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Molecular dynamics in conducting polyaniline protonated by camphor sulfonic acid
as seen by quasielastic neutron scattering
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Using incoherent quasielastic neutron scattering techniques, the molecular motions were investigated in fully
hydrogenated and partially deuterated polyaniline protonated by camphor sulfonic acid~CSA! conducting
samples. The obtained results show that on the 1029– 10212 s time scale the polymer chains do not exhibit any
diffusive motions: the whole observed quasielastic scattering has accordingly to be attributed to motions of
CSA ions. From our measurements two molecular movements could be differentiated. A rapid one has been
attributed to the three-site rotation of methyl groups present on camphor moieties of CSA and a slower one that
has been modeled as a rigid body motion of the whole CSA molecule. Due to the disordered character of the
system, the methyl rotors appeared to be dynamically nonequivalent. Their dynamics was then described in
terms of a log gaussian distribution of correlation times. This description allowed a good fitting of experimental
data and gave an activation energy of 12.5 kJ mol21. However, two different regimes in temperature could be
distinguished. At high temperatures (T.280 K) the width of the distribution is nearly zero and thus, the
methyl rotors are dynamically equivalent while it turned larger and larger when temperature is decreased below
250 K revealing that the rotors are more and more sensitive to their local environment. In the conducting
samples the slowest motion clearly exists in the 280–330 K temperature range and is blocked at temperatures
inferior to 250 K. This transition occurs in the temperature range in which the metal-insulator transition also
happens.

DOI: 10.1103/PhysRevB.65.184202 PACS number~s!: 82.35.Cd, 61.12.Ex, 78.70.Nx
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I. INTRODUCTION

Electronic conducting polymers in general and poly
niline in particular have been studied for more than
years.1 Polyaniline~PANI! @see Figs. 1~a! and 1~b!# can in-
deed be still considered as one of the most promising e
tronic conducting polymers to be used for practical appli
tions due to both its high chemical and thermal stability
the conducting state.2 Moreover, since 1992, the discovery
its ability to be relatively easily dissolved when put in th
presence of some sulfonated organic protonating acid
camphor sulfonic acid~denominated CSA@Fig. 1~c!# in the
following! has increased the scientists’ interest even mor3

Indeed, this operation sometimes denominated as a ‘‘
ondary doping,’’4 allows some highly conducting free
standing films~the electronic conductivitys typically of the
order of several hundreds of S/cm! to be cast from the sol
vent. Moreover, most of these films exhibit particular tran
port properties. The electronic conductivity of polyanilin
protonated by the camphor sulfonic acid shows a metallic
behavior typically in a 250–330 K temperature range a
then crosses a very broad transition towards an insula
state when temperature is decreased below 250 K.5 Different
groups have developed more or less contradictory contr
tions in order to give an explanation for such a behavior. T
difficulty to find a full agreement partly lies, in our opinion
in the fact that it is still difficult to give a clear picture of th
structure and the microstructure of this system. Can PA
0163-1829/2002/65~18!/184202~13!/$20.00 65 1842
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CSA be considered as a 3D homogeneously disordered
tem or is it a heterogeneous medium mixing fully disorder
parts with more organized ones? We recently showed tha
answer to these questions strongly depend on which PA
CSA we are talking about. Indeed, the final structure of so
films are very dependent on the preparation mode and e
cially the exact characteristics of the starting emeraldine b
used in the preparation of the final conducting film.6 All
these experimental difficulties contribute of course to fe
even more controversies when analyzing various experim
tal data from which transport models are tentatively built.
pure 1D model in which the energies required for the c
ation of electronic excitations as polarons or bipolarons a
for their in-chain motion assisted by one or even m
tiphonon process cannot really account for such high val
of the measured conductivity. All the authors are th
obliged to take into account some 3D interactions~interchain
hopping of electronic excitations! about which most of the
controversies are coming from. Some authors develope
model of percolation of metallic bundles in the presence
inhomogeneous disorder and quasi-1D localization,7 while
others are invoking a more ‘‘classical’’ 3D Anderson loca
ization model.8 The possibility of the stabilization of trans
verse bipolaron via bridging counterion leading to the c
ation of polaronic clusters in which electronic excitatio
would be weakly coupled to the lattice, have also been ela
rated by other authors.9–11 In any cases, the coupling of th
electronic states with the vibrations of the lattice appears
be a key point to explain the crossover from the metallicl
©2002 The American Physical Society02-1
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regime to the insulating one. Particularly, depending on
models, the order of magnitude of transverse transfer inte
might be quite different.

The details of the electronic transport in PANI/CSA we
extensively studied mainly by using experimental a
proaches giving access to all the characteristics of the
placement of mobile charge and/or spin carriers~see, for
example, most of the references cited in Refs. 7 and 8!. In
order to study the lattice dynamics, we recently undertoo
series of incoherent neutron scattering measureme
Among the large variety of experimental techniques that
available for the investigation of molecular dynamics in o
ganic compounds@nuclear magnetic resonance~NMR!, di-
electric measurements, . . . # inelastic-and-quasielastic sca
tering of slow neutrons is certainly one of the mo
privileged in the sense that it provides both geometrical
frequency ~e.g., energy! information about the relevan
motions.12 Furthermore, the use of selectively deutera
samples enables the discrimination between the contribut
arising from different parts of the molecules. However, t
time scale range accessible to a given spectrometer is us
restricted to one or two orders of magnitude. That does
constitute a severe limitation to the neutron technique

FIG. 1. ~a! Emeraldine base~insulating! and~b! Emeraldine salt
~conducting! forms of polyaniline.~c! Chemical formula of cam-
phor sulfonic acid.
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often requires the same specimen to be investigated
several instruments having complementary characteristic
order to get information over a wider energy range. Fina
for highly conducting materials, neutrons also constitute
good probe for looking at the nuclei dynamics without bei
sensitive to the magnetic spin interaction precisely exist
between these nuclei and the conduction electrons. In
paper, we report on a series of quasielastic neutron scatte
measurements of the molecular motions
(C6H4)NH1-(CSA)0.5

2 ~abbreviated in the following as
PANI-h5 /(CSA)0.5 for more simplicity! and
(C6D4)NH1-(CSA)0.5

2 @also called PANI-d4 /(CSA)0.5# car-
ried out with several spectrometers on the 1029– 10212 s
time scale. In this paper we want to show first that the po
mer chains do not exhibit any diffusive motions in the e
plored time scale and second the dynamics of CSA cou
rions mainly consists of two components: a rapid one com
from the methyl rotors and a slow one attributed to a rig
body motion of the whole CSA molecule.

The paper is mainly divided in five sections. The fir
section is devoted to reminding some basic and useful po
of the neutron scattering theory. In the second one are
scribed all the experimental conditions concerning
chemical preparation of samples and the neutron scatte
measurements. The third section contains all the experim
tal results tending to prove that in the explored time scale
our experiments, the polymer chains appear as immobile
the fourth section the dynamics of CSA counterions is fu
analyzed while some conclusions are given in the last s
tion.

II. NEUTRON SCATTERING THEORY

A. Expression of the elastic incoherent structure factor

In a typical neutron scattering experiment monochroma
neutrons exchange both energy,\v and momentum\Q dur-
ing the scattering process. The latter is defined asQ5k
2k0 , wherek and k0 are the scattered and incident wa
vectors, respectively. As the incoherent scattering length
the hydrogen atoms (b525.2310215 m) is much larger than
for deuterium (b54.0310215 m) and an order of magnitud
larger than any other scattering length in the system, an
the PANI-h5 /CSA and PANI-d4 /CSA compounds contain a
large fraction of hydrogen atoms, only hydrogen incoher
scattering is considered here. Accordingly, when the data
tained with the fully hydrogenated sample will be compar
with those of the partially deuterated one, it will be possib
to directly evaluate the respective contributions of the po
mer chains and the counterions.

The incoherent dynamic structure factor is the time Fo
rier transform of the intermediate scattering function,I (Q,t),

S~Q,v!5
1

2p E
2`

1`

I ~Q,t !exp~2 ivt !dt, ~1!

whereI (Q,t) is defined as

I ~Q,t !5(
i

bi
2^eiQ•Ri ~ t !e2 iQ•Ri ~0!&. ~2!
2-2



le
se
n

o
f
-

by
u
em
. V

t
er
it-
t o

s

al

re
at
de

r

ite
th
-
a

r,

o

te
ag
ul
nt
ne
es
is

-
it

ns-
of

t
es
the

h

a
g a
m

r of
r as
stic
unc-
the

tly
vant
of

of
ture
ruc-
d

MOLECULAR DYNAMICS IN CONDUCTING . . . PHYSICAL REVIEW B65 184202
The sum overi runs over the scattering nuclei in the samp
and Ri(t) and Ri(0) denote the vector positions of the
nuclei at timest and 0, respectively. The brackets correspo
to a thermal average over these positions. The hydrogen
oms of the system experience two types of molecular m
tions: rotations ~reorientations of whole molecule or o
chemical groups! and vibrations~phonons and internal vibra
tions!.

The interpretation of the data is usually simplified
making the hypothesis that the different kinds of contrib
tions to motions are essentially not coupled between th
because of their respective time scales and amplitudes
brational motions of a molecule occur on the 10213– 10214 s
time scale and may be considered as independen
diffusive-type rotations that are much slow
(1029– 10212 s). That is, mathematically expressed by wr
ing the total scattering function as the convolution produc
the respective scattering functions

S~Q,v!5Srot~Q,v! ^ Svib~Q,v!. ~3!

In the quasielastic region of the spectrum~which corre-
sponds to energy transfers smaller than about 2 meV!, the
expression above takes the form

S~Q,v!5e2^u2&Q2/3@Srot~Q,v!1Sinel~Q,v!#. ~4!

The Debye-Waller term exp@2^u2&Q2/3# is a scaling factor
that describes the attenuation effect due to lattice phonon
molecule vibrational modes of lowest energy.^u2& stands for
the mean square amplitude of vibration. These motions
introduce the inelastic termSinel(Q,v) that actually contrib-
utes only little to the total scattering in the quasielastic
gion in the form of a slowly varying function of energy th
is most often taken into account as an energy-indepen
background,

Sinel~Q,v!5Sinel~Q!. ~5!

Correlations between the positions of the same scattere
initial time R(0) and at a later timeR(t) diminish as a func-
tion of time and tend to disappear completely at infin
times. Consequently, the thermal average occurring in
intermediate scattering function~2! can be evaluated by con
sidering separately the initial and final positions of the sc
tering nucleus. Hence, from Eq.~2! and for a single scattere

I ~Q,`!5^eiQ•R~`!&^e2 iQ•R~0!&. ~6!

The system being in thermal equilibrium, the distribution
the scattering nuclei is the same at both times, so that

I ~Q,`!5u^eiQ•R~`!&u25u^e2Q•R~0!&u2. ~7!

In the case of a fully isotropic sample~liquid!, at infinite
times, the scattering nucleus can access any coordina
space, independently of its initial position. Thus the aver
I (Q,`) vanishes. Conversely in the case of whole molec
reorientations about center of mass or of internal reorie
tions of chemical groups, the scatterers remain confi
within a certain volume of space. Therefore at infinite tim
the probability of finding the scatterer within the volume
18420
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equal to unity.I (Q,`) is directly linked to the Fourier trans
form of the spatial distribution of the scattering centers so
does not vanish and its variation with the momentum tra
fer, Q, provides information about the size and the shape
the restrictive volume.

At any time, it is possible to separate formallyI (Q,t) into
its time-independent part,I (Q,`) and its time-dependen
part I (Q,t)2I (Q,`). The presence of a constant term giv
rise by Fourier transform to a purely elastic component in
scattering function, hence

Srot~Q,v!5I ~Q,`!•d~v!

1
1

2p E
2`

`

@ I ~Q,t !2I ~Q,`!#exp~2 ivt !dt.

~8!

In the most simple caseI (Q,t) decreases exponentially wit
time from its initial valueI (Q,0) with a single characteristic
time t,

I ~Q,t !5@ I ~Q,0!2I ~Q,`!#expS 2
t

t D1I ~Q,`! ~9!

and the expression of the scattering function involves
quasielastic component with a Lorentzian shape underlyin
purely elastic component. Its half width at half maximu
~HWHM!, in energy unit is equal to 1/t.

Srot~Q,v!5I ~Q,`!•d~v!1@ I ~Q,0!2I ~Q,`!#
1

p

3
t

11~vt!2 . ~10!

In the general case of more complicated reorientations o
several scattering atoms having different dynamics, as fa
the movements remain diffusive in nature, the quasiela
component is expressed as a sum of several Lorentzian f
tions whose widths and relative contributions depend on
precise motions of individual atoms.

Srot~Q,v!5A~Q!•d~v!1@12A~Q!#
1

p (
i

t i

11v i
2t i

2 .

~11!

In all cases the width of the quasielastic term is direc
related to the characteristic times associated with the rele
motions of the scattering nuclei. The overall importance
the purely elastic componentA(Q) is directly linked to the
Fourier transform of the spatial equilibrium distribution
the scattering centers. It has the dimension of a struc
factor and is usually denoted as the elastic incoherent st
ture factor~EISF!. Its value can be experimentally obtaine
considering that

A~Q!5
I elas~Q!

I elas~Q!1I quasi~Q!
, ~12!
2-3
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whereI elas(Q) andI quasi(Q), respectively stand for the elast
and the quasielastic components of the measured scatt
function.

III. EXPERIMENT

In this section, we give some details on the chemi
preparation of samples and the experimental techniq
From our point of view, the chemical preparation of samp
has to be given here because as mentioned previously in
introductory part, it is of prime importance to specify th
exact way the polyaniline samples have been obtained.

A. Chemical preparation of samples

1. Synthesis of hydrogenated PANI

Hydrogenated PANI, hereinafter abbreviated as PANh,
was synthesized by oxidative polymerization of aniline
225 °C using the method described by Beadleet al.13 It was
then converted to hydrogenated emeraldine base~EB-h! by
treatment with a 0.1M aqueous ammonia solution for 72
and dried under vacuum till obtaining a constant mass.

2. Preparation of films of hydrogenated PANI protonated with
CSA-h

Protonation of EB-h with CSA was carried out at room
temperature using metacresol~MC! as a solvent. The CSA to
EB-h molar ratio was 0.5. Typically 100 mg of EB-h with
127.3 mg of CSA and 19.773 g of MC were mixed togeth
to give 0.5 wt % solution with respect to PANI base. T
mixture was vigorously stirred for two weeks at room te
perature, then filtered through a 0.20-mm polytetrafluoroe
ylene PTFE filter. Freestanding films were cast from t
solution at 40 °C under room atmosphere. Several batc
have been used for the neutron experiments and from
emental analysis results it is quite consistent to consider
mean composition of the sample as (C6H4)NH1-(CSA)0.5

2

further denoted for more simplicity as PANI-h5 /(CSA)0.5.

3. Synthesis of ring-deuterated PANI

Ring deuterated polyaniline was prepared from anilined5
by using chemical oxidation with (NH4)2S2O8. The reaction
was carried out at225 °C.

Reagents. C6D5NH2, 7.5M DCl solution in D2O and
CH3OD ~all 99 at. % D! were purchased from Euroisotop
and used as received. (NH4)2S2O8, LiCl and Na2CO3 were
dried by extending pumping in vacuum line, prior to use. A
other operations were carried out in an atmosphere of
nitrogen. Typical preparation can be described as follo
First a solution of aniline is prepared in DCl-acidifie
D2O/CH3OD containing LiCl. The exact composition of th
solution was 9.8 g~0.1 mol! of aniline, 85 ml of 3M DCl in
D2O, 95 ml of CH3OD and 16 g of LiCl. This solution was
mixed with a precooled~225 °C! oxidizing solution: 6.3 g
~0.0275 mol! of ammonium persulfate, 60 ml of 2M DCl in
D2O, and 8 g ofLiCl. The reaction was carried out with
constant monitoring of the temperature and the redox po
tial. After approximately 2 h a reducing solution consisting
18420
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of 3.64 g~0.0183 mol! of FeCl2 , 5 g LiCl and 50 ml of 2M
DCl in D2O was added in order to better control the oxid
tion state of polyaniline.13 After an additional 1 h, the reac
tion was terminated by the separation of the precipita
polymer. The precipitate was then repeatedly washed w
DCl/D2O solution. At this stage the obtained product
polyaniline hydrochloride deuterated both on the ring and
nitrogen atom, i.e., PANI-d5(DCl)0.5. This is caused by the
fact that in the reaction mixture deuterium atoms constit
an overwhelming majority~the only existing hydrogen atom
originate from NH2 group of aniline, -CH3 group of metha-
nol, and NH4

1 anion of persulfate!. Moreover, the polymer
is washed by the solution in which no hydrogen is pres
(DCl/D2O). Taking into account quick isotope exchange b
tween PANI amine groups and the doping medium, the
sulting polymer must be fully deuterated both on the ring a
on nitrogen. Deprotonation of polyaniline deuterochlori
with an excess of Na2CO3 leads to fully~ring and nitrogen!
deuterated PANI base~EB-d!. Na2CO3 being the salt of a
strong base and a weak acid gives with D2O solutions of
high pH capable of transformation of polyaniline salt in
polyaniline base. EB-d was then dried under vacuum unt
reaching a constant mass.

4. Preparation of films of ring-deuterated PANI protonated
with CSA

Protonation of EB-d with ~1/2!-camphor-10-sulfonic
acid~H-CSA! was carried out at room temperature using M
as a solvent. The H-CSA to EB-d molar ratio was 0.5. Typi-
cally 100 mg of EB-d with 121.0 mg of H-CSA and 19.779
g of MC were mixed together to give 0.5 wt % solution wi
respect to PANI base. The mixture was vigorously stirred
two weeks at room temperature, then filtered through a 0
mm PTFE filter. Freestanding films were cast from this s
lution at 40 °C under nitrogen flow.

Doping of EB-d with protonic acid in a solvent containin
easily exchangeable proton~OH group inm-cresol! results in
essentially total isotope exchange on PANI nitrogen ato
giving (C6D4)NH1-(CSA)0.5

2 further denoted
PANI-d4 /(CSA)0.5 for more simplicity. On the other hand
ring deuterium atoms remain essentially intact because
do not undergo isotope exchange.14 Thus, deuterated PAN
base doped with protonated CSA in protonated MC sho
exhibit a strong isotopic contrast.

B. The incoherent quasielastic neutron scattering experiments

The IQNS experiments were performed at the high-fl
reactor of the Institut Laue-Langevin~ILL, Grenoble,
France!.

In a first series of experiments, the quasielastic contri
tions of the PANI-h5 /(CSA)0.5 and PANI-d4 /(CSA)0.5 sys-
tems were measured with the time-focusing time-of-flig
spectrometer IN6,15 with an incident neutron wavelengthl
55.12 Å. Spectra were simultaneously recorded at
angles, ranging from 14.7° to 113.5°. The experiments w
carried out, with the sample set ata5135° with respect to
the incident beam. In such transmission geometry the en
resolution varies from 77meV at small scattering angles t
2-4
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MOLECULAR DYNAMICS IN CONDUCTING . . . PHYSICAL REVIEW B65 184202
about 120meV for the largest values. It was measured with
vanadium plate, 1 mm in thickness, which also served
calibration of the detector’s efficiencies. The obtained tim
of-flight spectra, after the usual corrections for absorpt
and scattering from the container were transformed i
S(u,v) using the programINX of the ILL library. A first
inspection of the overall intensity of the spectra permitted
identify and to discard the detectors clearly contamina
with Bragg elastic scattering. The remaining data w
grouped into a series of 17 spectra spanning the whole s
tering angles range. Experiments were performed at temp
tures ranging from 101 to 356 K. The temperature stabi
was about 1 K.

Another series of experiments was performed with
high-resolution backscattering spectrometer IN16,15 with a
wavelength of 6.28 Å and an energy resolution of 0.9meV
~FWHM!. The samples were analyzed also in transmiss
geometry. Data were recorded at 20 scattering angles, r
ing from 10.95° to 135.5° and grouped into five spectra c
responding to average values between 2u521.05° and
125.75°. Again, spectra contaminated with elastic Bra
scattering were eliminated from the grouping. The access
momentum transfer range was similar to IN6~Q50.365 to
1.78 Å21!. The detector efficiencies were calibrated from t
measurement of a vanadium standard and the energy sp
were obtained by using the programSQW of the ILL library.
The instrument resolution was determined from the scat
ing of the sample itself, atT53 K, a temperature at which
the scattering is purely elastic. PANI-h5 /(CSA)0.5 and
PANI-d4 /(CSA)0.5 were investigated at eight temperatur
ranging fromT580 K to T5330 K. Deviations in the tem-
perature stability were less than half a degree.

Finally, other measurements have been carried out u
the backscattering IN10 spectrometer. This spectromete
quite similar to IN16 in its principle and exhibits the sam
resolution in energy~0.9 meV!. The incoming neutron beam
had a 6.27 Å wavelength while a215/115 meV energy
range could be spanned for inelastic scans. As the incom
beam is not focused as it is on IN16, the neutron flux av
able on the sample is three to four times lower than
IN16.15 In this study we mainly used IN10 for carrying ou
fixed energy window measurements when temperature
varied from 3 to 330 K.

IV. RESULTS AND DISCUSSION

A. The different dynamical regimes as evidenced
by elastic measurements

A good way to obtain an overall view of the dynami
under interest is to record and inspect carefully the evolu
of the elastic intensity as a function of the temperature. C
rying out so-called fixed energy window measurements
backscattering spectrometers like IN16 or IN10 can do th
In such experiments, scattered neutrons are sorted so
only those, which do not exchange energy with the sam
~within the energy resolution of the instrument!, are detected
To do so using a backscattering spectrometer, it is neces
first to use similar crystals as monochromators and analy
and second not to sweep in energy by stopping the Dop
18420
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machine.16 The occurrence of a molecular motion on th
time scale of the spectrometer at a given temperature is
ducing a quasielastic broadening of the scattering func
and thus a reduction of the detected elastic intensity. O
tained results on IN16 for Q51.24 Å21 with
PANI-h5 /(CSA)0.5 and PANI-d4 /(CSA)0.5 are shown in
Fig. 2. Clearly, these curves, whatever way they are dra
all exhibit two inflection points: one is centered around 1
K and the other around 250 K. Then, it is worth noting th
these two inflection points are present on the two cur
whatever the PANI chains are deuterated or not. T
strongly suggests these two features be only due to mot
of protons belonging to CSA counterions. Second, it can
remarked that in amplitude the two normalized curves
quite different. The curve obtained with the fully hydrog
nated sample is always above that obtained with the parti
deuterated one. In other words, the additional contribution
the total scattered intensity brought by the protons of PA
chains would be mainly if not totally elastic in nature.

In the next paragraph, we present a full analysis of
EISF found both on IN6 and IN16 in order to carefully cha
acterize the chain dynamics as seen in the energy win
available in our experiments.

The third curve shown in Fig. 2 is another way to displ
the experimental data. Indeed, it is always possible to w
the dependence of the elastic intensity as a function of
temperature as follows:

I ~T!5I ~0!exp@2Q2u~T!2#. ~13!

In the previous expressionu(T) is the mean square displace
ment of the scattering nuclei. It is straightforward to obta
the variation of this last quantity as a function of the te
perature once that of the elastic intensity has been exp
mentally measured. By taking into account the large te
perature interval separating the two changes of slope

FIG. 2. Evolution of the normalized elastic intensity~displayed
on a log scale! measured atQ51.24 Å21 on IN16 as a function of
the temperature for PANI-h5 /(CSA)0.5 ~thick line! and for
PANI-d4 /(CSA)0.5 ~thin line!—broken lines are just guides for th
eye. Evolution of the deduced mean square displacement in
same temperature range for PANI-d4 /(CSA)0.5. ~open circles!
straight lines are just guides for the eye.
2-5
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appears that the two movements of the counterions thus
tected have really different characteristic times. The first m
tion detected on IN16 at low temperature appears to be q
rapid and the quasielastic broadening is too large to be a
rately studied on the IN16 time scale. This is why this m
tion has been assigned to the methyl groups borne by C
and has been fully analyzed on the time-of-flight spectro
eter IN6 and all the details are given in Sec. IV C 1. Fina
considering the large increase of the mean square disp
ment around 250 K~Fig. 2!, we will see later that this motion
appears to be much slower than the other one. It is t
reasonable to assume that this dynamics involves a scat
with a mass bigger than that of a methyl group. This mot
is analyzed in details in Sec. IV C 2.

B. The PANI chains contribution to the dynamics of the
system: An EISF analysis

First, it must be said that in all our analyses, we alwa
neglected any eventual contribution coming from metacre
solvent. Indeed, even in the most freshly prepared samp
the latter is in small quantities~never more than 10% molar!.
Moreover, the solvent content is continuously decreasing
function of time and also depending on the various therm
treatments undergone by the samples during the diffe
measurements. Accordingly, as it is impossible to evalu
accurately the amount of metacresol in a given film and c
sidering this amount as small enough, we estimated that
error that might be induced in the EISF estimation by ign
ing the solvent presence is negligible.

Second, the temperatures at which all the results h
been obtained are far below the glass transition of the do
polymer that has been more or less easily evidenced aro
400 K.17,18 In fact, this glass transition is lying close to th
temperature of degradation of the system; this is the
indication of the intrinsic semirigidity of PANI chains.

1. TOF measurements (IN6 data—meV energy range)

As previously mentioned, analysis of incoherent qua
elastic data mainly consists in the extraction of the exp
mental values of the EISF from the recorded spectra. In p
ciple, the EISF could be obtained by a simple time-Four
transformation of the scattering functionS(Q,v). Actually,
several conditions rend this procedure rather imprecise.
perimental data are recorded over a limited energy range
are underlain by a flat inelastic contributionSinel(Q,v) due
to internal and external vibrations. Furthermore, they are
tained at constant scattering angle 2u and not at constan
momentum transfer. Lastly, they have to be corrected for
effects of the finite instrument resolution. Another systema
method has revealed itself to be more successful even in
presence of a weak quasielastic contribution.19 It consists of
a separation of the experimental spectra into their pu
elastic and quasielastic parts from a refinement of a ‘‘pl
sible’’ normalized scattering law as close as possible to
actual one, folded with the instrument resolution and whe
weight parameter controls the amount of purely elastic s
tering. The advantages of this procedure have been desc
in Ref. 20. In the present case, there is noa priori informa-
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tion about the relevant motions. But the fraction of quasiel
tic scattering in the spectra is small. So a simple scatte
law composed of a pure elastic peak and a unique lorent
function was used.

Good fits were obtained for the major part of the refin
spectra, confirming that in most cases the quasielastic br
ening could effectively be described by a single lorentz
function ~Fig. 3!. Small discrepancies in the fits were o
served at the highest temperatures of the IN6 experime
for the spectra at the largestQ values. However, carefu
analysis of these results yielded an estimation of the erro
the EISF values of the order of 2%. IN6 values are repor
in Figs. 4~a! and 4~b! for PANI-d4 /(CSA)0.5 and
PANI-h5 /(CSA)0.5, at several temperatures. Important fe
tures can be noticed by a direct inspection.

The first remark is the dependence of the EISF values
the temperature. Figure 4~a! shows that in the case of th
PANI-d4 /(CSA)0.5 compound the amount of elastic scatte
ing for a momentum transferQ52 Å21 increases from 0.82
to 0.93 when the temperature is decreased from 330 to
K. A similar behavior is observed with the
PANI-h5 /(CSA)0.5 system@Fig. 4~b!#, with an increase of
the EISF from 0.80 to 0.93 over a broader temperature ran
Several interpretations concerning this temperature dep
dence can be put forward and will be discussed later.

The most important point concerns the differences
tween the EISF values obtained with the two compounds
any temperature, clearly the values for PANI-h5 /(CSA)0.5
lie unexpectedly above the corresponding results
PANI-d4 /(CSA)0.5. Moreover, these differences betwee
the two sets of values increase with the temperature.
substitution for the four hydrogen atoms on the ben
groups reduces the number of ‘‘visible’’ scattering cente
~i.e., hydrogen atoms! from 25 to 17 and the fraction o
scattering from PANI chains from 10/2550.4
@PANI-h5 /(CSA)0.5# to 2/1750.118 @PANI-d4 /(CSA)0.5#.
Accordingly, the deuteration of benzyl groups should res
in an increase of the resulting EISF. The only way to acco

FIG. 3. Expansion of the quasielastic part of a typical ene
spectrum measured on the time-of-flight spectrometer IN6, fo
momentum transferQ51.77 Å21, at T5330 K. The full spectrum
is shown in the inset. The separation between purely elastic
quasielastic scattering is indicated.
2-6
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for the obtained results is to consider that the contribution
benzyl groups is purely elastic, the diffusive motions of t
polymer chains being too slow to be seen on our experim
tal time scale.

2. Backscattering measurements (IN16 data—meV energy
range)

The same remarks hold for the EISF obtained from
IN16 spectra. Good fits were also obtained~Fig. 5!. As in the
IN6 case, these experimental EISF values depend on
temperature and, at a given temperature differ for the
systems investigated. For PANI-h5 /(CSA)0.5, the amount of
elastic scattering for a momentum transferQ52 Å21 in-
creases from 0.72 to 0.9 when the temperature is decre
from 330 to 235 K. With PANI-d4 /(CSA)0.5, over the same
temperature range, the EISF increases from 0.7 to 0.85.

Thus, once again, for all the temperatures and for all
scattering angles, we found the EISF fro
PANI-h5 /(CSA)0.5 always greater than that o
PANI-d4 /(CSA)0.5. All the other remarks that can be mad
about these EISF values found on IN16 compared to
found on IN6 will be made later when we will assign th
different dynamics to CSA counterions.

FIG. 4. Experimental values of the elastic incoherent struct
factor ~EISF! extracted from the IN6 experiments, at different tem
peratures.~a! PANI-d4 /(CSA)0.5, ~b! PANI-h5 /(CSA)0.5 @~d!
236, ~h! 260, ~l! 285, ~n! 300, ~.! 330, ~3! 356 K#
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As the origin of the difference of the EISF obtained wi
PANI-h5 /(CSA)0.5 and PANI-d4 /(CSA)0.5 has to be looked
for in the difference of scattering from the hydrogen or de
terium atoms of the benzyl groups in the PANI chain, a qu
titative analysis of the experimental EISF values was und
taken.

3. Quantitative analysis of the EISF’s

This analysis was performed considering the data
tained with IN16 atT5300, T5330 K, i.e., with the best
instrument resolution at the highest temperatures. The
perimental EISF values were refined by an empirical expr
sion of the form

EISF~Q!5a01(
i 51

N

ai

sinQ•Ri

Q•Ri
~14a!

with

a01(
i 51

N

ai51. ~14b!

The expression~14a! is the general expansion of the EIS
~Ref. 12! in terms ofN jump distancesRi . The parameters
are both theRi and theai . Actually it turned out that the
expansion could be restricted toN53 terms. At each tem-
perature the data obtained with PANI-h5 /(CSA)0.5 and
PANI-d4 /(CSA)0.5 were refined simultaneously, introducin
in the former case, to account for the hydrogenated ben
groups, an additional fraction of elastic scattering,x, which
was also refined, so that the full expression was

EISF~Q!5x1~12x!a01~12x!(
i 51

N

ai

sinQ•Ri

Q•Ri
~15!

with x50 for the PANI-d4 /(CSA)0.5 compound.
The results are reported in Fig. 6. The final values of

ai andRi parameters are of little interest providing that t
procedure attributes the same values to both compounds.

e

FIG. 5. Expansion of the quasielastic part of a typical ene
spectrum measured on the backscattering spectrometer IN16,
momentum transferQ51.78 Å21, at T5330 K. The full spectrum
is shown in the inset.
2-7
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main result concerns the parameterx, which was found equa
to 0.35 at each temperature, close to the theoretical valux
50.32 corresponding to immobile benzyl groups.

This result definitively demonstrates that within th
1029– 10212 s time scale, the PANI chains can be conside
as immobile while the observed localized motions are exc
sively due to CSA molecules.

C. Analysis of the CSA counterions dynamics

1. Analysis of the motion of CSA methyl groups in conducting
PANIÕCSA from TOF measurements

Generally speaking, methyl groups dynamics is ext
sively studied in many different solid-state systems beca
it may be considered as a microscopic probe able to re
the details of the neighboring local molecular and energ
environments. In particular, methyl groups dynamics h
been investigated in systems including small molecules21 and
polymeric compounds.22–24 In many cases, this motion ca
be described as jumps on three energetically equivalent
evenly distributed on a circle.

Accordingly, we started by analyzing our data using t
description. The theoretical scattering law for 120° jumps
a CH3 group can be written~powder average! as12

Smeth~Q,v!5A0~Q!d~v!1@12A0~Q!#
1

p

G

G21v2

~16!

with

A0~Q!5 1
3 @112 j 0~)Q•r !#. ~17!

In expressions~16! and ~17!, r is the distance of the hydro
gen atom to the threefold symmetry axis,G is the jumping
rate ~which defines the HWHM of the quasielastic comp
nent! which is related to the correlation time—mean re
dence time between two consecutive jumps—byG53/2t.

FIG. 6. Experimental values of the elastic incoherent struct
factor~EISF! extracted from the IN6 experiments, atT5300 K ~L!
and T5330 K ~h! with PANI-d4 /(CSA)0.5 ~filled symbols! and
PANI-h5 /(CSA)0.5 ~opened symbols!. The full lines are the results
of refinements of Eq.~14!.
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Only methyl groups are assumed to be dynamically d
ordered on the considered time scale. The movement
other atoms are expected to be out of the spectrometer r
lution. Accordingly, their contribution to the scattering law
purely elastic and appears in the model as a constant pa
eter cfix . This quantity only depends on the chemical co
position of the samples and takes the value 0.647
PANI-d4 /(CSA)0.5 and 0.76 for PANI-h5 /(CSA)0.5. Spec-
tra were then refined using the programAGATHE ~Ref. 25!
and compared with the final theoretical model

Sinc
reo~Q,v!5e2W~Q!$~12cfix!Smeth~Q,v!1cfixd~v!%.

~18!

By using the previously described scattering law, time-
flight spectra were first refined individually at 357, 330, 30
230, and 180 K. Within the experimental errors, the extrac
widths appeared as constant over the wholeQ range~Fig. 7!.
This is consistent with the 120° jump model for which th
quasielastic contribution is indeed independent of the sca
ing angle. But, this model apparently does not hold any m
when the noticeable variation of the extracted EISF a
function of the temperature is taken in consideration~see
Fig. 4!. Finally, contrarily to what is usually observed wit
such a model, the evolution of the characteristic time d
not follow an Arrhenius law and asymptotically tends to
common value when the temperature is decreased.

At this stage, it should be noted that similar features w
observed in some molecular crystals or in the glassy stat
amorphous polymers containing methyl groups. The o
way to account for all these experimental observations is
consider that all the methyl groups are not dynamica
equivalent. In such a case, several descriptions of the sys
are possible and have been used alternatively by diffe
authors. The simplest one is to consider a bimodal distri
tion of methyl groups: one part has a fast enough dynam
and can be observed on the time scale of the instrum
whereas the other part is considered as immobile. The e

e FIG. 7. Half width at half maximum of the quasielastic part
scattering profiles obtained in transmission geometry on IN6 a
function of the transfer momentumQ and the temperature.~Opened
symbols refer to PANI-d4 /(CSA)0.5 and filled symbols to
PANI-h5 /(CSA)0.5! ~l! 356,~s! 330,~h! 300,~3! 285,~,! 260,
~n! 235 K.
2-8
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lution with the temperature results in a modification of t
ratio between the two respective populations. A more sop
ticated description has been recently proposed by Frick
Fetters22 in order to explain the temperature dependence
elastic window measurements on polyisoprene. A Gauss
like distribution of activation energy was introduced and
lowed elastic scans to be fitted properly. The same proce
was used by Arrighiet al. when studying methyl groups in
liquid crystalline polymers.23 In the present work, we de
cided to follow the procedure recently developed by Chah
Alegria, and Colmenero26 for the study of poly~methyl meth-
acrylate! and used also by Arrighi and Higgins for studying
liquid-crystalline polyester.27 The distribution of the correla
tion times has now a log-Gaussian expression and is inse
in the so-called ‘‘rotation rate distribution model.’’ In tha
case, each methyl group motion is assumed to follow
Arrhenius law as

G~T!5G`•exp~2Eact/kT! ~19!

with G` and Eact being the attempt frequency and the ac
vation energy, respectively. Then, the global distribution
correlation times may be the resultant of a distribution
either the activation energy or the attempt frequency o
combination of both.

For the calculation it is more convenient to use a discr
form of the distribution28 and the scattering law is written a

Sinc
reo~Q,v!5e2Q2^u2&/3H ~12cfix!S A0~Q!d~v!

1~12A0!(
i

giLi~Q,v! D 1cfixd~v!J
~20!

with (gi51 and

gi}g~ ln G i !5
1

sA2p
expF2

1

2s2 ln2S G i

G0
D G . ~21!

In the expression~20! G0 denotes the most probable jum
rate ands2 is the variance of the distribution. To eac
Lorentzian functionLi corresponds a HWHMG i and a
weightgi . Spectra recorded at the different angles were fi
refined individually at each temperature. The distributi
function was limited in the66 s interval. Twenty Lorentzian
functions were used for the evaluation of the scattering fu
tion. The EISF was kept fixed at its theoretical value and w
not refined. As Bragg scattering is mostly present at l
scattering angles,29 this angular region was not included
the refinement procedure.

Obtained values ofG0 ands are shown in Figs. 8~a! and
8~b! at various selected angles and temperatures. At e
temperature, all these values appear to be distributed aro
a single average one within the experimental error. Fina
we carried out the simultaneous refinement at every an
and we found very similar results forG0 ands. All the final
values are collected in Table I. In Fig. 9 are shown the
tained profiles of the distribution plotted as a function
E/kT overlaid with the energy windows that can be explor
18420
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by the different spectrometers we used. This figure illustra
well in which proportion the population of scattering cente
is varying as a function of the temperature; accordingly
becomes clear why the apparent EISF deduced from m
surements recorded on a given spectrometer was also ac
ingly varying.

In Fig. 10 is shown first, the Arrhenius plot of the vari
tion of G0 as a function of temperature. From this curve, a
from expression~19!, it is found thatG`57.84 meV and
Eact512.5 kJ/mole. This last value corresponds to typi
values encountered in the literature concerning other mole
lar systems containing methyl rotors and in particular to
NMR results obtained with pure camphor.30 By contrast this
value is much larger than that found in the case of the gla
state of polymers having methyl rotors bounded to the m
chain.28 That underlines the difference of nature of cons
ered systems and also of the exact character of molec
disorder. Even if the disordered character of PANI-CSA
extended enough to compel us to use a description of
methyl dynamics with a distribution of correlation times, th

FIG. 8. ~a! Most probable jumping rateG0 as a function of the
scattering vector and of the temperature deduced
PANI-h5 /(CSA)0.5. ~b! Width of the correlation time distributions
as a function of the scattering vector and of the temperature
duced for PANI-h5 /(CSA)0.5. ~m! 357, ~d! 330, ~j! 300, ~l!
235, ~.! 185 K.
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TABLE I. Characteristics of the CSA methyl groups dynamics: Correlation times and their distribu

Temperature
~K!

Most probable
jumping rateG0 ~meV!

Reorientation time
t (10212 s)

Width of the
distributions

Variance of the
distributions2

357 93.2 6.97 0.008 6.431025

330 75.4 8.61 0.897 0.805
300 55.5 11.7 1.622 2.631
284 51.0 12.7 2.240 5.018
265 24.9 26.1 2.790 7.784
235 14.1 46.1 3.565 12.71
185 2.0 325.0 4.400 13.80
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activation energy we found reveal that the local environm
of the methyl rotor is not fundamentally different from th
one encountered in a molecular crystal. In other words,
short-scale molecular landscape is probably less entan
than it might be in a glassy state of a flexible polymer.

Considering now Table I and the second curve of Fig.
it can be seen that the best description of the variation of
width of the distributions as a function of the temperature
a linear one whose numerical parameters are given in
expression

s50.02613~3642T!. ~22!

Once again this behavior contrasts with that found in
case of methyl dynamics in glassy states of polymers. In
present case, the width of the distribution is zero for a fin
value of the temperature. Accordingly, for PANI-CSA,
cannot be said that the origin of the distribution of the c
relation times is exclusively due to a temperatu
independent Gaussian distribution of activation energy a

FIG. 9. Shape and position of the distribution of the correlat
times as a function of the temperature. The energy windows
plored by the different spectrometers used in this work are a
indicated.
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has been found in the case of the glassy state of Poly~vinyl
acetate!.28 In PANI-CSA, the heterogeneous character of t
structural disorder of the sample has probably to be ta
into account. The distribution of correlation times is like
due for a given part to deviations of equilibrium positions
nuclei but also it is necessary to consider several types
populations of methyl groups according to the more or l
crystallized domains of the sample they belong to. Moreov
considering in more details the numerical values ofs, it can
be seen that for temperatures higher than 280 K,s is inferior
to 1 and even very close to zero at 357 K. In this regime,
methyl group’s dynamics is not affected by the intermolec
lar effects. By contrast for lower temperatures,s is increas-
ing rapidly revealing a strong influence of the molecular e
vironment on the dynamics of the methyl groups.

In order to check the self-consistency of the previo
analysis, we can use all the parameters and express
found from measurements and from the different fitting p
cedures in order to recalculate the value of the elastic in

x-
o

FIG. 10. Most probable jumping rateG0 as a function of the
temperature.~The straight line corresponds to the exponential
according to expression~19! with G`57.84 meV and Eact

512.5 kJ/mole!. Variation of the width of the distribution of corre
lation times as a function of the temperature. The straight line c
responds to the linear fit according to expression~22!.
2-10
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sity as a function of the temperature but extrapolated to
energy domain seen by backscattering spectrometers su
IN10 and IN16. Selected results of this calculation are sho
in Fig. 11 forQ51.24 and 1.56 Å21. By this way, we check
first that indeed the first change in these curves was du
the methyl groups dynamics and second was due to the
that the undertaken analysis is self-consistent. It should
also noted that other measurements we carried out on
spectrometer at ISIS~Chilton-GB! unambiguously proved
that the previous connection between IN6 to IN16 we
making by interpolation is correct since the methyl rotor m
tion could be followed on IRIS over the whole intermedia
energy range.31

2. Analysis of the rigid body motion of CSA molecules in
conducting PANIÕCSA from neutron backscattering

measurements

As shown in Fig. 12, it is noteworthy that the experime
tal EISF values obtained with IN16 are smaller than tho
extracted from the IN6 data, at the same temperature~0.72
and 0.82 atQ52 Å21 with IN16 and IN6, respectively, for
PANI-d4 /(CSA)0.5 at T5330 K!. Moreover, the deviations
between the two sets of values corresponding to the hy
genated or deuterated systems are more marked with I
than with IN6. The difference is only 3% atQ52 Å21, T
5330 K for IN6 while it reaches 13% with IN16 under th
same experimental conditions. Actually, taking into acco
the large difference between the energy resolutions of
two spectrometers, it is unlikely that the same microsco
motion could be observed. Figure 5 illustrates the resul

FIG. 11. Elastic intensity measured on IN16 atQ51.24 Å21

~3! and Q51.56 Å21 ~1! as a function of the temperature fo
PANI-h5 /(CSA)0.5. The full lines are the results of simulation
using the parameters obtained from measurements and analysi
ried out with IN6 spectrometer in the 200–350 K temperat
range, i.e., Eact512.5 kJ/mole G`57.84 meV, u250.0005
3T (Å 2) ~mean square displacement!, s5(3642T)30.0261,
fixed protons50.76.
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the refinement of the PANI-d4 /(CSA)0.5 spectrum at larges
momentum transferQ51.78 Å21 for T5330 K. The quasi-
elastic broadening~1.43meV, HWHM! is well corresponding
to the instrument energy range. Clearly, it is not related to
broadening observed with IN6 at the same temperature f
similar momentum transfer~Fig. 3!. The broadening ob-
served with IN6 appears in the IN16 spectrum under
form of an underlying flat background~Fig. 5 inset!.

From these results it thus appears that the second in
tion point shown by the curves of Fig. 2 at higher tempe
ture corresponds to a motion having very different charac
istics from those of a methyl rotation. In this framework, t
simplest assumption one can make is to consider a ‘‘jum
of the whole CSA molecule in between two equilibrium p
sitions and try to perform a fitting of the experimental sc
tering curves with such a model.

Under the assumption that the molecules perform inst
taneous jumps, the rotational incoherent scattering funct
for a single proton moving between two sites separated b
distancer can be written12 as

S~Q,v!5A0~Q!d~v!1A1~Q!
1

p

t

11v2t2 . ~23!

It can be noted that this model is exactly corresponding
that of a potential energy profile with two separated we
that is widely used for describing local diffusive motions
biological macromolecules.32 t is the correlation time~mean
time between two jumps!. The elasticA0(Q) and the quasi-
elastic A1(Q) structure factors have the following expre
sions

A0~Q!5 1
2 @11 j 0~Q•r!#, ~24!

A1~Q!5
1

2
@12 j 0~Q•r!# ~25!

in which j 0(Q•r) is the Bessel spherical function of zer
order.

car-
e

FIG. 12. Experimental values of the elastic incoherent struct
factor ~EISF! extracted from the IN16 experiments, atT5300 K
~L! andT5330 K ~h! for PANI-d4 /(CSA)0.5 ~filled symbols! and
PANI-h5 /(CSA)0.5 ~opened symbols!. The full lines are the results
of refinements using Eq.~24!.
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Between 330 and 260 K good fits of the scattering cur
were obtained. Calculated and experimental EISF are sh
in Fig. 12 while the mean values of the correlation time a
function of the temperature are reported in Fig. 13~uru was
kept constant at 1 Å!. In this last figure the error bars ar
reflecting the spreading of thet values as a function ofQ. As
can be seen, already at 260 K it began to be difficult
extract the value of the quasielastic broadening since
scattering signal is more and more elastic. For this reaso
temperatures inferior or equal to 250 K, the experimen
curves could not be fitted anymore. At this stage we mi
wonder if for this motion it would be also necessary to co
sider a distribution of the correlation times, especially if w
note the significant increase of the EISF when the temp
ture is lowered~Fig. 12!. Unfortunately, it is not possible to
develop such an approach because of the limited amoun
usable data. Considering such a fast decrease in the q
elastic intensity as a function of the temperature, we are
to assume that some transition is really happening aro
250 K. In such a case, either the value oft is changed in such
a large proportion that it is exiting the time window seen
IN16 or the CSA motion is blocked at these temperatur
We carefully checked this point by our measurements car
out on IRIS at ISIS, which are reported in deta
elsewhere.31 As IRIS has a 15meV energy resolution, we
thought it should be possible to follow more precisely th
dynamics at low temperatures. In fact on IRIS, in order to
correctly our data at high temperatures, we needed to co
lute the motion of methyls with the CSA motion. But,
temperatures lower than 250 K, it was enough to retain o
the methyl dynamics as already found on IN6 at ILL f
fitting these data. Only this procedure among numerous
ers we tried, allowed us first to fit correctly the data and a
to recover quantitatively the same EISF that we found w
IN6. These results strongly suggest that at temperatures
ferior to 250 K the rigid-body CSA motion has disappeare
the molecules are blocked, likely inducing an extended st
molecular disorder in the system. This is also precis
around this temperature that the distribution of the corre
tion times of the methyl motion becomes completely r
evant.

V. CONCLUSION

The techniques of quasielastic neutron scattering h
proved to be very powerful to give important informatio

FIG. 13. Correlation time of the rigid body CSA motion as
function of the temperature.
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about the molecular dynamics in PANI/CSA system from t
comparison that can be easily made in between the res
obtained on a fully hydrogenated sample and a partially d
terated one.

All the results we found indicate that PANI/CSA has to
considered not really as a flexible polymer in a glassy s
but as a disordered molecular solid in which the sublatt
constituted by the intercalated counterions undergoes
namical transitions. Indeed, in the whole explored ene
range, the PANI chains appear as very stiff objects wh
dynamics is likely mainly vibrational. If any diffusive com
ponents exist they have to be looked for inside a much lon
time scale as previously measured by NMR.33 From our
point of view, the structural disorder is quite heterogeneo
not only because of the evident semicrystalline characte
the films6,29 but also by considering the evolution of the di
tribution of the correlation times of the methyl groups d
namics as a function of the temperature. We found that
distribution is probably arising from a combination of distr
butions of both activation energy and attempt frequency
the methyl’s dynamics. At high temperatures~300–350 K!
the structural heterogeneity is not emerging from dynam
measurements and the methyl groups appear as dynami
equivalent. The whole space available around each coun
ion is similarly explored for all of them. The whole popula
tion of CSA counterions might be considered as involved
an ergodic process for which all the available positional s
have the same probability to be occupied. When the temp
ture is lowered, this regime disappears to leave room to
other one for which all the differences of molecular enviro
ments are progressively revealed. The slow motion of
CSA molecules is progressively frozen while intermolecu
effects more and more influence the methyl groups. T
evolution is somewhat reminiscent of that we may design
a ‘‘glass transition’’ of the counterion sublattice.

At this stage of the study, the next step is to know if th
description applies first specifically for the conducting st
of polyanilines and second for all kinds of counterions w
which such an electrical regime can be obtained. The fi
element of answer to the first point we have is still a little
ambiguous. When we perform inelastic measurements o
partially doped insulating sample on IRIS spectrometer,
did not recover the rigid body motion of the CSA. But th
could be only due to the too small number of CSA io
present in this system resulting in a lack of scattered int
sity. Another way to obtain an insulating sample containi
still a large number of counterions is to perform a therm
aging of the sample.34 We will publish elsewhere other re
sults very recently obtained on a progressively aged sam
which show that the rigid body CSA motion is indeed relat
to the conducting state of the PANI/CSA.

In our opinion, all our results are contributing to descri
the lattice dynamical states corresponding to the differ
regimes of electronic transport observed in PANI/CSA a
can be qualitatively understood using the notion of locali
tion length in a heterogeneous medium.7 At high tempera-
tures, the molecular dynamics clearly contributes to ma
taining a localization length that is large enough to ensur
coherent transport of charge carriers through the wh
2-12
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sample. When the temperature is decreased the system
tendency to freeze in an extended static disordered sta
which displacement of charge carriers is no more so glob
favored. This effect is likely even stronger in the more d
ordered parts of the films separating nanocrystalline
mains. The localization length turns shorter than the m
size of these connecting domains and that results in a s
conducting regime for the conductivity. Our work has t
merit to show that in this process, the counterions play als
central role. For this reason, we have undertaken a la
program of research for finding new counterions allowi
:
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improvement of both the electrical and mechanical per
mances of the films.35 The details of all the involved micro
scopic mechanisms in this quite complex situation is still
from being completely elucidated but we hope that th
results and others to come will help the theoretical model
transport in such systems to be further improved.
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