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We show that acidebase complexation of rod-like poly(2,5-pyridine) (PPY) by bis(trifluoromethane)
sulfonimide (TFSI) leads to highly-ordered lamellar self-assemblies in the hydrated films and shows
relatively high room temperature conductivity of ca. 10�4 S/cm. Thin films with different nominal
degrees of complexation were studied using X-ray diffraction, Fourier transform infrared spectroscopy,
contact angle measurements, conductivity measurements, and polarised optical microscopy. We propose
that the self-assembly is promoted by the amphiphilicity of TFSI and the interplay between the
hydrophilic and hydrophobic sites within the complexes. The hydrophilic sites allow confinement of
water molecules within the hydrated self-assemblies for low loading of TFSI to promote proton
conductivity. For high loading of TFSI in the hydrated state, another coincident self-assembled structure
is additionally observed, which we suggest to form due to phase separated water/TFSI domains, as
resembling lamellar water/surfactant liquid crystalline phases. The new type of self-assembled acid-
ebase material combining rod-like polymeric cations and ionic liquid anions suggests new routes for
ionic and protonic transport and functional materials.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The structural organisations within different conducting
polymers have strong effects on the functionality and transport
properties. For example, in conjugated polymers a well defined
self-assembly results in high charge-carrier mobility in poly-
thiophene-based field-effect transistors [1e4]. Self-assembly
allows also feasible transport properties in lithium-conducting
ionic conductors as pursued e.g. for the next generation batteries
[5,6]. As relevant for the present work, structural control and
percolating water networks are needed in proton-conducting
polymers e.g. for fuel cells (for comprehensive present view see
refs [7,8]). They have been studied extensively in perfluorinated
sulfonic acid membranes, like Nafion�, which enable high
conductivity and anomalous proton mobility due to percolative
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aqueous networks based on competition of hydrophobicity due to
the fluorines and hygroscopicity due to the sulfonic acid anions
[9e12]. There have been a multitude of efforts towards providing
alternatives for Nafions, in an effort to provide rationally designed
percolative water channels and transport properties by self-
assembly [13e20]. Self-assembled water domains have been
pursued using comb-shaped architectures without fluorination
[21] and with fluorination [22] using sulphonic acids as the
hygroscopic groups. Also nonfluorinated aromatic compositions
with sulphonic acids have been explored, as well as acidebase
salts [23].

Another approach towards protonically conducting composi-
tions has been explored based on ionic liquids in an effort to find
materials that could evenwork under less hydrated conditions [24].
Therein bis(trifluoromethane)sulfonimide (TFSI) has been
explored, as it is one of the strongest superacids, having a delo-
calised negative charge on the nitrogen and oxygen atoms within
the acid anion [25e34]. High protonic conductivity has been
observed in several salts with organic oligomers, such as imidazole,
substituted imidazoles, benzimidazole, oxazole, and alkyl viologen
[35e39]. Transport within salts with cationic polymers has been
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explored based on linear polyethylene imines, poly(p-phenylene-
2,5-(1,3,4-oxadiazole)), and amine-containing rigid polymers
[40e42].

In this work, we investigate self-assemblies of complexes based
on acidic TFSI and rigid rod polymeric cations, as encouraged by
several reasons. First, it is conceptually interesting whether suffi-
cient plasticisation of rigid rod polymers could be achieved by
acidebase complexation with TFSI to allow self-assembly or liquid
crystallinity. Note that recently self-assemblies have been demon-
strated by mixing block copolymers with ionic liquid salts, such as
mixing poly(styrene)-block-poly(ethylene oxide) (PS-PEO) with
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide or
poly(styrene-block-2-vinylpyridine) with an imidazolium bis(tri-
fluoromethane)sulphonamide [43e45]. Such concepts differ from
the present case, as the block copolymer does not form a compo-
nent within the salt. Also, complexes of rigid rod polymers with
TFSI have been explored, but the self-assemblies and structures
have not been addressed [40,42]. Secondly, the self-assemblies
could allow routes towards well defined protonic transport and
water channels. In this study, we used poly(2,5-pyridine) (PPY) as
a model rod-like heteroaromatic basic polymer to which strongly
acidic TFSI is expected to form an acidebase complex (see Fig. 1 for
the components). TFSI has an amphiphilic character, i.e. it contains
very hydrophobic peripheral parts due to multiple fluorine atoms;
however, the acidic sulfonimide group is highly hydrophilic [46].
Previously it has been observed that PPY complexes with surfac-
tants have a strong tendency for self-assemblies [47e49]. Therefore
we expected that also the complexes with TFSI could self-assemble,
as the fluorines lead to highly hydrophobic peripheral patches
along the PPY(TFSI) chains, whereas the pyridinium sulfonimides
form polar domains. Such a competition between interactions was
also expected to lead to compartmentalized water channels along
the PPY chains. The potential feasibility was further supported by
the previous results, as the TFSI anions are known to allow ionic
liquids, which are good protonic conductors having large water
uptake when incorporated in a rigid rod elastomeric polymer
matrix [42].

The properties of PPY(TFSI)x thin films were studied with X-ray
diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy,
conductivity measurements, contact angle measurements, and
polarised optical microscopy.
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2. Experimental

Poly(2,5-pyridine) (molecular weight 4000 g/mol) was
purchased from Polymer Source Inc. and purified with the
following procedure. First PPY was dissolved in methane sulfonic
acid (MSA) (10 wt.%), and the mixture was stirred for 2 days to
dissolve the polymer completely. Then the PPY-MSA solution was
slowly added to a large amount of water that was stirred simulta-
neously. After mixing the PPY-MSA solution and water, PPY
precipitated from the solution. The solution was left to stand still
for 1 day and the precipitate was separated from the solution with
a centrifuge. The solid material was washed several times with
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Fig. 1. Molecular formulae of a) poly(2,5-pyridine) (PPY) and b) bis(trifluoromethane)
sulfonimide (TFSI).
water until the washing solution remained uncoloured. The
centrifugation was repeated after each cycle. The purified polymer
was then dried on a hot plate at 60 �C and subsequently in vacuum
for three days. The colour of the polymer changed from brownish to
bright orange after the purification treatment. The drawback of the
purification process is that a small amount of residual MSA remains
attached to the PPY chain by ionic bonds. However, since we
washed the complex several times with water, and Fourier trans-
form infrared spectroscopy of purified PPY showed no signs of
protonation, we may assume that the amount of MSA in the
complex is low. The purity of the polymer was checkedwith Energy
Dispersive X-ray Fluorescence (EDXRF) at Oxford Instruments
Analytical and the amount of metallic impurities (mainly nickel)
decreased significantly, and Ni was found to be present ca.
4000 ppm in the purified polymer. The amount of sulphur, arising
from the residual MSA, was ca. 1% but it was not possible to
measure the exact amount since the light elements (hydrogen and
carbon) are not directly detected by the instrument. PPY was dis-
solved in formic acid and filtered through a 1 mm filter after the
purification process.

Li-TFSI was purchased from Aldrich and it was used without
purification. The lithium salt form was weighted and stored in
a nitrogen glove box in order to avoid water absorption and dis-
solved afterwards in formic acid. Li-TFSI was converted to the acidic
HTFSI with a Dowex Marathon C cation-exchange resin (Aldrich).
PPY(TFSI)x complexes were prepared in the formic acid solution
right after the ion exchange reaction.

X-ray diffraction (XRD) curves were measured with a Philips
X’Pert Pro MRD diffractometer utilising Cu Ka radiation. The X-ray
optics utilised in the measurements consisted of a programmable
divergence slit, a Ni filter and a Soller slit on the incident beam side
and a programmable receiving slit, a programmable anti scatter slit,
and a diffracted beam graphite monocromator on the diffracted
beam side. In the diffraction curves, q is the scattering angle, i.e. the
Bragg angle, and u is the angle between the incident beam and the
sample surface. In the XRD measurements q was kept equal to u

and thus the diffraction data was obtained from the crystallo-
graphic planes parallel to the sample surface. Consequently, crys-
tallographic planes that are not parallel to the sample surface did
not produce any measurable diffraction intensity.
1700 1650 1600 1550 1500

x = 0.25

Wavenumberλ (cm-1)
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Fig. 2. ATR spectra of PPY, TFSI and PPY(TFSI)x samples right after vacuum drying
(black curves), and after hydration at 80% RH for 150 h (red curves) for
1700e1500 cm�1. The nominal degree of complexation x is indicated. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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Fig. 3. 2q/u XRD curves of a) PPY(TFSI)0.25, b) PPY(TFSI)0.50, c) PPY(TFSI)0.75 and d) PPY(TFSI)1.00 stored in a dry atmosphere after deposition (black curve), after a short 17 h water
vapour treatment (red curve), and after a long 150 h water vapour treatment (blue curve) at humidity 80% RH. LS1 (lattice structure I) and LS2 (lattice structure II) denote the two
distinct periodic structures having lattice constants of 13.08 �A and 11.31 �A, respectively. Also, aluminium peaks (originating from the substrate holder) and unknown peaks are
denoted with Al and a question mark, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fourier transform infrared (FT-IR) spectra were obtained using
a Nicolet 380 FT-IR spectrometer with an Attenuated Total Reflec-
tion (ATR) setup. A minimum of 64 scans were averaged at a reso-
lution of 2 cm�1. The spectra were recorded from spin-coated films
on microscope glass slides. The same samples were used to
measure the XRD curves.

The optical microscopy pictures were taken with a digital
camera (Leica DSC 420) connected to an optical microscope (Leica
DM 4500 P) utilising the crossed polariser setup.

Conductivity of the complexes was measured from drop cast
samples with a Keithley 2400 Sourcemeter. The samples were
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Fig. 4. 2q/u XRD curves of PPY(TFSI)0.25 after 150 h at 80% RH humidity (blue curve), PPY(TFS
(black curve) a) for the whole diffraction angle range and b) showing a magnified range for t
constants of 13.08 �A and 11.31 �A, respectively. (For interpretation of the references to colou
prepared from a formic acid solution on cup-shaped glass
substrates having four evaporated gold electrodes on the surface
with a spacing of 1 mm. The resistance of the films was determined
with a four-probe method, where we applied a sequence of
currents (þ100 nA, �100 nA, þ50 nA, �50 nA and 0 nA) to the
electrodes, and measured the resulting voltage. Each current was
applied for 20 times. This way it was possible to find out whether
the conductivity had more of an ionic or electronic character.
The resistance was calculated using the voltage value measured at
the 20th point at þ/� 100 nA and it was converted to the
conductivity value by using an estimated average thickness value
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Fig. 5. The suggested schematic presentation of PPY(TFSI) in the hydrated state in thin films on a glass substrate. For low nominal degrees of complexation (up to a limiting value x*
which is between 0.25 and 0.50), there is only lamellar self-assembly due to PPY/TFSI complexes incorporating absorbed water within the structure. For higher nominal degrees of
complexation, the added TFSI further increases the hygroscopicity to cause phase separation of additional water which binds with the highly acidic amphiphilic TFSI molecules.
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(based on the weight of the sample). The samples were measured
as dry, i.e. immediately after the removal from vacuum, and after
a controlled humidity treatment at 80% RH and 25 �C for one week.

The contact angles of water droplets on spin-coated PPY, PPY
(TFSI) and HTFSI films on glass wheremeasured with CAM200 (KSV
Instruments Ltd.). The data were measured at 40% RH for dried and
humidity treated samples (150 h, 80% RH). The dried films were
kept in a desiccator after drying in vacuum and they were exposed
to humid air only during the measurement.

All of the experiments were performed for dry and hydrated
films. The humidity treatment of the films was done in an envi-
ronmental chamber (Espec), where both the humidity and
temperature could be controlled. The humidity level was kept at
80% RH and the temperature at 25 �C in every treatment.

3. Results and discussion

TFSI is known to be strongly hygroscopic, but simultaneously
having highly hydrophobic character due to several fluorines [46].
As water uptake can be important to both the structures and
properties, the materials are studied both in the dried state (glove
box conditions H2O < 1 ppm and drying) and after humidification
(80% RH and 25 �C using two time periods). TFSI is a strong acid and
PPY a polymeric base, and therefore their ionic interaction due to
proton transfer would be expected. The complexations using
different nominal degrees of complexation x (number of TFSI
molecules vs. pyridine repeat unit of PPY) are investigated. The
complexation takes place, and qualitatively manifests even visually
as the hard PPY films become plasticised upon adding TFSI, which
also promotes water uptake. As the amount of TFSI reaches the
nominally complete complexation, x ¼ 1.00, a waxy material is
formed in the hydrated state. This becomes as no surprise based on
previous studies on complexes with some other cations [25e34],
where TFSI efficiently decreases the melting point of the salt to
allow ionic liquids. The present qualitative observation suggests
that even in the case of rod-like polymeric counter-ions, efficient
plasticisation towards low temperature softening takes place. FT-IR
allows more detailed investigations for the interactions between
PPY and TFSI. The pyridine stretching bands near 1600 cm�1 are
characteristic to learn how the pyridine nitrogen accepts proton-
ation or hydrogen bonds, and it has been amply studied in poly-
vinylpyridines [50e52]. Therein the pyridine band near 1600 cm�1

undergoes a large shift of ca. 40 cm�1 due to protonation by strong
acids and a small shift of 4e8 cm�1 due to hydrogen bonds. Simi-
larly, in PPY the uncomplexed pyridine has a band near 1586 cm�1

(Fig. 2) and in the dried state this band undergoes an up-shift upon
adding TFSI, until ultimately for x ¼ 1.0 it is observed at 1600 cm�1.
The up-shift is probably due to partly delocalised charge in the PPY
backbone. But importantly, new bands are simultaneously formed
at higher wavenumbers, suggesting partial complexation. There
are, however, several absorption peaks making the analysis chal-
lenging. For x¼ 0.25, a band at 1626 cm�1 is observed, and the large
shift suggests that a small amount of added TFSI protonates the
pyridines of PPY. This would not be surprising due to the very
strong acidity of TFSI. But one observes promoted absorption also at
smaller shifts, near 1615 cm�1. For increasing x, the large shift to
1630e1640 cm�1 becomes even more distinct, indicating consid-
erable degree of protonation. However, also smaller shifts to ca.
1615 cm�1 are observed, suggesting that at higher nominal degrees
of complexation some of the TFSI molecules interact with PPY
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based on weaker bonding, i.e. hydrogen bonding, beyond proton-
ation. And importantly, a considerable fraction of pyridines remain
even uncomplexed, as indicated by the large residual absorption
near 1600 cm�1. Therefore we suggest that in the dry state for small
degrees of complexation, TFSI binds to PPY mostly due to proton-
ation. Whereas at higher x, the steric crowding hinders complete
proton transfer of all the TFSI molecules and part of the TFSI
molecules are complexed using weaker hydrogen bonding. It could
also be expected that the charge delocalisation within the PPY
could pose limitations of how large fraction of TFSI can interact
with PPY based on protonation. However, quantitative determina-
tion of the actual degrees of absorption based on these FT-IR bands
could not be done, due to the unknown absorption coefficients.

Water uptake modifies the interaction considerably, see Fig. 2.
Also in this case, an up-shift of the pyridine 1586 cm�1 band of PPY is
observed in the PPY(TFSI)x spectra, until absorption at 1592 cm�1 is
observed for x ¼ 1.00. Upon adding TFSI, another band is observed
near 1626 cm�1 and its intensity increases as a function of x. The shift
is relatively large, suggestingprotonation, but it is still smaller than in
the dried state. As the hygroscopic TFSI and its salts are known to
allow considerable water uptake, the bound water must be located
near theprotonationsitebetweenTFSI andPPY. Thereforewesuggest
that the lowerwavenumber for the hydrated state is caused bywater
molecules interfering the complexation. This interpretation is also
supported by the assumption that the negative charge in the TFSI
anion is delocalised over five atoms, which results in a weak coor-
dinating power [53]. In the following, the complexes are denoted as
PPY(TFSI)x according to their nominal degree of complexation x.

In order to explore whether self-assemblies take place, Fig. 3
shows 2q/u XRD curves recorded from PPY(TFSI)x thin films for
different nominal degrees of complexation x. The three different
XRD curves correspond to the same samples in a dried state (spin-
Fig. 7. Polarised optical microscopy pictures of a) PPY(TFSI)0.25 and b) P
coated in a nitrogen glove box and dried in vacuum), and in
hydrated states after short and long water vapour treatments. In
the short water vapour treatment the samples were kept 17 h in an
80% RH atmosphere at 25 �C, whereas in the long water vapour
treatment the time was about 150 h.

The XRD curve of PPY(TFSI)0.25 film shows several equally
spaced sharp peaks (Fig. 3a) upon long humidity treatment, indi-
cating that after water uptake PPY(TFSI)0.25 forms a particularly
highly-ordered self-assembled lamellar structure with a lattice
constant of 13.08�A. The observed lattice planes are quite accurately
parallel to the substrate surface, and the diffraction peaks are very
sharp with a 2q FWHM of about 0.1�, which is quite remarkable for
self-assembled polymeric thin films. The observed 13.08 �A self-
assembled structure has been denoted by LS1 (lattice structure I),
and rather surprisingly even the 7th order Bragg peak is visible in
the XRD curve. Shorter humidity treatment shows only very small
reflections (Fig. 3a) and the dried film shows no clear reflections.
Therefore, the self-assembly is promoted by water uptake. We
suggest formation of a self-assembled layered structure, schemat-
ically shown in Fig. 5 (left), and two potential reasons for this
phenomenon: First, the absorbed water molecules soften the PPY
(TFSI)0.25 films, and thus promote the achievement of a well
ordered state after the quick structure formation in the spin-
coating processing step. Another potential reason could be that the
absorbed water increases the hydrophilicity near the ionic sites,
thus increasing the difference towards the hydrophobic fluorine
domains, producing a driving force for the self-assembly.

Fig. 3b shows the XRD curves for PPY(TFSI)0.50. Upon extended
humidity treatment, equally spaced set of reflections are observed at
the same angles as in PPY(TFSI)0.25, and the corresponding self-
assembly is also here denoted as LS1 and shown in Fig. 5 (left). The
reflections are, however, not as sharp as for the hydrated case for
x¼ 0.25. But interestingly, Fig. 3b shows that there exists another set
of equally spaced reflections, having a lattice constant of 11.31�A. This
structure is denoted as LS2 (lattice structure II). In the dried samples,
no clear reflections are observed. Fig. 3c and d indicate qualitatively
similar observations for x¼ 0.75 and x¼ 1.00. Both of the structures
LS1 and LS2 are observed to appear already after a short water
vapour treatment in all of the samples with 0.5 � x � 1.0, which
would not be surprising as increasing the TFSI content increases the
amount of water absorbed within the films. However, none of the
XRD peaks corresponding to LS1 in Fig. 3bed are as sharp or as
intense as the ones in Fig. 3a. Thus, while increasing the TFSI content
clearlyhelps the LS1 assembly, it also seems to reduce the stateof the
self-assembly, or at least the amount of the alignment parallel to the
substrate. In the extreme case of PPY(TFSI)1.00, the LS1 peaks fully
disappear after the long humidity treatment.

Fig. 4 sheds light towards the LS2 peaks. In Fig. 4a, the red curve
in the middle shows the scattering pattern of PPY(TFSI)1.00 upon
PY(TFSI)1.00 films after a humidity treatment of 1 week at 80% RH.



Fig. 8. The conformations a) C1 and b) C2 of the TFSI molecule.
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a short humidification step. It shows both the LS1 structure and the
LS2 structure. Fig. 4b shows a close-up for the scattering angles
between 5 and 18�. The blue top curve shows the scattering pattern
for PPY(TFSI)0.25 after the long humidity treatment, and it shows
solely the lamellar self-assembly LS1 between PPY and TFSI (Fig. 5,
left). The black bottom curve shows drop cast HTFSI from formic
acid without PPY, dried in vacuum and again treatedwith humid air
(80% RH, 25 �C) for water uptake. It forms quite accurately the same
LS2 structure as the hydrated PPY(TFSI)1.00, which is also observed
for all hydrated PPY(TFSI)x having x � 0.50. This suggests to assign
the LS2 structure to water/TFSI.

Thus anatural interpretation for the reflections in theXRDcurves
is schematically suggested in Fig. 5: Under dried conditions, no clear
signs of self-assemblies were observed in any of the present spin-
coated films, whereas upon water uptake self-assemblies are
observed. For small nominal degrees of complexation, such as PPY
(TFSI)0.25, the complexes pack as well defined lamellar self-assem-
blies with a periodicity of 13.08 �A (LS1 structure) where the low
surface energy fluorines are expected to be towards the film surface.
This is supported as themoderately highwater contact angle of 35�,
even if TFSI is very hygroscopic, see Fig. 6. PPY(TFSI)0.25 is homoge-
neous in optical microscopy at all conditions, and does not indicate
phase separation of water-rich domains even upon hydration. We
suggest that water is absorbed within the self-assembled structure,
most probably near the hydrophilic protonation sites between the
PPYand TFSI components. Upon addingmore hygroscopic TFSI, also
more water can be absorbed, which ultimately may lead to phase
separation as water-rich domains from the water poor (and PPY-
rich) domains. Therefore for x¼ 0.50e0.75, a two-phase structure is
observed: In one phase, self-assembled lamellar layers are observed
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(similar as in PPY(TFS)0.25) as manifested in XRD in the highly-
ordered LS1 lamellar self-assembly with the periodicity of 13.08 �A,
see Fig. 5 for the scheme. But FT-IR qualitatively shows that
a considerable amountof TFSI remainsnot complexed toPPY. Thus in
the other phase, the hygroscopic TFSI molecules are suggested to
form phase separated water-rich domains upon water absorption,
see Fig. 5 (right). It is known that TFSI and water molecules interact
to formprotonatedwaterclusters [34], andFig. 4 shows that lamellar
self-assembly is observed with the periodicity of 11.31 �A (LS2
structure). We suggest that it is reminiscent of a lamellar liquid
crystalline phase of water/surfactant mixtures, as driven by the
amphiphilicity of TFSI [46]. Also in this case, the fluorines tend
towards the film surface. As x is increased towards x ¼ 1.00, the
fraction of the liquid crystalline water/TFSI domains becomes
dominant and thewell defined LS1 structure of PPY complexeswith
TFSI becomes suppressed.

The above proposal would provide a natural explanation for the
XRD and FT-IR data, and will be elaborated further in the context of
wetting, polarised optical microscopy and electric transport. In
qualitative agreement, Fig. 6 shows that PPY and PPY(TFSI)0.25 have
contact angles in the range of 57� and 45� as dried, and 37� and 35�

after humidity treatment. But a step-wise change takes upon
further adding TFSI, as for x ¼ 0.50 the contact angles drop to near
10�. This coincides with the appearance of the LS2 structure, which
we assign to the formation of phase separated water/TFSI domains.
We expect that the latter domains promote wetting of water
droplets. For higher x, a minor gradual increase of contact angle is
observed. Polarised optical microscopy was of some help towards
helping the assignment of the structures: Pure PPY is birefringent
due to crystallisation. As dried, all the films PPY(TFSI)x are homo-
geneous at the resolution of optical microscopy. For small x, the
humidity treatment causedminor birefringence, in agreement with
the proposed self-assemblies (see Fig. 7a for the optical microscopy
picture for PPY(TFSI)0.25 after the humidity treatment). For the
highest amount of TFSI (x ¼ 1.00), even birefringent droplets were
observed upon humidity treatment (see Fig. 7b: the noncomplexed
TFSI caused high water absorption as droplets on the film surfaces
and the TFSI/water interactions caused liquid crystalline-like bire-
fringence in the droplets. Therefore, also polarised optical micros-
copy supports the suggestion shown in Fig. 5.
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Finally, FT-IR ATR measurements reveal information on the
conformation of TFSI within the PPY(TFSI) complexes in thin films.
The TFSI� ion is known to adopt two different conformations: the
cisoid form of C1 symmetry and the transoid form of C2 symmetry
(see Fig. 8). The C2 conformation has been reported to be more
stable than the C1 state by 2.3e3.3 kJ mol�1 [53e55]. The two states
have qualitative differences in the FT-IR spectra of the SO2 doublet
band at w 1330/1350 cm�1. The higher wavenumber component is
more intense for the C2 state than for the C1 state and vice versa.
There are also clear differences in the 500-680 cm�1 region: The
component at w 620 cm�1 exists only due to the C2 state and the
two components near 602 and 656 cm�1 due to the C1 state.

The FT-IR spectra of PPY(TFSI) thin films in Fig. 9a and b suggest
that the conformation of the TFSI dopant indeed changes when
moisture level increases in the films. In the dry state the higher
wavenumber component of the doublet near 1350 cm�1 is more
prominent with all complexes and the 602/656 cm�1 bands are
weak, i.e. TFSI is mainly in the more stable C2 state where it is likely
to be trapped during the spin-coating process. As completely wet,
all the characteristic bands for the C1 component start to be more
intense in the FT-IR spectra of all the complexes. However, the
change is more evident when the fill factor increases and note-
worthy, PPY(TFSI)0.25 shows hardly any signs of the C1 conforma-
tion. Thus we believe that the C2 state is related to the PPY/TFSI
lamellar self-assemblies (LS1/13 �A) and the C1 state to the water/
TFSI structure (LS2/11.3�A), allowing to minimize the contact of the
highly polar water and highly hydrophobic fluorines.

Conductivity values of drop cast PPY complexesweremeasured in
the dry and hydrated state. Dry films were quite poorly conducting
but after humidity treatment the resistance decreased in all of the
complexes. The conductivity valuesofdryandwetsamples are shown
in Fig.10. Pure PPYand PPY(TFSI)0.25were so poorly conducting in the
dried state that the resistance values could not bemeasuredwith the
available instrument. However, PPY(TFSI) in thehydrated state shows
relatively high ionic conductivity of the order of 10�4 S/cm at its best
at room atmosphere. Electronic conductivity indeed should not be
possible, since PPY needs redox doping to be electronically conduct-
ing,which inaddition isunstableunderair [56,57].Note that thefilms
are bulk-like due to the drop casting technique and cannot thus show
if the orientation has any effect on the conductivity.

4. Conclusions

Bis(trifluoromethane)sulfonimide (TFSI) is one of the strongest
superacids and forms ionic liquids in acidebase complexes with
several types of organic bases, as extensively studied for ionic
liquids and electrochemical systems. Here we demonstrate well
defined self-assemblies of acid-base complexes with a rod-like
polymeric base poly(2,5-pyridine) upon a humidity treatment. The
self-assembly results from the competition between the hydro-
phobic fluorine units in TFSI and the hydrophilic sulfonimide
groups. The complexation leads to plasticisation, thus allowing the
well defined self-assemblies upon water uptake. The PPY(TFSI)
complexes show protonic conductivity, which is promoted by
water uptake. Thus the concept suggests combining self-assem-
blies, rod-like polymers and ionic liquids to engineer materials for
tailored proton transport and electrochemical devices.
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