radiolytic methodology to the synthesis of another CP,
the polypyrrole (PPy) in aqueous solution under N,O atmosphere. Under these conditions, the
hydroxyl radical (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 K,S,0g as oxidant and as polymerization
initiator. The morphology and the properties of PPy synthesized by both methods are compared in

details.

2. Experimental

2.1 Materials

Pyrrole (Py) (> 98%, Sigma Aldrich) was used as monomer and ultrapure water (Millipore
system 18.2 MQ cm) was used as the solvent. K,S,0g (Reagent grade, Touzart & Magnon) was
used as the oxidant during chemical polymerization. N,O (Air liquid Co.) was used to degas the
aqueous solutions of pyrrole before vy irradiation. Acetonitrile solvent (> 99.8%, Sigma Aldrich),
containing NOBF,; (> 95%, Sigma Aldrich) as the dopant, was used during the electrical

conductivity measurements.

2.2 PPy synthesis methodologies

2.2.1 Radiolytic method

Within the nanosecond timescale, y-irradiation of deoxygenated diluted aqueous solutions at



neutral pH, generates the following radiolytic species which come from the direct effect of

ionizing radiation on the more abundant species, namely water molecules:?*%

H,O —www> HQO-, He, eaq', H>0,, H30+, H, (1)

While hydroxyl radical HO* is a very oxidative species, hydrated electron e,y is a very reducing

radical. In order to scavenge hydrated electrons, the aqueous solutions are degassed and saturated
with nitrous oxide (N.O, 25 mM). Under these conditions, e, are quantitatively converted into

26, 27

hydroxyl radicals:

€ag + N2O + H,0 — HO® + HO™ + N @)

Therefore, upon irradiating N,O-saturated aqueous solutions at neutral pH, the radiolytic

yield of formation of HO* is well-known:*®

G (HO-) =5.6 10" mol-J* (3)

The concentration of hydroxyl radical [HO+] produced by water radiolysis can then be expressed
as a function of the irradiation dose, D expressed in Gray (Gy, 1 Gy corresponds to 1 J-kg™ or 1
J-L™* for diluted solution) according to:

[HO<] (mol-L™) = D (Gy) x G (HO*) (mol-J™) (4)

As demonstrated in our previous work,?* % for quantitative polymerization of CP, the
concentration of oxidative species (HO+ here) should be twice that of monomers (Py here), [Py]o.
As a consequence, the dose Dmax needed for a quantitative polymerization can be calculated as
follows:

2 [Py]o(mol-.L™h)
G (HO») (mol] ™

Dmax (GY) = (5)

It thus amounts to 3.6 kGy for 1 mM in Py and to 72 kGy for 20 mM in Py.



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). These concentrations also remain very much lower than water molecules
concentration (55.5 M). This enables to neglect the direct effect of ionizing radiation on Py. Then,
the samples were degassed with N,O for 20 min and irradiated with a ®°Co y source (available at

LCP laboratoire, Université Paris-Sud) at a dose rate of 6 kGy-h™ up to Diax.
2.2.2 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 polymerized into polypyrrole.? As in
the case of radiolytical method, the molar ratio of monomer to oxidant was 1:2 to ensure

quantitative polymerization.
2.2.3 Lyophilization

All the solutions of Py after polymerization were dried by lyophilization with a Heto
PowerDry® LL1500 (Thermo Electron Co., France) to obtain dehydrated powders. The drying
procedures were carried out as follows: first, all the solutions were transfered to culture dishes
and frozen into ices; then, the frozen samples were moved to the drying chamber and lyophilized
at - 110 ° C for 48 h. After lyophilization, all the samples were further directly investigated by
ATR-FTIR, SEM and TGA.

2.3 Characterization of PPy
2.3.1 UV-vis absorption spectroscopy
In order to check whether the polymerization of pyrrole monomers occurred, Ultraviolet-

visible (UV-vis) spectra of pyrrole aqueous solutions or suspensions before and after

polymerization were recorded on a UV-vis scanning spectrophotometer (HP 8453) in quartz cell



with an optical path length of 0.2 cm. The reference was always ultrapure water.

2.3.2 ATR-FTIR spectroscopy

To further identify PPy and its chemical composition, the Fourier transform infrared (FTIR)
spectra of lyophilized PPy were recorded using a FTIR spectrometer (Bruker Vertex 70) with
diamond ATR attachment (PIKEMIRACLE crystal plate diamond/ZnSe) and MCT detector with
a liquid nitrogen cooling system. The lyophilized powder was deposited onto the ZnSe diamond
and scanning was conducted from 4000 to 600 cm™ with a 4 cm™ spectral resolution for 100

times and averaged for each spectrum.

2.3.3 Cryo-transmission electron microscopy

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), known to be adapted to low density
contrasts. A drop of each solution was deposited on ““quantifoil”® (Quantifoil Micro Tools Gmbh,
Germany) 200 mesh holey-carbon-coated grids. After being blotted with filter paper, the grids
were quench-frozen by being rapidly plunged into liquid ethane in order to form a thin ice film
avoiding water crystallization. The grids were then transferred into the microscope using a side
entry Gatan 626 cryoholder cooled at -180 ° C with liquid nitrogen. Images were taken with an
Ultrascan 2k CCD camera (Gatan, USA) by using a LaB6 JEOL JEM 2100 (JEOL, Japan).
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.

2.3.4 AFM-IR spectromicroscopy

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 at air. The dried

deposit was observed by nanolR™ (@Anasys Instruments) an AFM-IR system that combines the



AFM with a pulsed infrared OPO laser to perform spectromicroscopy. AFM which has a visible
laser focusing on the cantilever and a four quadrants detector measuring its deflection, was 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™.
During the measurement, the tip of the AFM remained in contact with the object. When the
sample absorbs IR laser pulse, the absorbing region warms via the photothermal effect and a
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.

2.3.5 SEM microscopy

In order to check the morphology of PPy polymers synthesized by radiolytic and chemical
methods, PPy powder obtained after lyophilization was sprinkled onto carbon tape adhered to
aluminum mounts and the images were obtained with EVO MA10 scanning electron microscope

(SEM). Magnification, accelerating voltage and scale bar were 5 K X, 150 kV and 1 um.

2.3.6 TGA analysis

The thermal stability and composition analysis of lyophilized PPy was performed on a
thermogravimetric analysis instrument TGA Q500 (TA instruments, USA) under a nitrogen flow
of 50 mL/min. The temperature ranged from 40 to 800 ° C at a heating rate of 20 ° C/min.

2.3.7 Conductivity test

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 102 M in acetonitrile.
A Kelvin four-point probe technique was used for measuring the resistance of PPy film and a 3

Veeco Dektak 150 surface profiler was used for the thickness measurement of the film.



The conductivity, p (S-cm™) was determined thanks to the following equation:

p=(lx§xt)_1 (6)

In2

where V is the voltage difference (V), t the film thickness (cm) and I the applied current (A).

3. Results and discussion
3.1  HO--induced oxidation of Py monomers

Agqueous solution containing 1 mM in Py was prepared under N,O atmosphere. Its UV-vis
absorption spectrum presented in Figure 1 displays the 205 nm characteristic peak of Py
monomers which corresponds to a n-r* transition.*® The molar extinction coefficient amounts to:
€205 = 6730 L-mol™*-cm™.®

We irradiated this solution at increasing doses up to 3.6 kGy and recorded the UV-vis
absorption spectra as a function of the dose (results not shown). We reported in Figure 1 (inset),
the absorption of Py at 205 nm as a function of the dose. 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.py, 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_l)

G.pyo (Mol-J™) = — ( d D (Gy)

) =6.0x10" mold* (7)
0

We clearly find that: Gpyo=~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 react with Py monomers. Indeed, HO« is a strong oxidizing species since its
standard redox potential in neutral medium (pH=7) amounts to E”yse (HO*/H,0) = 2.31 Vpse
enabling oxidation of Py (E%use (Py'/Py) = 0.76 Venn).>* * Therefore, it is clear that, in our

experimental conditions, the radiation induced polymerization of pyrrole can only be initiated by



HOe« as expected. Therefore, as previously explained, the dose needed for quantitative
polymerization of Py could be easily calculated according to formula (5). In particular, 72 kGy
are needed for 20 mM in Py.

3.2  Highlighting y-PPy radioinduced synthesis, a comparison with chemical synthesis

3.2.1 Identification of y-PPy by spectroscopic studies

While relatively low concentrations in Py monomers (1 mM, see previous section) were
needed for the follow-up of their oxidation mechanism by UV-vis absorption spectroscopy,
higher concentrations in Py were used for the characterization of PPy polymers.

Aqueous solutions containing 20 mM in Py were irradiated at doses up to 72 kGy (Figure 2).
We can note that after a 72 kGy- 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. Py disappearance parallels the formation of species which
absorb at 300 nm as observed in spectrum b. According to literature,* 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 m-n* transition of PPy
materials with higher molecular weight.***® This scattering should result from the presence of a
black suspension in the medium as observed in Figure 3 (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 this suspension remains relatively stable and that no sedimentation process is observed in this
case over few days. This may be explained by a relatively low molecular weight of the polymers.
In addition, the absence of any deposition implies that y-PPy polymers are not hydrophobic.

In order to compare our radiolytic procedure with a more common chemical methodology,
we added 40 mM of K,S,0g as oxidant to a solution containing 20 mM in Py (ratio Py/ K,S,0g =
1:2) under stirring. After 24 hours, we recorded the absorption spectrum of the solution (Figure 2,
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 our
experimental conditions, chemical polymerization is less complete than radiation induced one.
While no peak at 300 nm, characteristic of terpyrrole, is observed in spectrum c of Figure 2, a
continuous absorption in the range 400~1000 nm is present such as in the case of radiolytical
method. This is once again characteristic of PPy materials with higher molecular weight.
Nevertheless, the lower intensity of the extinction spectrum c in comparison with that of
spectrum b could be explained by the sedimentation process which was systematically observed
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 in Figure 3 (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 x-PPy. Nevertheless, these chemically
synthesized polymers (x-PPy) should be more hydrophobic than radiosynthesized ones (y-PPy) or
could have higher molecular weight since they precipitate.

In order to perform ATR-FTIR experiments for comparing the chemical nature of both y-PPy
and x-PPy, the two samples (images b and c of Figure 3) were lyophilized. In both cases, black
powder was obtained (images d and e of Figure 3). Note that the solid volume obtained after
lyophilization of y-PPy is higher when the suspension is denser and when the irradiation dose
increases. 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. This prevents
any comparison between the chemical and radiolytical polymerization yields. On another hand,
we attempted to estimate the molecular weights of y-PPy and x-PPy polymers by Size-Exclusion
Chromatography (SEC). However, the solubility of our polymers was too low in the different
solvents usually used in SEC chromatography (ethanol, acetone, acetonitrile, THF...).

The ATR-FTIR spectrum of y-PPy is presented in Figure 4 (spectrum b) in the wavenumber
region 600~4000 cm™ together with those of y-PPy (spectrum c) and pure non irradiated Py
liquid sample (spectrum a). Note that the deposition of Py liquid phase is translated by a better
resolution when compared with the solid phase deposition of polymer films.

The three obtained spectra are in good agreement with those previously reported for Py and
PPy in literature.®® 3% ° In addition, no significant difference exists between spectra b and c. Only
small shifts in the vibration mode 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
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stretching of N-H.*® *! 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, observed in spectra b and c, 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, spectrum c), the broad band at
3120 cm™ corresponds to the stretch of N-H bond and the peak at 1700 cm™ corresponds to the
stretch of C=0.% The presence of this latter bond seems surprising. Nevertheless, C=0 bond has
already been observed in literature in the case of chemical polymerization of Py and assigned to
the overoxidation of polypyrrole.*® The bands at 1556, 1481 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.?® **

In the case of PPy synthesized by radiolytical method (Figure 4, 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.%* ** #! Nevertheless, there
is an obvious carbonyl C=0 group peak at 1674 cm™ which is more intense than the C=0 peak
observed at 1700 cm™ in the case of x-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 y-PPy (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
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 and is in very good agreement
with literature since HO- radicals are known to add to the double bonds of organic molecules.>*
44,45

Therefore, PPy was successfully synthesized by both radiolytical and chemical methods.
Nevertheless, radiosynthesized PPy polymers could be functionalized by both O-H and C=0
groups which should then explain their higher hydrophilicity in comparison with that of x-PPy.

11



3.2.2 Morphological observations of y-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 on Figure 5a (mean diameter of 100 nm). Also,
these particles systematically appeared self-assembled into nanochaplets as observed in Figure 5b.
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 5 should correspond to the self-assembly of
independent amorphous PPy polymer chains which interact all together by Hydrogen-bonds as
already reported in literature.* *® Also, the packing 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, 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 5)
was deposited onto a ZnSe prism, then dried naturally at air, and finally imaged and characterized
by AFM-IR as shown in Figure 6. According to the AFM image of y-PPy recorded in contact
mode (Figure 6a), the top dark areas having no thickness correspond to the substrate. 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 5) 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 morphology of y-PPy polymers.

In order to confirm that the nanoparticles observed by Cryo-TEM (Figure 5) and by AFM in

12



contact mode (Figure 6a) are made-up of PPy polymers, the sample was observed by AFM-IR in
the range of 1600~1800 cm™ (Figure 6b). The spectrum of Figure 6b displays a peak at 1674 cm™
which is characteristic of C=0 bonds. Now, these bonds have been detected by ATR-FTIR
spectroscopy in y-PPy polymers (Figure 4, spectrum b) and not in Py monomers (Figure 4,
spectrum a). This demonstrates that the globular structures observed in both Figure 5 and Figure
6a contain close-packed PPy polymers.

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 6c). In
Figure 6c, 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 6a), we notice 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 6c) fits well with the thickness of y-PPy (Figure 6a).
Thus, we can definitely assume that the nanoparticles observed on Figure 6 are essentially
composed of y-PPy polymers. Nevertheless, the presence of some residual Py monomers trapped
into PPy nanoparticles couldn’t be totally excluded.

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 on Figure 7a.
Once again, y-PPy polymers appear as more or less spherical nanoparticles with a mean size of
100 nm. This definitely proves that the presence of the solvent, that the lyophilization, that the
nature of the substrate have no influence on the morphology of the polymers. This would imply
the existence of very strong hydrogen-bond interactions into each nanoparticle.

In order to compare the morphology of y-PPy with that of y-PPy, the lyophilized PPy powder
obtained in the presence of 40 mM in K,S;0s was also observed by SEM (Figure 7b). x-PPy

13



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. The
lower hydrophilicity and the bigger size of y-PPy nanoparticles in comparison with those of y-
PPy structures could explain their sedimentation observed just after their chemical synthesis into
water (Figure 3, image c).

3.3 Physico-chemical properties of y-PPy, a comparison with y-PPy
3.3.1 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 in Figure 8. The inset displays the temperature at which
the weight loss of PPy occurs. In the case of y-PPy (Figure 8a), the weight loss exhibits three
stages of decomposition which is in agreement with literature.>* From 40 to 100 ° 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 2, 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 relatively low molecular weights.*® Finally, the decomposition of the
backbone of PPy occurs 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 as observed on Figure 8b. 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.

3.3.2 Electrical conductivity

We wanted to check and to compare the electrical conductivity of y-PPy and y-PPy by four
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point probe technique. In this aim, we doped both samples with NOBF, (10 mM). We found that
the electrical conductivity of ¥-PPy is 1.2 x102 S-cm™. This value is similar to those reported in
literature.>® Nevertheless, the electrical conductivity of y-PPy synthesized by our 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 y-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 delocalisation 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, Conclusion

We recently succeeded in the development of a new y-radiolysis-based alternative way for
synthesizing PEDOT polymers in solution. In the present paper, we extended this methodology 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
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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.

Work is in due course in order to enhance the conductivity of radiosynthesized PPy polymers
by the way of the improvement of their doping level and thanks to the increase in their
conjugation length. Also, in order to control the growth and the morphology of the
radiosynthesized PPy polymers, soft templates such as hexagonal mesophases or spherical
micelles will be used.

Finally, the study of the influence of polymerization mechanism remains poorly
investigated in literature in the field of conducting materials. We thus aim to progress in this
domain in order to find out the better way to optimize the preparation of nanostructured
conducting polymers with adjusted morphologies and tuned properties. Pulsed radiolysis studies
are underway in order to identify the first steps of the polymerization mechanism and in order to

better understand the growth process of PPy polymers in agueous solution.
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Scheme 1

pyrrole (Py)

polypyrrole (PPy)

Scheme 1. Chemical structures of pyrrole (Py) and polypyrrole (PPy). The free o, o’ positions at

which polymerization occurs are shown in the pyrrole structure.
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Figure 1
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Figure 1. UV-vis absorption spectrum of aqueous solution of pyrrole (1 mM). Insert: evolution of
pyrrole concentration as a function of the irradiation dose, L= 0.2 cm, Reference:

water.
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Figure 2
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Figure 2. 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.
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Figure 3
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Figure 3. Photographs of Py samples before (a), after polymerization (b) and (c) and after
lyophilization (d) and (e).
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Figure 4
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Figure 4. ATR-FTIR spectra of pure pyrrole before polymerization (a), radiosynthesized PPy
after lyophilization (b), and chemically synthesized PPy after lyophilization (c).
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Figure 5

Figure 5. Cryo-TEM images of radiosynthesized PPy (y-PPy) at 72 kGy. (a) Nanostructures of y-
PPy, (b) full view of chaplets of y-PPy.

24



Figure 6
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Figure 6. (a) 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=O band
at 1674 cm™.

25



Figure 7
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Figure 7. SEM images of PPy lyophilized after radiolytical (a) or chemical (b) synthesis.
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Figure 8
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Figure 8. 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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