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Abstract

The inelastic neutron scattering (INS) spectra from 20 to 4000 cm ™! of various polypyrroles and their ring-deuterated
analogues at 30 K shed light on the proton dynamics in these materials. The doped samples obtained by mild oxidation in the
presence of FeCl; in acidic solution were either dedoped in alkaline solution or reduced with TiCl ;. The spectra give a
continuum with constant intensity due to the recoil of free protons. Virtualy al protons are free in the dedoped polymer.
Additional protons in the doped and reduced polymers are bound. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polypyrroles can be obtained by mild oxidation of
pyrrole with various reagents (peroxides, chlorates,
transition metas, halogens, etc.) [1,2]. These poly-
mers and related compounds resulting from N-sub-
stitution or functionalisation or electrochemical oxi-
dation in various solvents have been thoroughly
investigated from both experimental [3—20] and the-
oretical viewpoints [21,22]. The various oxidation
and protonated states are schematically illustrated
through a ladder-like reaction scheme (Scheme 1).
The neutral polymer | possesses a nondegenerate
electronic ground state and the electronic band struc-
ture has a large gap of ~ 4 eV [21,23]. The neutra
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form can be protonated in acidic media and this
chemical reaction is reversible. |1 (Scheme 1) corre-
sponds to a protonation degree p=1,/3 (1/3 of the
N-atom is protonated, see Section 2). The protonated
form can be then oxidised into 111 or 1V by remov-
ing electrons and protons in acidic media, and further
deprotonation in alkaline media gives the neutral V.
The reduction in alkaline media is irreversible and
gives VI.

Because of the complex chemical reaction scheme,
real samples are mixtures of various redox and ionic
states and the electrical conductivity depends dramat-
icaly on the particular experimental conditions for
sample preparation. For example, the conductivity
can be as large as ~ 102 S cm™! for a sample
protonated at pH=0 or as smal as ~1071° S
cm~! after deprotonation by 1 M NaOH solution.
The conductivity of the sample protonated at pH = 0
can be reduced by three orders of magnitude by
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Scheme 1.

electrochemical reduction at the potential ~0 V/
NHE [24]. The main practical interest of these poly-
mers stems from the excellent long-term stability of
their conductive states and from the possibility of
tailoring properties by synthesis [25-30].

Different approaches have been proposed to ac-
count for the electric conductivity of the doped
polymers. Many of the properties that characterise
heavily p-doped polypyrroles similar to 111 suggest
that the electronic structure is that of a metal and the
conductivity is determined by a disorder-induced
metal-to-insulator (M—I) transition [19]. Structural
defects like 2,4-linkages, hydrogen saturation, oxy-
gen incorporation and disorder during the doping
process limit the extended conjugation of the poly-
mers. The rather low conductivity at room tempera-
ture (in the range from 107° to 10" Scm™1) of
polypyrroles prepared with acids or peroxides is
attributed to the high degree of saturation of the
pyrrole units caused by defects [31]. X-ray diffrac-
tion patterns of powdered polypyrroles produced
through chemical oxidation reveal extremely disor-
dered structures [32]. In order to avoid the disorder-
induced M-I transition, ferric salts are commonly
used as reagents for the synthesis of polypyrroles

1

with high conductivity up to ~ 10> S cm™! and
great stability [33].

Alternatively, within the quantum chemistry
framework, calculations performed on ‘quaterpyr-
role’, a model chain containing four pyrrole rings
[21,23], reveal that taking an electron out of the
doped chain leads to the formation of a polaron such
as in 1V. The associated structural defect extends
itself over a few rings and the binding energy is
~ 0.1 eV. When a second electron is taken out of the
chain, the two unbound polarons spontaneously
merge into a bipolaron (111) with a binding energy of
~ 0.7 eV. For higher degrees of oxidation, the over-
lap between the bipolaron states gives two rather
wide (~ 0.4 eV) bipolaron bands in the gap. Po-
larons and bipolarons are supposed to be mobile
charge carriers contributing to the electronic conduc-
tivity.

Polypyrroles have also enhanced ionic conductiv-
ity associated with the electronic conductivity [34]
but this has been much less studied.

Though the key role of protonation in conducting
properties of polypyrroles has been largely empha-
sised, the proton dynamics are rather poorly known.
The infrared spectra of various doped polypyrroles
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are very similar and largely independent of the dop-
ing agent [17,35]. Bands due to the cyclic entities are
observed between 1600 and 400 cm™'. They are
superimposed on a very broad plasma band and
strong interaction with this continuum is likely to
complicate the interpretation of the spectra [36].

Inelastic neutron scattering (INS) spectroscopy is
the only technique that may provide clear infor-
mation on the proton dynamics in polypyrroles. Be-
cause the scattering cross-section of hydrogen atoms
(~ 81.7 b) is much greater than that for C (~ 5.6 b)
and N (~ 11.5 b) atoms, the spectra are dominated
by signals due to proton motions, and totally free of
side effects encountered with optical techniques
(namely, reflection or resonance). Interaction be-
tween neutrons and electrons is negligible. The pro-
ton selectivity can be further exploited because the
deuterium atom has a much smaller cross-section
(~ 7.6 b) than the proton. Specific deuteration of the
rings provides a detailed view of the dynamics of
protons involved in the conduction mechanisms.
Therefore, INS is anticipated to give smple spectra
that can be analysed with confidence.

Previous INS work on polyanilines and ring-de-
uterated analogues [37] has revealed that most pro-
tons normally supposed to be bound to the N-atoms,
behave as a gas of free particles in both emeraldine
bases and salts. A new electronic band-scheme was
proposed to account for the interplay of electronic
and protonic conduction.

Because polypyrroles and polyanilines are quite
similar, we have undertaken INS studies of poly-
pyrroles and ring-deuterated analogues with various
protonation and oxidation degrees.

2. Experimental

The fully deuterated pyrrole was obtained by
exchanging the fully hydrogenated molecule in a
heavy water solution of DCI at pH 1 [38]. The doped
polymers were obtained with FeCl, in H,O (or
D,0) solutions carefully degassed under controlled
Ar atmosphere [39,40]. The elemental analysis is
compatible with the chemica formula C,NCl, 3,
corresponding to I11. The amount of Fe is negligible
(~ 0.5 wt.%). The polymers were dedoped under an
N, atmosphere in carefully degassed NaOH 1 M.

The products were washed under controlled atmo-
sphere, then dried under vacuum and kept in sealed
glass tubes. The doped polymers were reduced with
TiCl; 1.9 M in chlorhydric acid 2 M. Three grams of
polymer and 50 cc of the solution were stirred during
24 h under an Ar atmosphere and then filtered. The
polymer was washed with HCI 1 M and then me-
thanol. The samples were dried under vacuum and
were kept in sealed tubes.

INS spectra were obtained with the TFXA-spec-
trometer at the 1SIS pulsed neutron-source (Ruther-
ford Appleton Laboratory, Chilton, UK). The resolu-
tion was Aw/w ~ 2%. About 5 g of sample was
wrapped in auminium foils and then loaded in a
closed-cycle refrigerator at ~ 30 K. Spectra were
converted from time-of-flight to energy-transfer ac-
cording to standard procedures. Intensities were
renormalised according to the amount of sample in
the beam.

3. INS spectra and proton dynamics

The INS spectrum of the fully hydrogenated de-
doped polypyrrole V is presented in Fig. 1A. Band
frequencies and tentative assignments are gathered in
Table 1. Rather sharp bands are observed on the top
of a continuum of intensity extending over the whole
spectral range. The intense bands at 790, 880, 1050
cm™! are the CH bending modes. The CH stretching
modes are between 3100 and 3300 cm™*. The weaker
bands at 565, 635, 695 and 1255 cm™* correspond to
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Fig. 1. INS spectra of dedoped neutral polypyrroles at 30 K (V in
Scheme 1). A: totally hydrogenated, B: ring-deuterated.
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Table 1

Band frequencies (cm~1) and tentative assignments for the fully hydrogenated and ring-deuterated polypyrroles at 30 K: neutral (PPNh,)

and (PPNd,), doped (PPDh,) and (PPDd,), and protonated (PPHh,)

PPNh, PPNd, PPDh, PPDd, PPHh, Assignments

100s 100s 110s 100 m 100 vs lattice

390 vw - - 280w - chain + ring

470 vw - - 435w - chain + ring

515 vw 530 m - - - chain + ring

565 w - 570 vw - 545 vw chain + ring

635m - 625 w - 625 w chain + ring

695 m - 695 m - 685 m chain + ring

- 605 m - 570 m - v CD

- 760 m - 770 m - 3CD+ vy NH

790 s - 790 s - 790 s v CH

880 s - 895 s - 880s v CH

1050 s - 1085s - 1050 s 3 CH

- 1165 m - 1200 vw - chain + ring

1255 m - - - 1240 m chain + ring

- 1275w 1275w - - chain + ring
1375w - 1395 m chain + ring

1430 vw 1440 vw 1415w 1415m - chain + ring
1460 m 1480 m 1460 m chain + ring & NH

- - 3130m - 3130 m v CH

3210 m - 3225m - v CH

s strong; m: medium; w: weak; v: very.

ring and chain vibrations slightly coupled with the
proton modes. These bands disappear upon ring-de-
uteration while the intensity of the continuum is
divided by afactor of ~ 2 (Fig. 1B). The remaining
weak bands for the deuterated sample are due to ring
modes centred at ~ 600 cm~* and CD bending
modes a ~ 605 and 760 cm~!. The weak bands
centred at 1165 and 1440 cm™! are too weak to be
the bending modes of the protons bound to N-atoms
in V. The total intensity of these bands is much less
than 25% of that of the CH bending modes estimated
from spectrum A. Frequencies and intensities are
more consistent with stretching modes of the rings
and chains anticipated in this frequency range. The
rather intense infrared bands reported in the same
frequency range [17] provide further support to this
assignment. Therefore, we conclude that most of the
protons in the ring-deuterated dedoped polymer are
not bound to N atoms. They are free to recoil and
with the TFXA spectrometer, the continuum with
constant intensity is the signature for free particles
with mass 1 amu [41]. There is no evidence for any
intensity cut-off at low frequency and so the protons
are totally free. The binding energy islessthan ~ 20

cm~! and negligible at room temperature. The de-

crease of the continuum intensity upon deuteration of
the bound protons is in accordance with the theory
[37]. Findlly, the band at ~ 100 cm™?! is virtually
unaffected by deuteration. The apparent decrease of
intensity at maximum upon ring-deuteration is largely
due to the change of intensity of the underlying
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Fig. 2. INS spectra of doped polypyrroles at 30 K (I11 in Scheme
1). A: totally hydrogenated, B: ring-deuterated.
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Fig. 3. INS spectrum of the reduced, protonated, totally hydro-
genated polypyrrole at 30 K (11 in Scheme 1).

continuum. This band is attributed to collective
modes of the chain.

The spectra of the doped samples |11 (Fig. 2) can
be interpreted along the same lines. The band fre-
quencies are not significantly affected (Table 1). For
the ring-deuterated sample (Fig. 2B) the main differ-
ence compared to Fig. 1B is the occurrence of two
rather broad bands centred at 770 and 1480 cm™ 1.
These bands are logically attributed to bending modes
of bound protons associated with the doping agent.
Indeed, there is no significant change of the contin-
uum intensity compared to the dedoped polymer
(Fig. 1) and simple examination of Figs. 1 and 2
confirms that there is virtually no bound proton in
the neutral polymer.

For the reduced doped sample (Fig. 3) there is
still no significant change of the continuum intensity.

The main conseguence of protonation is an increase
of the band intensity at 1460 cm™?, presumably due
to a greater amount of bound protons. Unfortunately,
in the absence of the partially deuterated sample, it is
not possible to observe the intensity at ~ 770 cm™ .
On the other hand, band frequencies and intensities
for the CH bending modes are not strongly changed
upon reduction. Broadening of the band at 1050
cm~! counterbalances the apparent decrease of the
intensity at maximum.

4. Conclusion

With the INS technique, we can distinguish dif-
ferent types of protons in polypyrroles. The most
significant result is the existence of free particles
with mass 1 amu. The amount of recoiling particles
is apparently unaffected by doping, reduction and
protonation. Unfortunately, as neutrons do not probe
the electric charge of the free particles, H*, H° or,
much less probably, H™ entities cannot be distin-
guished.

In the neutral dedoped polymer, al hydrogen
atoms normally supposed to be bound to the N
atoms, as shown in V, do behave as free-recoiling
particles. As previously proposed for polyanilines
[37], the existence of free particles can be regarded
as a conseguence of electron and charge delocalisa
tion. The tentative structure, VII, corresponds to a
fully occupied electronic band and maximum charge
delocalisation.

Upon doping, the additional protons in Il are
essentially bound, presumably to the doping agent,
for the vibrational modes of the polymer frame are

changed very little. We suppose that the real struc-
ture is between the polaron structure 111 and the
totally conjugated extended structure VII1.

v
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Partial charge transfer between the polymer and
the doping agent may withdraw electrons from the
electronic band of VII1 and yield electric conductiv-
ity with metallic character.

The amount of bound protons increases further
upon reduction and protonation in accordance with
I1. The additional protons are bound to N-atoms and
destroy electron delocalisation aong the polymer.
The electronic conductivity is thus dramatically de-
pressed.

These conclusions emphasise the interplay of pro-
tonation, reduction and conductivity. The mechanism
based on the existence of free protons and extended
electronic band structure is quite similar in nature to
that proposed for polyanilines[37]. For both kinds of
polymers, the picture that emerges from INS studies
is quite at variance from those based on long-lived
localised excitations such as polarons or solitons
[21,23]. However, there are noticeable differences
regarding protonation. Whereas all protons are free
in the emeraldine base, as in the neutral dedoped
polypyrrole, additional protons in the emeraldine salt
are trapped in shallow potential wells with a dissoci-
ation threshold of ~ 300 cm™!. These protons are
largely delocalised at room temperature and may
contribute to the protonic conduction. In contrast to
that, there is no visible increase of the amount of free
species in the doped polypyrroles (Figs. 2 and 3).
Presumably, potential wells for protons are deeper in
polypyrroles than in polyanilines.

The existence of free protons is a strong support
to the disorder-induced M—I transition mechanism in
polypyrroles, while the quantum chemistry view ap-
pears less realistic. However, the conduction mecha-
nism may depend on many parameters like doping
and protonation degrees, polymer weight, structural
and chemical disordering, etc. Different mechanisms
may occur for different samples. For example, it can
be suspected that the real structure of the dedoped
neutral polymer could be close to V for small depro-
tonation degrees and close to VI for high deprotona
tion degrees. Consequently, the polaron mechanism
could be more important at low doping degrees and
the metal-like conductivity could be dominant for
highly doped polypyrroles. As a first step, the pre-
liminary studies presented above emphasise that the
metal-like conduction is an important mechanism for
doped polypyrroles.
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