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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 sulfoni¢C&Al conducting
samples. The obtained results show that on the’2A0 12 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 kJthaHowever, two different regimes in temperature could be
distinguished. At high temperature3 %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.
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I. INTRODUCTION CSA be considered as a 3D homogeneously disordered sys-
tem or is it a heterogeneous medium mixing fully disordered
Electronic conducting polymers in general and polya-parts with more organi;ed ones? We recently showgd that the
niline in particular have been studied for more than 20answer to these questions strongly depend on which PANI/
years! Polyaniline (PANI) [see Figs. @a) and Xb)] can in- CSA we are talking about. Indeed, the final structure of solid
deed be still considered as one of the most promising eledlims are very dependent on the preparation mode and espe-
tions due to both its high chemical and thermal stability inUS€d in the preparation of the final conducting fiiAll
the conducting stateMoreover, since 1992, the discovery of these experimental difficulties contribute of course to feed
its ability to be relatively easily dissolved when put in the EV€n more controversies when analyzing various experimen-

presence of some sulfonated organic protonating acids E}gl data from which transport models are tentatively built. A

camphor sulfonic aciddenominated CSAFig. 1(c)] in the pure 1D model In Wh'.Ch .the energies requweq for the cre-
. ) L ation of electronic excitations as polarons or bipolarons and
following) has increased the scientists’ interest even more.

Indeed. thi ration sometimes denominated . for their in-chain motion assisted by one or even mul-
eec, s c,)fe ation sometimes denominated as a Se(fl'phonon process cannot really account for such high values
ondary doping,” allows some highly conducting free-

S ; . ) of the measured conductivity. All the authors are then
standing films(the electronic conductivityr typically of the obliged to take into account some 3D interactiéingerchain
order of several hundreds of S/titw be cast from the sol-  1nning of electronic excitationsabout which most of the
vent. Moreover, most of these films exhibit particular trans-controversies are coming from. Some authors developed a
port properties. The electronic conductivity of polyaniline model of percolation of metallic bundles in the presence of
protonated by the camphor sulfonic acid shows a metalliclikenhomogeneous disorder and quasi-1D localizafiavhile
behavior typically in a 250-330 K temperature range ancbthers are invoking a more “classical” 3D Anderson local-
then crosses a very broad transition towards an insulatingzation modef The possibility of the stabilization of trans-
state when temperature is decreased below 28@HKferent  verse bipolaron via bridging counterion leading to the cre-
groups have developed more or less contradictory contribuation of polaronic clusters in which electronic excitations
tions in order to give an explanation for such a behavior. Thevould be weakly coupled to the lattice, have also been elabo-
difficulty to find a full agreement partly lies, in our opinion, rated by other authors! In any cases, the coupling of the
in the fact that it is still difficult to give a clear picture of the electronic states with the vibrations of the lattice appears to
structure and the microstructure of this system. Can PANIbe a key point to explain the crossover from the metalliclike
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a) often requires the same specimen to be investigated with
several instruments having complementary characteristics in
T order to get information over a wider energy range. Finally,

N AN for highly conducting materials, neutrons also constitute the
/©/ \©\ /()/ \O\ good probe for looking at the nuclei dynamics without being
N N sensitive to the magnetic spin interaction precisely existing

I between these nuclei and the conduction electrons. In this
paper, we report on a series of quasielastic neutron scattering
measurements  of the  molecular motions in

X (CeH4)NH'-(CSA), 5 (abbreviated in the following as
PANI-h5/(CSA)ys  for more simplicity and

b) (CsD4)NH"-(CSA)y 5 [also called PANIe,/(CSA), <] car-

ried out with several spectrometers on the 19010 *?s

time scale. In this paper we want to show first that the poly-

mer chains do not exhibit any diffusive motions in the ex-
N N plored time scale and second the dynamics of CSA counte-
/O/ \O\ /O/ \O\ rions mainly consists of two components: a rapid one coming
from the methyl rotors and a slow one attributed to a rigid

N @ body motion of the whole CSA molecule.

The paper is mainly divided in five sections. The first
section is devoted to reminding some basic and useful points

X of the neutron scattering theory. In the second one are de-

C) scribed all the experimental conditions concerning the

chemical preparation of samples and the neutron scattering

H measurements. The third section contains all the experimen-

tal results tending to prove that in the explored time scale in
our experiments, the polymer chains appear as immobile. In

H the fourth section the dynamics of CSA counterions is fully
analyzed while some conclusions are given in the last sec-
tion.

o/S\_O\
fo) H

Il. NEUTRON SCATTERING THEORY
FIG. 1. (a) Emeraldine basénsulating and(b) Emeraldine salt
(conducting forms of polyaniline.(c) Chemical formula of cam-
phor sulfonic acid. In a typical neutron scattering experiment monochromatic
neutrons exchange both enerdy and momentunt Q dur-
regime to the insulating one. Particularly, depending on théng the scattering process. The latter is definedQask
models, the order of magnitude of transverse transfer integrat ky, wherek and k, are the scattered and incident wave
might be quite different. vectors, respectively. As the incoherent scattering length of
The details of the electronic transport in PANI/CSA were the hydrogen atoms(= 25.2< 10~ 1® m) is much larger than
extensively studied mainly by using experimental ap-for deuterium b=4.0x 10 '° m) and an order of magnitude
proaches giving access to all the characteristics of the didarger than any other scattering length in the system, and as
placement of mobile charge and/or spin carriésee, for the PANI-h;/CSA and PANId,/CSA compounds contain a
example, most of the references cited in Refs. 7 andr8 large fraction of hydrogen atoms, only hydrogen incoherent
order to study the lattice dynamics, we recently undertook &cattering is considered here. Accordingly, when the data ob-
series of incoherent neutron scattering measurementgined with the fully hydrogenated sample will be compared
Among the large variety of experimental techniques that arevith those of the partially deuterated one, it will be possible
available for the investigation of molecular dynamics in or-to directly evaluate the respective contributions of the poly-
ganic compound$nuclear magnetic resonan¢lMR), di- mer chains and the counterions.
electric measurements. .] inelastic-and-quasielastic scat-  The incoherent dynamic structure factor is the time Fou-
tering of slow neutrons is certainly one of the mostrier transform of the intermediate scattering functi(®,t),
privileged in the sense that it provides both geometrical and
frequency (e.g., energy information about the relevant
motions'? Furthermore, the use of selectively deuterated S(Q""):EJ,OCI
samples enables the discrimination between the contributions
arising from different parts of the molecules. However, thewherel(Q,t) is defined as
time scale range accessible to a given spectrometer is usually
restn(_:ted to one or t\{vo_ or(_JIers of magnitude. That (_joes not I(Q,t)=2 bi2<eiQ.Ri(t)e—iQ~Ri(O)>_ )
constitute a severe limitation to the neutron technique but i

A. Expression of the elastic incoherent structure factor

+ o0

(Q,t)exp —iwt)dt, (1)
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The sum over runs over the scattering nuclei in the sampleequal to unityl (Q,) is directly linked to the Fourier trans-
and R;(t) and Ri(0) denote the vector positions of these form of the spatial distribution of the scattering centers so it
nuclei at timed and 0, respectively. The brackets corresponddoes not vanish and its variation with the momentum trans-
to a thermal average over these positions. The hydrogen afer, Q, provides information about the size and the shape of
oms of the system experience two types of molecular mothe restrictive volume.

tions: rotations (reorientations of whole molecule or of At any time, it is possible to separate formall§Q,t) into
c_hemical groupsand vibrationgphonons and internal vibra- its time-independent par,(Q,>) and its time-dependent
tions). partl(Q,t)—1(Q,%). The presence of a constant term gives

The interpretation of the data is usually simplified by rise by Fourier transform to a purely elastic component in the
making the hypothesis that the different kinds of contribu-scattering function, hence

tions to motions are essentially not coupled between them,

because of their respective time scales and amplitudes. Vi- 9ot Q ¢)=1(Q,»)- §(w)

brational motions of a molecule occur on the 38-10 1*s

time scale and may be considered as independent of 1 (= .
diffusive-type  rotations that are much slower + 20 fﬁm[l(Q,t)—I(Q,OO)]EXF(—th)dt.
(10°-10 *2s). That is, mathematically expressed by writ-

ing the total scattering function as the convolution product of ®

the respective scattering functions In the most simple casgQ,t) decreases exponentially with

S(Q,0)=S(Q,w)®S™P(Q,w). 3) time from its initial valuel (Q,0) with a single characteristic
time 7,
In the quasielastic region of the spectruwhich corre-

sponds to energy transfers smaller than about 2 yn&éhé t
expression above takes the form |(Q,t)=[|(Q,O)—|(Q,°°)]9XF{ — 2 THQ>) (9
_2\A2 ;
S(Q w)=e IR SUQw) +S™(Q w)]. 4)  and the expression of the scattering function involves a

The Debye-Waller term efp-(u3Q%3] is a scaling factor quasielastic component with a Lorentzian shape underlying a
that describes the attenuation effect due to lattice phonons ®urely elastic component. Its half width at half maximum
molecule vibrational modes of lowest energy?) stands for (HWHM), in energy unit is equal to 2/

the mean square amplitude of vibration. These motions also 1

introduce the inelastic terr8"(Q, w) that actually contrib- o _ B

utes only little to the total scattering in the quasielastic re- SP(Q @) =1(Q)- (@) +[HQO) =~ 1(Q>)] T

gion in the form of a slowly varying function of energy that

is most often taken into account as an energy-independent « T (10)
background, 1+ (w7)®
S"l(Q,w)=S"(Q). (5)  Inthe general case of more complicated reorientations or of

. . several scattering atoms having different dynamics, as far as
Correlations between the positions of the same scatterer gle movements remain diffusive in nature, the quasielastic
initial time R(0) and at a later im&(t) diminish as a func- - -omhonent is expressed as a sum of several Lorentzian func-

tion of time and tend to disappear completely at infinite,ns \whose widths and relative contributions depend on the
times. Consequently, the thermal average occurring in thBrecise motions of individual atoms.

intermediate scattering functid@) can be evaluated by con-
sidering separately the initial and final positions of the scat- 1
tering nucleus. Hence, from E®) and for a single scatterer, SUQ,w)=A(Q)- 8(w)+[1-A(Q)] =D Troz2
. _ m5 + wi T
1(Qo0)=(e/UR)(e 1RO, (6) 11

The system being in thermal equilibrium, the distribution of In all cases the width of the quasielastic term is directly
the scattering nuclei is the same at both times, so that related to the characteristic times associated with the relevant
_ motions of the scattering nuclei. The overall importance of
1(Q,0) = [(e'¥R)[2=[(e” UR)|2. (7)  the purely elastic compone#(Q) is directly linked to the
Fourier transform of the spatial equilibrium distribution of

times, the scattering nucleus can access any coordinate lﬂe scattering centers. It has the dimension of a structure
space, independently of its initial position. Thus the averag actor and is usually denoted as the elastic incoherent struc-

1(Q,¢) vanishes. Conversely in the case of whole moleculdyre factor(EISP). Its value can be experimentally obtained

reorientations about center of mass or of internal reorientac®nSidering that

tions of chemical groups, the scatterers remain confined ola

within a certain volume of space. Therefore at infinite times, A(Q)= e (12)
the probability of finding the scatterer within the volume is 1€ Q) + 193 Q) ’

Ti

In the case of a fully isotropic samplgiquid), at infinite
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wherel #2{Q) and| ®25(Q), respectively stand for the elastic of 3.64 g(0.0183 mo) of FeCl, 5 g LiCl and 50 ml of M
and the quasielastic components of the measured scatterimg| in D,O was added in order to better control the oxida-
function. tion state of polyaniliné® After an additional 1 h, the reac-
tion was terminated by the separation of the precipitated
Il. EXPERIMENT polymer. The precipitate was then repeatedly washed with
DCI/D,O solution. At this stage the obtained product is
In this section, we give some details on the chemicaholyaniline hydrochloride deuterated both on the ring and the
preparation of samples and the experimental techniquegitrogen atom, i.e., PANHg(DCl)os. This is caused by the
From our point of view, the chemical preparation of samplesact that in the reaction mixture deuterium atoms constitute
has to be given here because as mentioned previously in thg, overwhelming majoritythe only existing hydrogen atoms
introductory part, it is of prime importance to specify the originate from NH group of aniline, -CH group of metha-
exact way the polyaniline samples have been obtained. gl and NH* anion of persulfate Moreover, the polymer
is washed by the solution in which no hydrogen is present
A. Chemical preparation of samples (DCI/D,0). Taking into account quick isotope exchange be-
tween PANI amine groups and the doping medium, the re-
sulting polymer must be fully deuterated both on the ring and
Hydrogenated PANI, hereinafter abbreviated as PANI- on nitrogen. Deprotonation of polyaniline deuterochloride
was synthesized by oxidative polymerization of aniline atwith an excess of N&CO; leads to fully(ring and nitrogeh
—25°C using the method described by Beaell@l'® It was  deuterated PANI baséEB-d). NaCO; being the salt of a
then converted to hydrogenated emeraldine l&sh) by  strong base and a weak acid gives withDsolutions of
treatment with a 0 aqueous ammonia solution for 72 h high pH capable of transformation of polyaniline salt into
and dried under vacuum till obtaining a constant mass.  polyaniline base. ER} was then dried under vacuum until
reaching a constant mass.
2. Preparation of films of hydrogenated PANI protonated with
CSA-h 4. Preparation of films of ring-deuterated PANI protonated
with CSA

1. Synthesis of hydrogenated PANI

Protonation of EBA with CSA was carried out at room
temperature using metacregdC) as a solvent. The CSA to Protonation of EBd with (+/—)-camphor-10-sulfonic
EB-h molar ratio was 0.5. Typically 100 mg of EBwith  acid(H-CSA) was carried out at room temperature using MC
127.3 mg of CSA and 19.773 g of MC were mixed togetheras a solvent. The H-CSA to EB+molar ratio was 0.5. Typi-
to give 0.5 wt% solution with respect to PANI base. Thecally 100 mg of EBd with 121.0 mg of H-CSA and 19.779
mixture was vigorously stirred for two weeks at room tem-g of MC were mixed together to give 0.5 wt % solution with
perature, then filtered through a 0.20-mm polytetrafluoroethrespect to PANI base. The mixture was vigorously stirred for
ylene PTFE filter. Freestanding films were cast from thistwo weeks at room temperature, then filtered through a 0.20
solution at 40°C under room atmosphere. Several batchesm PTFE filter. Freestanding films were cast from this so-
have been used for the neutron experiments and from elution at 40 °C under nitrogen flow.
emental analysis results it is quite consistent to consider the Doping of EB-d with protonic acid in a solvent containing
mean composition of the sample asgtG)NH"-(CSA),,  easily exchangeable prot¢®H group inm-creso) results in

further denoted for more simplicity as PANis/(CSA)g 5. essentially total isotope exchange on PANI nitrogen atoms
giving (CsD4)NH™-(CSA)o5 further denoted
3. Synthesis of ring-deuterated PANI PANI-d,/(CSA)y5 for more simplicity. On the other hand,

ring deuterium atoms remain essentially intact because they
do not undergo isotope exchanffeThus, deuterated PANI
base doped with protonated CSA in protonated MC should
exhibit a strong isotopic contrast.

Ring deuterated polyaniline was prepared from anitige-
by using chemical oxidation with (NH,S,0g. The reaction
was carried out at-25 °C.

Reagents CgDsNH,, 7.5M DCI solution in DO and
CH;OD (all 99 at. % D were purchased from Euroisotope _ _ _ ) )
and used as received. (WHS,0s, LiCl and N3CO, were B. The incoherent quasielastic neutron scattering experiments
dried by extending pumping in vacuum line, prior to use. Al The IQNS experiments were performed at the high-flux
other operations were carried out in an atmosphere of dryeactor of the Institut Laue-LangevidlLL, Grenoble,
nitrogen. Typical preparation can be described as followsFrance.

First a solution of aniline is prepared in DCl-acidified In a first series of experiments, the quasielastic contribu-
D,0/CH;OD containing LiCl. The exact composition of the tions of the PANIh5/(CSA), 5 and PANI-d,/(CSA), 5 Sys-
solution was 9.8 d0.1 mo) of aniline, 85 ml of M DClin  tems were measured with the time-focusing time-of-flight
D,0, 95 ml of CHOD and 16 g of LiCl. This solution was spectrometer IN&> with an incident neutron wavelength
mixed with a precooled—25 °C) oxidizing solution: 6.3 g =5.12A. Spectra were simultaneously recorded at 89
(0.0275 ma) of ammonium persulfate, 60 ml of\ DCI in angles, ranging from 14.7° to 113.5°. The experiments were
D,0, and 8 g ofLiCl. The reaction was carried out with carried out, with the sample set at=135° with respect to
constant monitoring of the temperature and the redox poterthe incident beam. In such transmission geometry the energy
tial. After approximatel 2 h areducing solution consisting resolution varies from 7feV at small scattering angles to
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about 120ueV for the largest values. It was measured with a 1 ]08
vanadium plate, 1 mm in thickness, which also served for2 ] %
calibration of the detector’s efficiencies. The obtained time-2 097 ] 0.7 8
of-flight spectra, after the usual corrections for absorptionf'e’ 106 w
and scattering from the container were transformed into; o0.8f ] A 2
S(6,w) using the programnx of the ILL library. A first % 1035 <, g
inspection of the overall intensity of the spectra permitted toﬁ 0.7k 104 o o
identify and to discard the detectors clearly contaminatedy ] > &
with Bragg elastic scattering. The remaining data were & 103 7 ?—)
grouped into a series of 17 spectra spanning the whole scafs g} 100 o
tering angles range. Experiments were performed at tempereg i ?,,
tures ranging from 101 to 356 K. The temperature stability§ 1 0.1 3
was about 1 K. o 5 T ]

Another series of experiments was performed with the o~ 50 100 150 200 250 300 350
high-resolution backscattering spectrometer INA6jith a
wavelength of 6.28 A and an energy resolution of R&V
(FWHM). The samples were analyzed also in transmission FiG. 2. Evolution of the normalized elastic intensityisplayed
geometry. Data were recorded at 20 scattering angles, rangn a log scalpmeasured a®=1.24 A~* on IN16 as a function of
ing from 10.95° to 135.5° and grouped into five spectra corthe temperature for PANhg/(CSA)s (thick line) and for
responding to average values betweed=21.05° and PANI-d,/(CSA)ys (thin line)—broken lines are just guides for the
125.75°. Again, spectra contaminated with elastic Braggeye. Evolution of the deduced mean square displacement in the
scattering were eliminated from the grouping. The accessibleame temperature range for PAM}/(CSA),s. (open circley
momentum transfer range was similar to IB=0.365 to  straight lines are just guides for the eye.

1.78 A™1). The detector efficiencies were calibrated from the

measurement of a vanadium standard and the energy spectfachinet® The occurrence of a molecular motion on the
were obtained by using the prograsnw of the ILL library.  time scale of the spectrometer at a given temperature is in-
The instrument resolution was determined from the scatterducing a quasielastic broadening of the scattering function
ing of the sample itself, af =3 K, a temperature at which and thus a reduction of the detected elastic intensity. Ob-
the scattering is purely elastic. PAN/(CSA),s and tained results on IN16 for Q=124 A™* with
PANI-d,/(CSA)os were investigated at eight temperaturesPANI-hs/(CSA)s and PANId,/(CSA)s are shown in
ranging fromT=80 K to T=330 K. Deviations in the tem- F|g 2. Clearly, these curves, Whatever Way they are dI’aWh,
perature Stabmty were less than half a degree_ all exhibit two inflection pOintS: one is centered around 100

Finally, other measurements have been carried out using and the other around 250 K. Then, it is worth noting that
the backscattering IN10 spectrometer. This spectrometer f&€se two inflection points are present on the two curves
quite similar to IN16 in its principle and exhibits the same Whatever the PANI chains are deuterated or not. That
resolution in energy0.9 ueV). The incoming neutron beam strongly suggests these two features be only due to motions
had a 6.27 A wavelength while a15/+15 ueV energy Of protons belonging to CSA counterions. Second, it can be
range could be spanned for inelastic scans. As the incominggmarked that in amplitude the two normalized curves are
beam is not focused as it is on IN16, the neutron flux avail-duite different. The curve obtained with the fully hydroge-
able on the Samp|e is three to four times lower than orﬂated Sample is alW&yS above that obtained with the partlally
IN16.1% In this study we mainly used IN10 for carrying out deuterated one. In other words, the additional contribution to
fixed energy window measurements when temperature wdée total scattered intensity brought by the protons of PANI
varied from 3 to 330 K. chains would be mainly if not totally elastic in nature.

In the next paragraph, we present a full analysis of the
EISF found both on IN6 and IN16 in order to carefully char-
acterize the chain dynamics as seen in the energy window
A. The different dynamical regimes as evidenced available in our experiments.

by elastic measurements The third curve shown in Fig. 2 is another way to display
the experimental data. Indeed, it is always possible to write
ﬁhe dependence of the elastic intensity as a function of the
{emperature as follows:

Temperature (K)

IV. RESULTS AND DISCUSSION

A good way to obtain an overall view of the dynamics
under interest is to record and inspect carefully the evolutio
of the elastic intensity as a function of the temperature. Ca
rying out so-called fixed energy window measurements on _ _ 02 2
backscattering spectrometers like IN16 or IN10 can do that. |(M=1(0)exd ~Q7u(T)"]. (13
In such experiments, scattered neutrons are sorted so thiatthe previous expressian(T) is the mean square displace-
only those, which do not exchange energy with the samplenent of the scattering nuclei. It is straightforward to obtain
(within the energy resolution of the instrumgrdre detected. the variation of this last quantity as a function of the tem-
To do so using a backscattering spectrometer, it is necessapgrature once that of the elastic intensity has been experi-
first to use similar crystals as monochromators and analyzersentally measured. By taking into account the large tem-
and second not to sweep in energy by stopping the Dopplgrerature interval separating the two changes of slope, it
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appears that the two movements of the counterions thus de =~ j————7*+p——————— ol 10
tected have really different characteristic times. The firstmo- | |\g '
tion detected on IN16 at low temperature appears to be quite__ T-330K
rapid and the quasielastic broadening is too large to be accus | Q=1.77 A’
rately studied on the IN16 time scale. This is why this mo- i l
tion has been assigned to the methyl groups borne by CS/E
and has been fully analyzed on the time-of-flight spectrom-‘g 4
eter IN6 and all the details are given in Sec. IV C 1. Finally, —~
considering the large increase of the mean square displacec
ment around 250 KFig. 2), we will see later that this motion 3
appears to be much slower than the other one. It is thus
reasonable to assume that this dynamics involves a scattert
with a mass bigger than that of a methyl group. This motion e e ] ()

is analyzed in details in Sec. IVC 2. 0 0.5
Energy Transfer (meV)

Counts (arbirary unit)
S

0 1
Energy Transfer (meV)

B. The PANI chains contribution to the dynamics of the FIG. 3. Expansion of the quasielastic part of a typical energy
system: An EISF analysis spectrum measured on the time-of-flight spectrometer IN6, for a

— -1 —
First, it must be said that in all our analyses, we alwaysnomentum transfe@=1.77 A", atT=330 K. The full spectrum

neglected any eventual contribution coming from metacresdf SNOWn in the inset. The separation between purely elastic and

solvent. Indeed, even in the most freshly prepared sample§uasielastic scattering is indicated.
the latter is in small quantitiesever more than 10% molar
Moreover, the solvent content is continuously decreasing as

function of time and also depending on the various therm aw composed of a pure elastic peak and a unique lorentzian
treatments undergone by the samples during the d'ﬁere%nction was used

measurements. Accordingly, as it is impossible to evaluate Good fits were obtained for the major part of the refined

accurately the amount of metacresol in a given film and cong,q 15 confirming that in most cases the quasielastic broad-

sidering thi§ amount as sma}ll enough, we _estimated that th ing could effectively be described by a single lorentzian
error that might be mducgd n thg .EISF estimation by 19N nction (Fig. 3. Small discrepancies in the fits were ob-
ing the solvent presence is neghglblg. served at the highest temperatures of the IN6 experiments,

Second, the temperatures at which all the results hav, r the spectra at the largeQ values. However, careful
been obtained are far below the glass tra_tnsmc_)n of the dope, alysis of these results yielded an estimation of the error on
polymer that has been more or less easily evidenced arounly sk yajyes of the order of 2%. ING values are reported
400 K118 |n fact, this glass transition is lying close to the in Figs. 4a) and 4b) for PANI-d,/(CSA)ys and

temperature of degradation of the system; this is the firs ) )
indication of the intrinsic semirigidity of PANI chains. PANI Ns/(CSA)s, at several temperatures. important fea
tures can be noticed by a direct inspection.

The first remark is the dependence of the EISF values on
the temperature. Figure(@ shows that in the case of the

As previously mentioned, analysis of incoherent quasiPANI-d,/(CSA)y s compound the amount of elastic scatter-
elastic data mainly consists in the extraction of the experiing for a momentum transf€®=2 A~ increases from 0.82
mental values of the EISF from the recorded spectra. In printo 0.93 when the temperature is decreased from 330 to 236
ciple, the EISF could be obtained by a simple time-Fouriei. A similar behavior is observed with the
transformation of the scattering functi®{(Q, ). Actually, =~ PANI-h5;/(CSA)y5 system[Fig. 4(b)], with an increase of
several conditions rend this procedure rather imprecise. Exhe EISF from 0.80 to 0.93 over a broader temperature range.
perimental data are recorded over a limited energy range arfsleveral interpretations concerning this temperature depen-
are underlain by a flat inelastic contributi@®(Q,w) due  dence can be put forward and will be discussed later.
to internal and external vibrations. Furthermore, they are ob- The most important point concerns the differences be-
tained at constant scattering anglé 2nd not at constant tween the EISF values obtained with the two compounds. At
momentum transfer. Lastly, they have to be corrected for thany temperature, clearly the values for PANJ/(CSA)ys
effects of the finite instrument resolution. Another systematidie unexpectedly above the corresponding results for
method has revealed itself to be more successful even in tHeANI-d,/(CSA)y 5. Moreover, these differences between
presence of a weak quasielastic contribufidit. consists of  the two sets of values increase with the temperature. The
a separation of the experimental spectra into their purelgubstitution for the four hydrogen atoms on the benzyl
elastic and quasielastic parts from a refinement of a “plaugroups reduces the number of “visible” scattering centers
sible” normalized scattering law as close as possible to théi.e., hydrogen atomsfrom 25 to 17 and the fraction of
actual one, folded with the instrument resolution and where gcattering from  PANI chains from 10/28.4
weight parameter controls the amount of purely elastic scaf-PANI-hs/(CSA)q 5] to 2/17=0.118 [ PANI-d,/(CSA)y 5.
tering. The advantages of this procedure have been describéacordingly, the deuteration of benzyl groups should result
in Ref. 20. In the present case, there isanpriori informa-  in an increase of the resulting EISF. The only way to account

tion about the relevant motions. But the fraction of quasielas-
scattering in the spectra is small. So a simple scattering

1. TOF measurements (IN6 data—meV energy range)
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xvia o0 : ] momentum transfe@=1.78 A~1, at T=330 K. The full spectrum
X

0.95 is shown in the inset.

As the origin of the difference of the EISF obtained with

Elastic Incoherent Structure Factor

0.90 : PANI-h5/(CSA)q 5 and PANI-d, /(CSA)y 5 has to be looked
« v o ] for in the difference of scattering from the hydrogen or deu-
[ o e v ] terium atoms of the benzyl groups in the PANI chain, a quan-
0.85 XX'— titative analysis of the experimental EISF values was under-
5 taken.
H X X
0.800'0 0.50 10 15 50 3. Quantitative analysis of the EISF’s
QAN This analysis was performed considering the data ob-

tained with IN16 atT=300, T=330K, i.e., with the best
FIG. 4. Experimental values of the elastic incoherent structurdnstrument resolution at the highest temperatures. The ex-

factor (EISP extracted from the IN6 experiments, at different tem- perimental EISF values were refined by an empirical expres-
peratures.(@ PANI-d,/(CSA)ys, (b) PANI-hs/(CSA)ys [(®)  sjon of the form

236, () 260, (#) 285,(A) 300, (V) 330,(X) 356 K]

N
sinQ-R

for the obtained results is to consider that the contribution of EISRQ)= a°+21 Ao R QR (143
benzyl groups is purely elastic, the diffusive motions of the
polymer chains being too slow to be seen on our experlmer}l\”t
tal time scale.

ap+ > a=1. (14b)

i=1

2. Backscattering measurements (IN16 datgeeV energy

range) The expressiori14a is the general expansion of the EISF

The same remarks hold for the EISF obtained from theRef. 12 in terms ofN jump distancesR;. The parameters
IN16 spectra. Good fits were also obtain€iy. 5. As inthe are both theR; and thea;. Actually it turned out that the
IN6 case, these experimental EISF values depend on thexpansion could be restricted =3 terms. At each tem-
temperature and, at a given temperature differ for the twgerature the data obtained with PARL/(CSA)ys and
systems investigated. For PAN/(CSA)y 5, the amount of  PANI-d,/(CSA)y 5 were refined simultaneously, introducing
elastic scattering for a momentum transf@=2 A1 in- in the former case, to account for the hydrogenated benzyl
creases from 0.72 to 0.9 when the temperature is decreasgdoups, an additional fraction of elastic scatterirgwhich
from 330 to 235 K. With PANId,/(CSA), 5, over the same was also refined, so that the full expression was
temperature range, the EISF increases from 0.7 to 0.85.

Thus, once again, for all the temperatures and for all the sinQ-R
scattering angles, we found the EISF from EISF(Q)=x+(1—x)aO+(1—x)i§1 A GR (15
PANI-h5/(CSA)ys always greater than that of
PANI-d,/(CSA)y5. All the other remarks that can be made with x=0 for the PANI-d,/(CSA)q 5 compound.
about these EISF values found on IN16 compared to that The results are reported in Fig. 6. The final values of the
found on IN6 will be made later when we will assign the a; andR; parameters are of little interest providing that the
different dynamics to CSA counterions. procedure attributes the same values to both compounds. The
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FIG. 6. Experimental values of the elastic incoherent structure  FIG. 7. Half width at half maximum of the quasielastic part of
factor (EISP extracted from the IN6 experiments, Bt 300 K () scattgrlng profiles obtained in transmission geometry on IN6 as a
and T=330 K () with PANI-d,/(CSA)ys (filled symbolg and  function of the transfer momentu@ and the temperaturéOpened

PANI-h/(CSA), 5 (opened symbojs The full lines are the results Symbols refer to PANI,/(CSA)ys and filled symbols to
of refinements of Eq(14). PANI-hs /(CSA), 5 (#) 356,(0) 330,(00) 300,(X) 285,(V) 260,

(A) 235 K.

main result concerns the parametewhich was found equal

to 0.35 at each temperature, close to the theoretical value ; i
=0.32 corresponding to immobile benzy! groups. ordered on the considered time scale. The movements of

This result definitively demonstrates that within the other atoms are expected to be out of the spectrometer reso-

109-10 12 s time scale, the PANI chains can be considereduuon' Accordingly, their contribution to the scattering law is

as immobile while the observed localized motions are excluPUrely elastic and appears in the model as a constant param-
sively due to CSA molecules etercgy . This quantity only depends on the chemical com-

position of the samples and takes the value 0.647 for
PANI-d,/(CSA)y 5 and 0.76 for PANIhg/(CSA)y 5. Spec-

tra were then refined using the programaTHE (Ref. 25

1. Analysis of the motion of CSA methyl groups in conducting and compared with the final theoretical model

PANI/CSA from TOF measurements SQ,w) e‘W(Q){(l Cfix) Smet{ Q, @) + Crix 8(w) }
,) = L W i w)g-
Generally speaking, methyl groups dynamics is exten- " e " (18)

sively studied in many different solid-state systems because _ _ _ ) )

it may be considered as a microscopic probe able to revedy using the previously described scattering law, time-of-
the details of the neighboring local molecular and energetidlight spectra were first refined individually at 357, 330, 300,
environments. In particular, methyl groups dynamics hag;o, and 180 K. Within the experimental errors, the' extracted
been investigated in systems including small mole&ilesd ~ Widths appeared as constant over the wi@lenge(Fig. 7).
po]ymeric Compoundgz__z“‘l In many cases, this motion can This is consistent with the 120° jump model for which the

be described as jumps on three energetica”y equiva|ent Sitéﬁ]asielastic Contribution is indeed independent of the scatter-
evenly distributed on a circle. ing angle. But, this model apparently does not hold any more

Accordingly, we started by analyzing our data using thiswhen the noticeable variation of the extracted EISF as a

description. The theoretical scattering law for 120° jumps offunction of the temperature is taken in consideratisae

such a model, the evolution of the characteristic time does

1 not follow an Arrhenius law and asymptotically tends to a
Smet{ Q@) =Ao(Q) 8(w) +[1=Ao(Q)] — Fa 2 common value when the temperature is decreased.
& @ At this stage, it should be noted that similar features were

Only methyl groups are assumed to be dynamically dis-

C. Analysis of the CSA counterions dynamics

(18) observed in some molecular crystals or in the glassy state of

with amorphous polymers containing methyl groups. The only
way to account for all these experimental observations is to

Ag(Q)=3%[1+2jo(V3Q-1)]. (17) consider that all the methyl groups are not dynamically

equivalent. In such a case, several descriptions of the system
In expressiong16) and(17), r is the distance of the hydro- are possible and have been used alternatively by different
gen atom to the threefold symmetry axi3,s the jumping authors. The simplest one is to consider a bimodal distribu-
rate (which defines the HWHM of the quasielastic compo-tion of methyl groups: one part has a fast enough dynamics
nend which is related to the correlation time—mean resi-and can be observed on the time scale of the instrument,
dence time between two consecutive jumps—tby 3/27. whereas the other part is considered as immobile. The evo-
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lution with the temperature results in a modification of the 100 T T T T T
ratio between the two respective populations. A more sophis- L a4 ‘ ’
ticated description has been recently proposed by Frick anc [
Fetteré? in order to explain the temperature dependence of
elastic window measurements on polyisoprene. A Gaussian
like distribution of activation energy was introduced and al- ~
lowed elastic scans to be fitted properly. The same procedun% ;
was used by Arrighit al. when studying methyl groups in < @ aiom 1
liquid crystalline polymer€® In the present work, we de- = 4O[ 7 iR L | DR I ]
cided to follow the procedure recently developed by Chahid,
Alegria, and Colmenef8 for the study of polymethyl meth-
acrylate and used also by Arrighi and Higgins for studying a
liquid-crystalline polyeste?’ The distribution of the correla-
tion times has now a log-Gaussian expression and is inserte
in the so-called “rotation rate distribution model.” In that
case, each methyl group motion is assumed to follow an
Arrhenius law as

[(T)=T.-exp(— Ea/KT) (19)
with T",, and E, being the attempt frequency and the acti- '-3
vation energy, respectively. Then, the global distribution of £ v
correlation times may be the resultant of a distribution of g
either the activation energy or the attempt frequency or a ’
combination of both. 2 :
For the calculation it is more convenient to use a discrete _S i i
form of the distributio”® and the scattering law is written as 3
reo — —Q2<u2>/3 §
Sinc(Qw)=e (1-Chix)| Ao(Q) d(w) : i
] ] i ] ]
T 12 1.4 16 1.8 2 2.2
A-1
+(1-A) > giLi(Q) +Cfix5(w)] Q (A7)
1

(20 FIG. 8. (a) Most probable jumping ratE, as a function of the
scattering vector and of the temperature deduced for
with 2g;=1 and PANI-h5/(CSA)y 5. (b) Width of the correlation time distributioor
as a function of the scattering vector and of the temperature de-
duced for PANIhs/(CSA)qs. (A) 357, (@) 330, (M) 300, (4)
(21 235,/(v) 185 K.

L= 1 1 n2 Fi)
gi<g(ln i)—a—mex 552N o/ |

In the expressior{20) I', denotes the most probable jump by the different spectrometers we used. This figure illustrates
rate ando? is the variance of the distribution. To each well in which proportion the population of scattering centers
Lorentzian functionL; corresponds a HWHMI; and a is varying as a function of the temperature; accordingly, it
weightg; . Spectra recorded at the different angles were firsbecomes clear why the apparent EISF deduced from mea-
refined individually at each temperature. The distributionsurements recorded on a given spectrometer was also accord-
function was limited in thet6 ¢ interval. Twenty Lorentzian ingly varying.
functions were used for the evaluation of the scattering func- In Fig. 10 is shown first, the Arrhenius plot of the varia-
tion. The EISF was kept fixed at its theoretical value and wasion of I'j as a function of temperature. From this curve, and
not refined. As Bragg scattering is mostly present at lowfrom expression(19), it is found thatI'..=7.84 meV and
scattering angle® this angular region was not included in E,=12.5 kJ/mole. This last value corresponds to typical
the refinement procedure. values encountered in the literature concerning other molecu-
Obtained values oF ; and o are shown in Figs. @) and lar systems containing methyl rotors and in particular to the
8(b) at various selected angles and temperatures. At eaddMR results obtained with pure camphi8iBy contrast this
temperature, all these values appear to be distributed aroundlue is much larger than that found in the case of the glassy
a single average one within the experimental error. Finallystate of polymers having methyl rotors bounded to the main
we carried out the simultaneous refinement at every anglehain?® That underlines the difference of nature of consid-
and we found very similar results fér, ando. All the final ~ ered systems and also of the exact character of molecular
values are collected in Table I. In Fig. 9 are shown the obdisorder. Even if the disordered character of PANI-CSA is
tained profiles of the distribution plotted as a function ofextended enough to compel us to use a description of the
E/KT overlaid with the energy windows that can be exploredmethyl dynamics with a distribution of correlation times, the
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TABLE |. Characteristics of the CSA methyl groups dynamics: Correlation times and their distribution.

Temperature Most probable Reorientation time  Width of the Variance of the

(K) jumping ratel’, (ueV) 7(1071%s) distribution o distribution o
357 93.2 6.97 0.008 624105
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

activation energy we found reveal that the local environmenhas been found in the case of the glassy state of(Falyl
of the methyl rotor is not fundamentally different from the acetat®? In PANI-CSA, the heterogeneous character of the
one encountered in a molecular crystal. In other words, thstructural disorder of the sample has probably to be taken
short-scale molecular landscape is probably less entangledto account. The distribution of correlation times is likely
than it might be in a glassy state of a flexible polymer. due for a given part to deviations of equilibrium positions of
Considering now Table | and the second curve of Fig. 10huclei but also it is necessary to consider several types of
it can be seen that the best description of the variation of thpopulations of methyl groups according to the more or less
width of the distributiono- as a function of the temperature is crystallized domains of the sample they belong to. Moreover,
a linear one whose numerical parameters are given in theonsidering in more details the numerical valuesrpit can
expression be seen that for temperatures higher than 286§, inferior
to 1 and even very close to zero at 357 K. In this regime, the
0=0.0261x(364—T). (22)  methyl group’s dynamics is not affected by the intermolecu-

Once again this behavior contrasts with that found in thdar €ffects. By contrast for lower temperaturesis increas-
case of methyl dynamics in glassy states of polymers. In thég rapidly revealing a strong influence of the molecular en-
present case, the width of the distribution is zero for a finiteVironment on the dynamics of the methyl groups.

value of the temperature. Accordingly, for PANI-CSA, it !N order to check the self-consistency of the previous
cannot be said that the origin of the distribution of the cor-2nalysis, we can use all the parameters and expressions
relation times is exclusively due to a temperature_found from measurements and from the different fitting pro-

independent Gaussian distribution of activation energy as ﬁ:edures in order to recalculate the value of the elastic inten-
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FIG. 10. Most probable jumping raté, as a function of the
temperature(The straight line corresponds to the exponential fit
FIG. 9. Shape and position of the distribution of the correlationaccording to expression(19) with TI'.,,=7.84 meV and E,

times as a function of the temperature. The energy windows ex=12.5 kJ/mol¢. Variation of the width of the distribution of corre-
plored by the different spectrometers used in this work are alsdation times as a function of the temperature. The straight line cor-
indicated. responds to the linear fit according to expres<i@d).
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(X) andQ=156 A"! (+) as a function of the temperature for momentum trapsfe@— 1.78 A" for T=330K. The quasi-
PANI-hs/(CSA)ys. The full lines are the results of simulations ©/aStic broadeningl.43 eV, HWHM) is well corresponding

using the parameters obtained from measurements and analysis cif-the instrument energy range. Clearly, it is not related to the
ried out with IN6 spectrometer in the 200-350 K temperatureProadening observed with IN6 at the same temperature for a

range, i.e., Es=12.5kJ/mole I'.=7.84meV, u?=0.0005 Similar momentum transfefFig. 3). The broadening ob-
XT (A% (mean square displacemgnto=(364—T)x0.0261, served with IN6 appears in the IN16 spectrum under the
fixed protons=0.76. form of an underlying flat backgroun@Fig. 5 inse}.

From these results it thus appears that the second inflec-
sity as a function of the temperature but extrapolated to théon point shown by the curves of Fig. 2 at higher tempera-
energy domain seen by backscattering spectrometers such tase corresponds to a motion having very different character-
IN10 and IN16. Selected results of this calculation are showstics from those of a methyl rotation. In this framework, the
in Fig. 11 forQ=1.24 and 1.56 AL By this way, we check simplest assumption one can make is to consider a “jump”
first that indeed the first change in these curves was due tof the whole CSA molecule in between two equilibrium po-
the methyl groups dynamics and second was due to the fasitions and try to perform a fitting of the experimental scat-
that the undertaken analysis is self-consistent. It should beering curves with such a model.
also noted that other measurements we carried out on IRIS Under the assumption that the molecules perform instan-
spectrometer at 1SI$Chilton-GB) unambiguously proved taneous jumps, the rotational incoherent scattering function,
that the previous connection between IN6 to IN16 we areor a single proton moving between two sites separated by a
making by interpolation is correct since the methyl rotor mo-distancer can be writtef? as
tion could be followed on IRIS over the whole intermediate
energy rangé!

FIG. 11. Elastic intensity measured on IN16 @t=1.24 A1

1
S(Q, @) =Ao(Q) 8(w) +A1(Q)

— 22 (23
. . . . a1+ T
2. Analysis of the rigid body motion of CSA molecules in
conducting PANJCSA from neutron backscattering It can be noted that this model is exactly corresponding to
measurements that of a potential energy profile with two separated wells

As shown in Fig. 12, it is noteworthy that the experimen-that is widely used for describing local diffusive motions in
tal EISF values obtained with IN16 are smaller than thosdiological macromolecule¥. 7 is the correlation tim¢mean
extracted from the IN6 data, at the same temperator2  time between two jumpsThe elasticAo(Q) and the quasi-
and 0.82 aQ=2 A~ with IN16 and IN6, respectively, for elastic A1(Q) structure factors have the following expres-
PANI-d,/(CSA), 5 at T=330 K). Moreover, the deviations SIONS
between the two sets of values corresponding to the hydro- L .
genated or deuterated systems are more marked with IN16 Ao(Q)=3[1+]o(Q-1)], (24)
than with IN6. The difference is only 3% @=2A"1, T
=330 K for IN6 while it reaches 13% with IN16 under the 1 .
same experimental conditions. Actually, taking into account AL(Q=5[1-jo(QN] (25)
the large difference between the energy resolutions of the
two spectrometers, it is unlikely that the same microscopiagn which jo(Q-r) is the Bessel spherical function of zero
motion could be observed. Figure 5 illustrates the result obrder.
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6 : : : : : about the molecular dynamics in PANI/CSA system from the

EIJ comparison that can be easily made in between the results
S EI] """"" : """" é """" obtained on a fully hydrogenated sample and a partially deu-
L L 513 _____________ L L terated one.

: : ' All the results we found indicate that PANI/CSA has to be
considered not really as a flexible polymer in a glassy state
but as a disordered molecular solid in which the sublattice
T T e e constituted by the intercalated counterions undergoes dy-
260 280 300 320 340 namical transitions. Indeed, in the whole explored energy

Temperature (K) range, the PANI chains appear as very stiff objects whose
dynamics is likely mainly vibrational. If any diffusive com-
FIG. 13. Correlation time of the rigid body CSA motion as a ponents exist they have to be looked for inside a much longer
function of the temperature. time scale as previously measured by NFKfRErom our

Between 330 and 260 K good fits of the scattering curve?omt of view, the structural disorder is quite heterogeneous,

were obtained. Calculated and experimental EISF are shovx)t;rlu]oé %%2333‘:2?5%“‘2;:’5'? de;rtinsemgrg\%?m%i cor]le:[]aecgei;_of
in Fig. 12 while the mean values of the correlation time as y 9

function of the temperature are reported in Fig. (I3 was afribu'tion of the colrrelation times of the methyl groups dy—'
kept constant at 1 A In this last figure the error bars are namics as a function of the temperature. We found that this

reflecting the spreading of thevalues as a function @. As g:fttiglr)]:tlgfntaﬁrg?;z%igsg?erggﬁ dcg?:;];t'gggjedéig';f
can be seen, already at 260 K it began to be difficult toEge methyl's dynamics. At high temperatur€00—350 K

© (107%)
~
T

extract the value of the quasielastic broadening since th o X .
scattering signal is more and more elastic. For this reason, e structural heterogeneity is not emerging from dynam]cal
temperatures inferior or equal to 250 K, the experimentafﬂe"’.lsurements and the methyl groups appear as dynamically
curves could not be fitted anymore. At this stage we migh qu!val_enf[. The whole space available around each counter-
wonder if for this motion it would be also necessary to con-oN 15 similarly explqred fOF all of them._ The whol_e popula—_
sider a distribution of the correlation times, especially if wetIon of C.SA counterions ”?'ght be consujered as [nvolveq in
an ergodic process for which all the available positional sites

note the significant increase of the EISF when the temperahave the same probability to be occupied. When the tempera-

ture is loweredFig. 12. Unfortunately, it is not possible to re is lowered. this regime disappears 1o leave room to an-
develop such an approach because of the limited amount &' ' 9 . PP .
ther one for which all the differences of molecular environ-

usable data. Considering such a fast decrease in the quagl-

elastic intensity as a function of the temperature, we are Ieggzt?nglr;&?gEgssrlt\)/elr)(/esr;zgﬁlef(rjc.)zgzewﬂi(lj(\e,vir?t?rtrlT?cr)]Ieocfultgre
to assume that some transition is really happening aroun prog y

250 K. In such a case, either the valuera$ changed in such effects more and more influence the methyl groups. This

a large proportion that it is exiting the time window seen byevolutlon is somewhat reminiscent of that we may design as

. a “glass transition” of the counterion sublattice.
IN16 or the CSA motion is blocked at these temperatures: At this stage of the study, the next step is to know if this

We carefully checked this point by our measurements Camegescription applies first specifically for the conducting state

out on IRIS ‘at ISIS, which are reported in details of polyanilines and second for all kinds of counterions with
1 .
elsewhere” As IRIS has a 15ueV energy resolution, we which such an electrical regime can be obtained. The first

thought it should be possible to follow more precisely thISelement of answer to the first point we have is still a little bit

dynamics at low temperatures. In fact on IRIS, in order to fit mbiquous. When we perform inelastic measurements on a
correctly our data at high temperatures, we needed to convg P9 ' P

lute the motion of methyls with the CSA motion. But, at partially doped insulating sample on IRIS spectrometer, we

temperatures lower than 250 K, it was enough to retain onlggjulgoi);ezon\llerdtgg :f'?hgog%, ”;cr’:;”n sjr;h;efgﬁb%% fgﬁts
the methyl dynamics as already found on IN6 at ILL for y

fitting these data. Only this procedure among numerous Otrp_resent in this system re_sulting in a I_ack of scattered i_nt_en-
ers we tried, allowed us first to fit correctly the data and alsos'ty' Another way to obtain an insulating sample containing

to recover quantitatively the same EISF that we found Withst|II a large number of counterions is to perform a thermal

IN6. These results strongly suggest that at temperatures if9ing of the sampl& Wwe will publish else\_/vhere other re-
ferior to 250 K the rigid-body CSA motion has disappeared,SUItS very recently obtained on a progressively aged sample,

the molecules are blocked, likely inducing an extended stati ht'ﬁh Sh%\’ Tt?rt] thset:t%'c(i)??hdy PCAS[\'ﬁlnég“:” is indeed related
molecular disorder in the system. This is also precisel 0 the conducting e .

around this temperature that the distribution of the correlaihelnleftﬁggpénfg&]iggt;tees:Iésofr;escgzgi'gu“{:)g ttk?edgisllfcenrg(ra]t
tion times of the methyl motion becomes completely rel- y P 9

regimes of electronic transport observed in PANI/CSA and
evant. o . . )
can be qualitatively understood using the notion of localiza-
tion length in a heterogeneous medidiAt high tempera-
tures, the molecular dynamics clearly contributes to main-
The techniques of quasielastic neutron scattering hav&ining a localization length that is large enough to ensure a
proved to be very powerful to give important information coherent transport of charge carriers through the whole

V. CONCLUSION
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sample. When the temperature is decreased the system hasrgrovement of both the electrical and mechanical perfor-
tendency to freeze in an extended static disordered state nances of the film3> The details of all the involved micro-
which displacement of charge carriers is no more so globallgcopic mechanisms in this quite complex situation is still far
favored. This effect is likely even stronger in the more dis-from being completely elucidated but we hope that these
ordered parts of the films separating nanocrystalline doresults and others to come will help the theoretical models of
mains. The localization length turns shorter than the meatransport in such systems to be further improved.

size of these connecting domains and that results in a semi-
conducting regime for the conductivity. Our work has the
merit to show that in this process, the counterions play also a
central role. For this reason, we have undertaken a large We sincerely thank A.J. Dianoux and M. Gonzalez from
program of research for finding new counterions allowinglLL for their assistance.
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