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We report detailed structural investigations, by synchrotron X-ray reflectivity (XRR), grazing incidence diffraction
(GID), and space-resolved grazing incidence X-ray-induced fluorescence (GIXF), on the structure of molecular layers of
polyaniline (PANI) that can be converted from insulating to conducting state simply by doping. We first address the
simpler, but more intriguing, system, i.e., a floating monolayer of PANI on different subphases, for which we found a
typical thickness of 28(1) A, not much affected by the doping process. For the doped film we also found an internal
lateral structure, with in-plane spacing of 3.5 A—albeit with a small coherence of 3—4 repeat units only—compatible
with face-to-face interchain stacking of phenyl rings, in agreement with the literature. By GIXF we could confirm the
crucial role of C1™ intercalation in the doping process of the PANI film: under doping conditions (0.1 M HCl subphase)
the C1™ intake is 8 times larger than in nondoping conditions (0.1 M KCl subphase). Multilayers transferred onto solid
substrate were studied also as a function of the applied voltage, as this system constitutes the core of an electrochemically
controlled device whose strongly nonlinear characteristic make it useful for applications to adaptive networks for
complex information processing. By the application of an electrostatic field of 140 V/m, Clionic migration was observed

confined to the polymeric film surface.

Introduction

Alkali cation intercalation is well-known to alter the structure
and the electronic properties of many systems, including full-
erenes, nanotubes, and organic conductors in general, often
because of a combined effect of charge transfer and of induced
structural modification. For instance, in fullerenes this gives rise
to a variety of phases including those with metallic and insulating
characters,? superconductivity,” and magnetic ordering.*’
Moreover, when Li ions are involved, peculiar diffusive behavior
can be observed.®’ This is also the case of polyaniline (PANI)®
which has a long history in the research of conducting poly-
mers’ > and whose conductivity depends strongly on its doping
level and redox state: the insulating emeraldine base form can be
transformed into its conducting salt by doping, usually with
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hydrochloric acid. In particular, a recent report'* clearly shows
that if properly prepared, PANI bulk films do show proper
metallic behavior, as evidenced by the temperature dependence
of the resistivity. The metallic form of PANI can be transformed
back to a nonconducting state by e.g. exposure to a base or also to
an alkali salt. In particular, Li ions intercalation and deintercala-
tion is well-known to modify PANI conductivity.'® These doping
transitions are reversible, and therefore conductivity of the PANI
layer can be restored and controlled electrochemically by applica-
tion of a reducing or oxidizing potential.

An electrochemically controlled three-electrode device consist-
ing of a heterojunction between a PANI multilayer (the active
component) and a thicker solid electrolyte (Li " -doped poly(ethy-
lene oxide) (PEO)) was extensively studied by some of us; !¢ ¥ its
strongly nonlinear characteristic was connected to the possibility
of modulating the conductivity by varying the applied voltage to
the PANTI layer, through the combined effect of redox processes
and doping—dedoping ionic fluxes from the solid electrolyte. This
device had memory of its previous functioning, i.e., it was a
functional memristor; this made it particularly interesting for
applications to adaptive networks for complex information
processing device. Thus, a thorough understanding of the me-
chanisms responsible for the conductivity modulation and mem-
ory effects is essential for these and other types of applications.

In this paper we present a study of the structural changes in the
PANI layer due to the conductivity variations and doping—
dedoping processes. The measurements were performed XRR
and GID, which provide us with high-resolution structural
information, and GIXF, which is a direct element specific, surface
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sensitive, and nondestructive technique in which the fluorescence
from the ions (chemical sensitivity) is recorded as a function of the
grazing angle of incidence (depth sensitivity) to test for the
presence of ions in the structure of the molecular layer and
therefore directly measure the ionic depth distribution which
could then be related to the electrical properties of the PANI
layer.

We studied PANI layers in different doping conditions. We
addressed the Langmuir layer at the air—water interface, and then
Langmuir—Schaeffer (LS) multilayers deposited onto solid sub-
strate, also connected with electrodes to probe the effect of the
applied voltage on the ionic distribution.

The results presented here show unambiguously that the
insulator—conductor conversion of PANI film is accompanied
by CI anion intercalation and specific structural changes. Our
data also have relevance for the so-called metallic nature of the
conducting form of PANI and in particular on the intriguing
question of whether even a Langmuir monolayer at the air—water
interface can be considered metallic, a question which has been
much debated for both inorganic and organic films."”~*?

In a recent paper we have shown, mainly by ellipsometric
techniques, that indeed conductivity is retained by PANI even in
the form of a Langmuir monolayer.'® Here we present micro-
scopic structural confirmation of those data.

Experimental Section

Poly(ethylene oxide) (PEO) (average M,, ca. 8 000 000), KCI,
and CsCl were purchased from Sigma. Polyaniline emeraldine
base (PANI) (average M, ca. 100 000, catalogue no. 576379) was
purchased from Aldrich. Polyaniline powder first was dissolved in
1-methyl-2-pyrrolidone (NMP) in the concentration of ~1 mg/
mL (mother solution). Then NMP with 10% of toluene was added
to some amount of mother solution to obtain the final concentra-
tion of 0.1 mg/mL and filtered through Millipore filter (Omnipore
PTFE, hydrophilic, pore diameter 0.2 um). Toluene was added to
facilitate solution spreading. This solution was used for the
preparation of the Langmuir monolayer and Langmuir—Schaefer
films. Pure water prepared with a Milli-Q system was used as the
subphase (resistivity 18.2 MQ cm, pH 7.0). The composition of
the subphase was varied by adding HCI or KCl up to 0.1 M
concentration or other salts as indicated in each experiment.

Langmuir isotherms were routinely obtained in a KSV 5000
trough or in our homemade trough both to check the monolayer
quality for deposition and to prepare the monolayer at the air—
water interface at the proper surface pressure for the measure-
ments. Typical compression speed was 10 mm/min. After compres-
sion of the PANI monolayer up to the target surface pressure of
10 mN/m, a variable number of layers (from 1 to 60) were deposited
by the horizontal lifting LS technique onto Si substrates or onto
glass slides with evaporated chromium electrodes.

X-ray measurements were performed at the ID10B line of the
ESRF synchrotron facility, at the incident energy ¢ = 8.06keV. In
reflectivity measurements at the air/water interface a theta/theta
geometry was employed. Grazing incidence diffraction (GID)
measurements were performed with an angle of incidence on the
film of u = 0.11°,1.e., 75% of the critical angle for total reflection
at the air/water interface, and collecting the diffracted intensity as
a function of the scattered angle, after Soller slits collimation, by a
linear position sensitive detector. The reflected-scattered intensity
was analyzed both as a function of the in-plane Q. and of the out-
of plane Q. exchanged momentum.

Reflectivity data were subsequently analyzed with our own
software, developed in the Matlab computing environment,
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which calculates the reflectivity curve for a given model according
to the so-called “Parratt recursive approach™.>*>* In this case one
calculates the transmission and reflection Fresnel coefficients at
each interface. In order to reproduce the reflectivity curve of a real
multilayer, a structured model of independent layers, each with
uniform electron density, has to be provided. Roughness of real
layers is accounted for using the Névot—Croce approximation,®
which implies scaling of the reflectivity at the interface between
layers a and b by a pseudo-Debye—Waller factor exp(—2k k,0°),
o being the roughness rms value and k,k, representing the z-
component of the wave vector for layers a and b, respectively. The
quality of the fit is evaluated weighting the discrepancy between
data and model either by the uncertainty of the data (true > test)
or by a factor which is inversely proportional to the reflectivity
itself. The latter strategy gives comparatively more weight to the
high-Q data, which, albeit affected by larger uncertainty, contain
more physical information.

Grazing incidence X-ray fluorescence (GIXF) was detected asa
function of the incidence angle, from grazing incidence, across the
critical angle and well above it to provide a reference to the bulk
ionic concentration. For the data analysis we developed our own
program code, following the guidelines of ref 26. We recall here
that below the critical angle for total external reflection an
evanescent wave propagates at the surface with an angle-depen-
dent penetration depth £ = '/;Im(k.) where k. is the normal
component of the incident wave vector in the solution.?” The
penetration depth assumes a minimum value at grazing incidence
(& = 4.6 nm for air/water interface) and increases with the angle to
diverge at the critical angle. Beyond the critical angle, the pene-
tration depth increases to micrometers, being limited only by the
attenuation length, thus providing a reference for the overall
detection system efficiency as a function of the ionic known bulk
concentration. After energy calibration, the fluorescence of each
element was extracted as a function of the incidence angle (or of
the beam position when appropriate) and normalized to the
elastic (Compton) scattered intensity, to account for many geo-
metrical factors including the beam footprint and the detector
limited angular acceptance.

Results

Langmuir Layers. In the top panel of Figure 1 we report the
X-ray reflectivity curve measured on a PANI monolayer at the
air—water interface as a function of the incidence angle, at the
surface pressure of 10 mN/m. Data are normalized to the Fresnel
reflectivity for the air/water interface. The film structure, shown in
the inset of the same figure, was best modeled by two slabs: one
close to the air surface, accounting for the main part of the film,
for a thickness of 20(1) A, with higher electron density (p =
0.41(1) e /A ), and one close to the water surface, with lower
electron density (p = 0.37(1) e /A ) and thickness (1) A. The
roughness of each interface (¢ = 3—3.5 A) is comparable with
that of pure water surface due to capillary waves. The reduction of
electron density in the lower part of the film could be ascribed to
water molecules interpenetrating the film structure. We also note
that the total film thickness, which is 28(1) A, isin agreement with
our previous ellipsometric estimate obtained from dep051ted
multilayers, 27(1) A.'® The fact that the film structure is best
reproduced by a two-slab model, with lower electron density close
to the water surface, is a clear indication that the PANI film close
to the water surface hosts some amount of water molecules
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Figure 1. Top: XRR (data and best fit) of a Langmuir film of insulating PANI on water at the surface pressure of 10 mN/m, scaled by the
Fresnel reflectivity, vs the vertical momentum Q. (best fit model in the inset). Bottom: same for conducting PANI (i.e., on 0.1 M HCI

subphase).

intercalating within the polymeric chains, suggesting a sparse
configuration with some of the chain ends immersed in water.

In the bottom panel of Figure 1 we report the reflectivity for
a conducting PANI film at the same value of surface pressure
10 mN/m, on the acidic subphase given by a solution 0.1 M HCI.
The data are again scaled by the Fresnel reflectivity for the bare
air/water interface; the continuous line is the best fit obtained with
the model represented in the inset, comprising of a single slab with
thickness of 28( 1) A, with slightly higher electron density (p =
0.43(1) e /A ) and a larger value of the roughness of film/water
interface (o0 = 5—8 A). From the comparison of the two structures
we can draw two consequences: first, the overall film thickness
does not show any appreciable variation upon the doping process.
In second place, we can integrate the electron density along z to
obtain the surface electron density, which is 11.10 e /A2 for the
insulating film and increases to 12.04 ¢ /A2 for the conducting
one. This increase can be related to the partial inclusion of the CI™
ions within the film. Its small size could be due to the increase of
roughness that could smear and make less apparent the variation
of electron density.

We then conclude that while insulating emeraldine base PANI
on pure water forms a loose structure with branches protruding
into the subphase, its corresponding conducting salt forms a more
homogeneous structure, with no evident ramifications into the
subphase, which is best modeled by a single slab of higher electron
density and roughness, compatible with the inclusion of CI ions
within the film.

We also performed GID measurements: at the surface pres-
sures relevant to our study (10 mN/m) the GID pattern is
characterized by the presence of characteristic “rod” peaks, a
signature of true 2D molecular order, with no trace of Debye
rings, which on the contrary would be the signature of 3D
polycrystalline arrangement. In fact, Debye rings do show up at
the highest pressures studied, namely 26 mN/m, where true
collapse occurs, thus confirming that we are able to discriminate
between a well-ordered 2D film and the collapse into 3D crystal-
lites at the interface.

In the bottom panel of Figure 2 we report the X-ray GID
intensity measured on the same PANI monolayer at the air—
water interface at impinging angle 75% of the critical angle. From

Langmuir 2009, 25(21), 12429-12434

the map presented, clear vertical rods can be identified with the in-
plane position O, = 1.0 and 1.8 A~ We emphasize here that the
observed diffracted intensity arises from true 2D diffraction,
being constituted by Bragg vertical rods only. On the contrary,
from highly compressed and therefore collapsed films, we ob-
served 3D Debye rings, which in turn are the signature of 3D
diffraction, arising from the collapsed structure of the film.

In the top panel of the same Figure 2 we report the GID
intensity integrated in the vertical direction up to Q. = 0.4 Al
a function of the in-plane momentum Q,, after approprlate
background subtraction. The two curves correspond to the PANI
film on pure water (circles) and on 0.1 M HCI subphase. PANI in
the former film is known to be insulating; the latter is expected to
have metallic character, as confirmed by our independent ellipso-
metric measurements. Note, in the metallic phase on HCl, the
presence of two diffraction peaks at 1.0 and 1.8 A™" with a pro-
minent shoulder at 1.45 A~ currently under investigation (a peak
at this position has been reported in ref 14) which are not present
in the insulating phase on pure water. In particular, most of the
intensity is concentrated in the highest O peak which corresponds
to a spacing of 3.5 A, which matches the face-to-face interchain
stacking distance between phenyl rings. This suggests a strongly
planar chain conformation with reduced torsion angles between
the phenyl ring and the plane of the backbone, resulting in
elongation of the effective conjugation length.'* However, from
the relatively large breath of the peak we can also evaluate the
lateral coherence length being only of the order of a few (3—4)
repeat units. These results are entirely consistent with our FT-IR
and Raman data published in ref 16.

Two possible reasons could explain the lack of diffraction
peaks from insulating PANI: either structural inhomogeneity or
the lack of the electronic contrast which is provided by the
presence of chlorine atoms in doped PANI. It seems quite
reasonable that the complex formed by the H" bound to the
amine group, and the relevant Cl™ counterion, follow and
“decorate” the naturally weak periodicity of the PANI Langmuir
layer, making enough contrast for the GID pattern to be observed
only from the conductive layer.

As anticipated, we also measured the X-ray fluorescence
spectra from Langmuir monolayers at different surface pressure

DOI: 10.1021/1a902622x 12431
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Figure 2. Top panel: GID intensity for insulating (circles) and conducting (line) Langmuir films of PANTI at 10 mN/m. Note the presence of
coherence peaks in the conducting phase, which are not present in the insulating phase. Bottom panel: corresponding GID pattern for the
conducting film. Note the presence of vertical rods, indicating 2D coherence, in the region around 1.0 and 1.8 A™".
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Figure 3. GIXF intensity for Cland K, as a function of the incidence angle, from Langmuir layer of PANI on different subphases: HC10.1 M
and KC10.1 M, after normalization to GIXF intensity on the same subphase in the absence of a Langmuir layer. The arrow marks the critical

angle position.

on different subphase (pure water, HCI1 0.1 M, and a mixture of
HC1 0.1 M and KC1 0.1M) as a function of the incidence angle
below and above the critical angle. Data were analyzed in energy,
and Gaussian peaks were fitted in correspondence of the fluor-
escent emission of K, Cl, and Ar species (the latter originates from
the atmosphere surrounding the sample, thus providing an
internal consistency check) besides analyzing the quasielastic
(Compton) scattering used for data normalization.

12432 DOI: 10.1021/1a902622x

In Figure 3 we report the amplitude of the peak corresponding
to the Cl fluorescence intensity from a PANI monolayer on
different subphases: HC1 0.1 M and KCI 0.1 M after calibration
from the fluorescence intensity measured from the bulk, i.e., with
the incoming X-ray beam incident above the critical angle. Each
intensity is also normalized to that measured in the same condi-
tions but in the absence of any film, thus accounting for the extra
intensity due to ions inglobated in the film or located close to the
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surface. The first result apparent from the figure is a general
increase in the Cl signal in both cases. The Cl intake is however 8
times larger in the presence of HCI, i.e., under doping conditions.
Two consequences might be drawn from this result. First, CI
anions are weakly attracted by the PANI monolayer, and at the
same time the K™ cations are repelled in the same fashion. This is
in agreement with the known cationic nature of the PANI
monolayer in this conditions. The second, more important result
is that the doping process is not merely H* attachment to the film
but also intercalation of the HTCI™ complex within the PANI
molecular layer structure. In other words, doping proceeds via the
incorporation of Cl anions within the layer.

PANI Films Deposited on Solid Substrate. Deposited
multilayers of PANI proved to be too rough to provide any
usable reflectivity curve, in agreement with their roughness,
measured by AFM to lie in the range of 10 nm, for the best
samples. Investigation is in progress on how to produce smoother
deposited samples. Nevertheless, we were able to investigate the
fluorescence signal arising from these samples and analyze it as a
function of the beam position. Thus, we investigated the effects of
exposing a PANI film, made of 48 LS monolayers, to HCI and
NHj; vapors. The sample was originally one of our devices doped
with KCl, so we expected to detect chlorine and potassium even
before the exposure to the vapors. Also in this case we recorded
fluorescence as a function of the incidence angle below and above
the critical angle, data were analyzed in energy, and peaks were
fitted in correspondence of the fluorescent emission of K, Cl, Cs,
and Ar besides analyzing the quasielastic (Compton) scattering
used for data normalization. Different positions along the sample
were recorded, with and without an applied voltage, so as to
detect any change in the ion distribution.

As a first check, we followed the PANI film doping by HCI
vapors. For this reason we performed a lateral scan in 0.5 mm steps
over the whole predoped film while measuring the Cl fluorescence
intensity to check the film overall homogeneity. The signal was
found to be constant within 5%. We repeated the measurement
after exposure to fresh HCI vapors, and the CI fluorescence
intensity increased by 25%, as expected also on the grounds of
our results from Langmuir layers. Finally, we repeated the scan
after exposure to ammonia vapors, which are known to convert
the conducting emeraldine salt to the insulating emeraldine base
form, and the Cl fluorescence intensity dropped to a value about
15% of its original intensity, signifying expulsion of Cl anions in
correspondence to the dedoping process. Incidentally, we note that
potassium and argon intensities did not change after the doping
and dedoping processes. We also monitored the conductivity
variations due to the doping and dedoping reactions: the pristine
film had R > 200 MQ (resistivity p > 1 kQ cm), which dropped
after the doping to R = 16k (p = 0.08 Q cm) and returned to the
pristine value after exposure to the ammonia vapors.

We also applied in real time an electric field in the direction
parallel to the film surface and normal to the incoming X-ray
beam and observed the effects of an applied voltage on the
distribution of ions as detected by their fluorescence intensity.
For this experiment we used LS film of HCl-doped PANI with
thickness 168 nm. At one end of the sample we placed an electrical
contact using eutectic paste; at the other end, at the distance of 14
mm, we placed a silver wire immersed in CsCl-doped poly-
(ethylene oxide) (PEO). We selected to work with Cs salt because
of its high-energy fluorescent emission. However, a drawback of
this choice was that Cs possesses intrinsically a lower ionic
mobility.

We measured fluorescence at two values of the incidence
angle, one below and one above the critical angle, in order to
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discriminate between the behavior of the ions at the surface of the
film and in the bulk. We performed three runs of measurements:
the first with no voltage between the electrodes, the second
applying a —1 V bias to the eutectic paste electrode, and the third
applying a —2 V bias to the same electrode while keeping the other
electrode grounded. In the graphs that follow, the negatively
biased electrode is at x = —7 mm, while the electrode at ground
potential is at x = +7 mm.

Data intensities were corrected to account for the attenuator of
the X-ray beam, and are normalized to Compton scattering, to
account for geometrical effects due to the nonideal conformation
of our sample. In particular, we collected fluorescence from Cl
with the excitation beam impinging below (at 0.2°) and above (at
0.5°) the critical angle for total reflection from the polymeric film
(see the Supporting Information). In the first case we are probing
the topmost layer, of the order of 5 nm, while in the second case we
probe the bulk of the film.

We found that when the bias reached —2 V (for an average
electric field of 143 V/m), a significant migration of Cl" ions
occurred away from the negative electrode which diffuse
within the surface of PANI film, as probed with an incidence
angle below critical angle. At the same time the bulk of PANI film
is not interested by the CI migration, as detected by the data
collected above critical angle (see the corresponding figures in
the Supporting Information). Notably, no Cs migration could be
detected, possibly because of its much larger ionic radius,
as its fluorescence signal is constant thorough the various scans.
As a consistency check we also recorded the Ar fluorescence
intensity and the Compton scattering, which do not vary at all in
the course of our measurements, thus ruling out the possibility
that sample movement and/or misalignment would be responsible
for the variation of intensity of Cl fluorescence. Therefore, the
fact that preferential ion migration occurs in the topmost part of
the film is presumably related to the presence of a “pseudo liquid”
layer at the polymer/air interface, which exhibits enhanced
molecular mobility, with respect to the bulk of the polymer
at the same temperature, as detected by a number of tech-
niques, including second harmonic generation (SHG) and ellip-
sometry.”*?’ Data analysis is in progress; however, we anticipate
that this is related to the mechanism controlling the conductivity
of PANI films."”

We also note that the kinetics of the doping/dedoping process,
which is of particular relevance for the correct functioning of the
electrochemical device, has been studied in the past by us by
monitoring the time-dependent V/I characteristics.'” Several
technical difficulties discouraged us from repeating this study
using synchrotron radiation X-rays. However, the results we
report here should encourage such an effort.

Conclusions

In conclusion, by synchrotron X-ray reflectivity, grazing in-
cidence diffraction, and depth-resolved X-ray-induced fluores-
cence, we clarified the structure of molecular layers of polyaniline
(PANI) that can be converted from insulating to conducting state
simply by doping. We first address the experimentally difficult but
simpler system represented by a floating monolayer of PANI on
different subphases. In this case we could measure the film
thickness (28(1) A for both insulating and conducting PANI) in
total agreement with our previous ellipsometric estimate. We also
found that, while a reasonably defined molecular layer is formed
by both the insulating and the conducting forms (taking into

(28) Jerome, B.; Commandeur, J. Nature 1997, 386, 589.
(29) Cristofolini, L.; Arisi, S.; Fontana, M. P. Phys. Rev. Lett. 2000, 85 4912.
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account the polymeric nature of the film), nevertheless we
encountered some important differences: insulating PANT is best
modeled assuming two layers: a compact layer on top and a water
intercalated layer below, suggesting a sparse configuration with
some of the chain ends immersed in water; on the contrary,
conducting PANI forms a more homogeneous structure, which is
best modeled by a single slab of high electron density, with
however quite a large overall roughness.

By GID we could identify broad coherence peaks from the
conducting phase of PANI, in agreement with the literature'* and
corresponding to a spacing of 3.5 A with a lateral coherence of the
order of a few (3—4) repeat units, which matches the face-to-face
interchain stacking distance between phenyl rings, implying a
strongly planar chain conformation. By GIXF on a Langmuir
layer we could identify the process of doping with the intercala-
tion of H'CI™ complexes within the PANI molecular layer.

By X-ray fluorescence we could follow the chemical doping/
dedoping cycle on a deposited multilayer, confirming the results
obtained from the Langmuir layer about the crucial role of Cl™
intercalation/deintercalation. We finally studied a multilayer

(30) Qi, D.; Fakhraai, Z.; Forrest, J. A. Phys. Rev. Lett. 2008, 101, 096101.

(31) Fakhraai, Z.; Forrest, J. A. Science 2008, 319, 600.

(32) Strukov, D. B.; Snider, G. S.; Stewart, D. R.; Williams, R. S. Nature 2008,
453, 80.
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subject to an applied voltage, in which field-induced ionic migra-
tion was clearly identified, localized in the topmost part of the
molecular layer, often referred to as the “liquid layer”.**3!

This preliminary data should encourage extension of our study
to the full three-electrode electrochemically controlled device as it
is functioning. This would be particularly interesting for this
functional memristor,* in view of its possible applications to

advanced and innovative information processing.
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