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A B S T R A C T

Tetrathiafulvalene molecules substituted with a carboxylic acid group (TTFCOOH) were bound as redox-active moieties
into a poly(4-vinyl pyridine) (P4VP) skeleton through non-covalent interactions (hydrogen bonds). The aspect of the re-
sulting P4VP-TTFCOOH films showed a uniform and smooth morphology. Moreover, the redox function of TTFCOOH
in P4VP-TTFCOOH was demonstrated using tetrachloroauric acid, iron(III) perchlorate and iodine vapors as doping
agents. The oxidized states of TTFCOOH as well as the mixed valance state TTFCOOH0-TTFCOOH+• were generated
in a controlled manner in solid state, resulting in an organic film capable of charge transport. The charge transport along
the organic donor molecules hydrogen bonded to the polymer matrix was demonstrated employing Electrostatic Force
Microscopy (EFM).

© 2016 Published by Elsevier Ltd.
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1. Introduction

The non-covalent functionalization of polymers via supramolecu-
lar chemistry is a potentially efficient route to introduce a particular
property with which a new functional molecular material can be orig-
inated. Functional polymers can be described as one class of molec-
ular materials where function can be achieved through the incorpora-
tion of active side-groups and provide particular properties to the final
construct [1]. Interestingly, the incorporation of conjugated structures
in polymeric constructs has been already exploited to synthesize new
semiconducting materials that have found application in many fields
including photovoltaics [2,3]. Although important advances have been
made in this field, the incorporation of π-electron functional units to
polymeric backbones with well-controlled arrangement between the
donor and acceptor parts is still an area of huge interest for materi-
als science. In this regard, the incorporation of hydrogen bond donat-
ing or accepting site groups has allowed the formation of new poly-
meric supramolecular assemblies through hydrogen-bonding interac-
tions. The principles of this kind of approach have been laid for some
systems, notably containing pyridine as the hydrogen bond acceptor
[4–6].

Poly(4-vinyl pyridine) (P4VP) has become a widely used polymer
to prepare new functional composite materials. Sugiyama and Kamo

∗∗ Corresponding author.
Email address: agonzalez@icmab.es (A. González-Campo)

gawa demonstrated that the basic character of the nitrogen atom pre-
sent in the pyridyl unit can be advantageously used for the formation
of charge-transfer complexes with quinone moieties [7,8]. The nitro-
gen atom in P4VP provides an anchoring point where various com-
pounds can be incorporated with the objective to add functionality to
the final polymeric construct. Indeed, there are many studies showing
the functionalization of P4VP through non-covalent hydrogen bond
interactions [4,8,9]. This strategy has become important to prepare
organic semiconductor-based films with control over the nanoscopic
assembly of organic molecules and to obtain charge mobility within
films. Slough and co-workers found a variation in the conductivity of
donor polymers with the incorporation oligothiophene to P4VP and
obtain uniform films that can be used as p-type semiconductors using
solution processing methods [10]. Very recently, a complex between
P4VP and a rylenebisimide derivative −used as an electron accepting
component− also permitted the formation of a material with charge
transport properties similar to those of the acceptor alone, providing
best evidence of the promise of this approach for the preparation of
n-type organic semiconductors [11].

In this paper, the combination of P4VP with an electron donat-
ing unit based on a tetrathiafulvalene (TTF) derivative is presented.
Tetrathiafulvalenes (TTFs) are excellent π-electron donor units that
are widely studied in molecular electronic applications due to their
p-type character and stable doped states [12,13]. As electron-donor
species, TTFs can be oxidized reversibly under their exposure to an
appropriate oxidant and/or reducing agent. Three oxidization states
are present in TTFs, the neutral TTF (TTF0), which exists under am

http://dx.doi.org/10.1016/j.polymer.2016.09.039
0032-3861/© 2016 Published by Elsevier Ltd.
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bient conditions, the cation-radical (TTF+•) and the dication (TTF2+)
state that are prepared by chemical or electrochemical oxidation of
the neutral compounds. The three states can be accessed and con-
trolled sequentially through one electron processes. Furthermore, TTF
derivatives can form highly ordered mono- or bi-dimensional stacks
through π−π interactions between the planar core as well as through
side-by-side sulfur-sulfur interactions between the neighboring TTF
units [14,15]. The ability to control the self-assembly of TTF deriv-
atives have attracted a great deal of attention in the materials sci-
ence field because TTF-based supramolecular assemblies can lead
to functional conductive materials. Cai and coworkers took advan-
tage of the self-assembly through π-π interactions of TTFs to build
2-D covalent organic frameworks (COFs) with conducting properties
[16]. For instance, Yokota et al., embedded thiol-terminated TTFs
into a n-alkanethiol matrix and observed how strong was the in-
fluence of the intermolecular electronic coupling of them by apply-
ing different values of voltages [17]. The capacity of TTF deriv-
atives to generate mixed-valence states by UV-irradiation in poly-
mer matrices of PMMA containing a photo-induced acid generator
has also been studied by Tanaka et al., showing the regulation of
TTF electronic states by photo-reaction in TTF-based polymeric films
[18]. Recently, the same authors have also synthesized TTF-teth-
ered polymeric films and demonstrated the conductivity of this ma-
terial thanks to the formation of a TTF mixed-valence state gener-
ated after the oxidation of the TTF units [19]. The continuous re-
search and the desire to improve the efficiency and performance of
organic field-effect transistors (OFETs), has also made TTFs and
its derivatives key and interesting compounds for the development
of new polymeric organic charge-carrier systems [20]. For exam-
ple, Chujo et al. introduced composite TTF-based polymer thin films
employing conventional polymers such as poly(methyl methacrylate)
(PMMA) and poly(styrene) (PS) as the polymer matrix. Furthermore,
the authors also demonstrated the charge transport properties of these
TTF-based polymer composites comparing them with a common con-
ductive polymer blend used as a reference material, i.e. poly(3,4-eth-
ylenedioxythiophene)-poly(styrene sulfonate) (PEDOT-PSS) [21].

In the present work, we report the preparation of supramolecular
polymeric films generated by the incorporation of a TTF derivative

Scheme 1. Formation of P4VP-TTFCOOH through the hydrogen bond formation be-
tween P4VP and TTFCOOH.

(TTFCOOH) to P4VP (Scheme 1). The TTFCOOH has been designed
with a carboxylic acid group (-COOH), to allow hydrogen bond for-
mation with the pyridyl groups of P4VP, and with two long alkyl
chains to ease solubility. As result of the interaction between TTF-
COOH and P4VP, a new composite material is formed with unique
synergistic functionalities (vide infra) (P4VP-TTFCOOH, Scheme 1),
The properties of the final construct were studied by UV-vis-NIR ab-
sorption spectroscopy, FT-IR-NIR spectroscopy, Transmission Elec-
tron Microscopy (TEM), Scanning Electron Microscopy (SEM), En-
ergy Dispersive X-rays (EDX), Electron Paramagnetic Resonance
(EPR), and Scanning Probe Microscopy (SPM) techniques such as
Electrostatic Force Microscopy (EFM). SPM techniques can provide
information about the phase segregation of the constituent compounds
present in the sample, the surface potential of the composite polymeric
film, and further, can be employed to study charge transport in the
films generated [22].

2. Materials and methods

2.1. Materials

4-vinyl pyridine (containing 100 ppm hydroquinone as inhibitor),
α-methylstyrene 99% (containing 15 ppm p-tert-butylcatechol as in-
hibitor), the initiator sec-butyllithium (1.4 M in cyclohexane),
HAuCl4·3H2O (gold(III) chloride trihydrate ≥99.9% trace metal ba-
sis), Fe(ClO4)3 (iron(III) perchlorate hydrate crystalline), I2 (≥99.99%
trace metals basis) and methanol (anhydrous, 99.8%) were purchased
from Sigma-Aldrich. THF (HPLC degree) was purchased from
Teknokroma. TTFCOOH was synthesized in a previous work follow-
ing the literature procedure [23].

2.2. Synthesis of P4VP

P4VP was synthetized using living anionic polymerization based
on the procedure that Varshney et al. [23] described. 4-vinyl pyridine
was distilled and tetrahydrofuran (THF) was dried with sodium/ben-
zophenone before used. α-methylstyrene was previously dried by dis-
tillation over calcium hydride. A solution of 1.5 mmol of α-methyl-
styrene in THF was prepared. Then, sec-butyllithium was added drop-
wise to the mixture using a stainless steel syringe until the color of
the solution persisted. The color of the solution was given by the
formation of the α-methylstyryllithium (α-MS_Li+) as a product of
the reaction of α-methystyrene and sec-butyllithium. Then, the reac-
tion was cooled down to −78 °C and 32 mmol of 4-vinyl pyridine
was added slowly, observing a sudden change of the color of the ini-
tiator (from red to light yellow). The polymerization was ended by
adding methanol and the precipitation of the polymer (C7H7N)n oc-
curred. Afterwards, the polymer was recovered by precipitation in
hexane and it was thoroughly dried under vacuum. 1H NMR (C7H7N)n
(CDCl3, 300 MHz), δH (ppm): 1.27–1.79 (br, 3H), 6.22–6.56 (m, 2H),
8.15–8.58 (m, 2H). Mw (GPC) (C7H7N)n: 358 g/mol.

2.3. Self-assembly of P4VP-TTFCOOH and film formation

A solution of P4VP and TTFCOOH (10 mM, 1:1 M ratio) in chlo-
roform was prepared and vigorously stirred. Films were obtained by
spin-coating 170 μl of the as-prepared solution on a surface and al-
lowing the evaporation of the solvent. The conditions used for film
sample formation were: 4000 or 5500 rpm of acceleration and 30 s of
rotation. In the case of drop casted films, samples were prepared by
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depositing a droplet of P4VP-TTFCOOH solution on the surface and
letting it to evaporate at room temperature.

2.4. Oxidation in solution

A solution of P4VP and TTFCOOH (10 mM, 1:1 M ratio) in chlo-
roform was prepared. An aliquot of 10 μl was diluted in 3 ml of ace-
tonitrile and transferred into a 10.00 mm path quartz cuvette. Mean-
while, solutions of HAuCl4 0.015 M and Fe(ClO4)3 0.0150 M in chlo-
roform were prepared separately. To follow the oxidation of
P4VP-TTFCOOH in solution, addition of the oxidizing solutions to
the UV-visible quartz cuvette was progressively conducted in both
cases and in separate experiments.

2.5. Film oxidation

In order to study the oxidation process of the as-prepared films,
doping cycles by immersing the films on quartz support in an aqueous
solution (Milli-Q grade) of the oxidizing agent under study was con-
ducted. In all cases, the immersion time was established to be 10 min.
Then, the film was dried with N2 flow, washed by immersion in H2O
(Milli-Q grade) for 1 min, and dried with a flow of nitrogen gas. The
molar ratio TTFCOOH:oxidizing agent was 25:1 for HAuCl4, as well
was for Fe(ClO4)3. In the case of I2 vapors, the films were doped by
exposing them to I2 vapors for 3 s in a sealed container, without fur-
ther washing (Fig. S1).

2.6. Instrumentation

A double beam UV-vis-NIR spectrophotometer Varian Cary 5000
with operational range of 190–3300 nm was used to conduct the
UV-vis spectroscopic measurements. FTIR spectra were acquired in
a Spectrometer Perkin-Elmer Spectrum One with an energy range of
450–4000 cm−1. For SEM and EDX analyzes samples were measured
at high and low vacuum conditions where the electron beam accel-
eration voltage was set between 10 kV and 20 kV. SEM QUANTA
FEI 200 FEG-ESEM microscope equipped with a field emission gun
(FEG) for optimal spatial resolution was used. The instrument could
be used in high vacuum mode (HV), low-vacuum mode (LV) (wa-
ter vapour injection), and environmental SEM mode (ESEM), de-
pending on the stability of samples. The microscope was equipped
with an Energy Dispersive X-ray (EDX) system for chemical analy-
sis. All EFM measurements were performed with a 5500LS SPM sys-
tem from Agilent Technologies with Nano World Pointprobe silicon
SPM sensor tips, provided with a force constant of 2.8 N/m, a coat-
ing tip side of Pt/Ir, and a coating detector side of Pt/Ir. The mea-
surements were conducted under controlled atmospheric conditions by
flowing compressed air and N2, to reach 3.5–5.0% of relative humid-
ity. Set-point values of 2.47 V and 1.9 V were fixed to image areas
of 2 × 2 μm and 5 × 5 μm respectively. Previously, set-point voltage
values were calibrated and referenced to the height between the sam-
ple surface and the tip (1V–30 nm). A 120 KV JEOL 1210 TEM mi-
croscope with a high angular range (Tilt X = ± 60°, Tilt Y = ± 30°)
for exploring large volumes of the reciprocal lattice by electron dif-
fraction with a resolution below 3.2 Å was used for TEM imaging.
A Bruker ELEXYS E500 × band EPR spectrometer equipped with
a variable temperature unit, a field frequency (F/F) lock accessory,
and built in NMR Gaussmeter was used to measure EPR spectra. The
equipment used to determine the film thickness was a GES5E Opti-
cal Platform ellipsometer from Sopra which allowed various measure-
ment modes from standard ellipsometry to generalized ellipsometry

going through photometric measurements (in Transmission and Re-
flection), scatterometry, and luminescence measurements. The stan-
dard spectral range of it was 230–900 nm and the measurement angles
ranged from 10° to 90°.

3. Results and discussion

3.1. Self-assembly of P4VP-TTFCOOH

The complexation between P4VP and TTFCOOH is generated
through the hydrogen bond formation between the acid group of TTF-
COOH with the nitrogen atom of the pyridine rings present in the
polymeric matrix (Scheme 1) [24–26]. In order to ensure the com-
plete supramolecular assembly of TTFCOOH, solubility studies were
performed in where chloroform was first identified as the most suit-
able solvent for the experiments because is an organic and non-po-
lar solvent that dissolved both P4VP and TTFCOOH. In this way,
chloroform-based solutions and thin films of the polymer with TTF-
COOH were prepared and their homogeneity and thickness were stud-
ied. To synthesize thin films of P4VP-TTFCOOH, we first employed
the drop-casting method, however spin-coating was the strategy fi-
nally followed in our investigations because a higher homogeneity and
reproducibility of the films generated was obtained.

FTIR spectroscopy was used to trace the formation of P4VP-TTF-
COOH following the shift of characteristic bands of the free pyri-
dine ring located at 1596 cm−1, 1413 cm−1 and 993 cm−1 upon the
non-covalent hydrogen bond interaction with TTFCOOH, (Fig. 1)
[11,27,28]. The FT-IR spectrum of P4VP-TTFCOOH films revealed
a decrease of intensity and a shift of the bands located at 993 cm−1

and 1596 cm−1 to 1030 cm−1 and 1608 cm−1, respectively, confirming
the hydrogen bond between P4VP and TTFCOOH. It was not pos-
sible to trace the band at 1415 cm−1 due to the presence of a band
around 1422 cm−1 for pure TTFCOOH in the same region. On the
other hand, the disappearance of the ν(C O) stretching vibration
transmission band at 1663 cm−1 and the appearance of a new band
at 1694 cm−1 were associated to the coordination of TTFCOOH moi-
eties to the nitrogen atoms of the pyridine rings present in the poly-
mer matrix. This change is typically related with systems having hy-
drogen bonds, providing further evidence that the assembly between

Fig. 1. FT-IR spectra of P4VP, TTFCOOH and P4VP-TTFCOOH films.
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the carboxylic acid group of TTFCOOH and the nitrogen atom of
the pyridyl unit present in P4VP took place [21,27–29]. The bands at
2920 cm−1 and 2848 cm−1, which appeared for TTFCOOH and P4VP,
were associated to the νas(C H) and νsym(C H) of the alkyl chains
of the hydrogen bonded composite film.

The formation of P4VP-TTFCOOH was also studied comparing
the UV-visible absorption spectra obtained from drop-casted solutions
of pure TTFCOOH and a mixture of poly(styrene) and TTFCOOH
(PS + TTFCOOH) on quartz surfaces. The latest was studied as a con-
trol sample; in this case the non-covalent assembly between the car-
boxylic acid group of TTFCOOH molecules and the polymer matrix
is avoided. As shown in Fig. 2, the broad peak at 510 nm for pure
TTFCOOH and PS + TTFCOOH was associated to free and non-coor-
dinated TTFCOOH moieties. Contrarily, the spectrum of P4VP-TTF-
COOH films showed an absorption band at 416 nm. The blue shift ob-
served of this band was attributed to the increase of electron density
of the TTFCOOH due to the hydrogen bonding interaction with the
pyridines groups of the P4VP [30]. Another evidence of the non-co-
valent assembly of TTFCOOH molecules to the pyridyl units of P4VP
was the slight shift of the band located at around 306 nm when com-
pared to pure TTFCOOH and PS + TTFCOOH samples.

The chemical resistance of P4VP-TTFCOOH films was studied at
different pH values by UV-visible spectroscopy [31]. After immersing
the films in the different solutions and varying the pH value, it could
be concluded that the films are stable between 2 ≤ pH ≤ 10. How-
ever, in strongly basic media, a shift in the peak at 416 nm evidences a
chemical change in the film construct. Concretely, at values above 9,
a decrease of the band at 416 nm and an initial red-shift was observed,
resulting in two isosbestic points at 349 nm and 433 nm, which un-
doubtedly indicated a modification of the film structure probably due
to the deprotonation of the carboxyl group of TTFCOOH (Fig. 3).

3.2. Doping and film oxidation

Previously, our group has demonstrated that materials based on
TTF derivatives can be oxidized (doped) easily under certain condi

Fig. 2. UV-visible absorption spectra of TTFCOOH, P4VP-TTFCOOH and PS + TTF-
COOH drop-casted films. The solvent used to prepare the films was CHCl3 in all the
cases.

Fig. 3. UV-visible absorption spectra of neat P4VP-TTFCOOH and P4VP-TTFCOOH
films after 10 min of immersion in neutral (pH = 7), acid (pH = 2) and basic (pH = 10)
solutions. Films were prepared by drop-casting on quartz surfaces. The direction of the
arrow indicates increase/decrease or shift of the signal.

tions [32,33]. Solutions of different oxidizing agents such as HAuCl4
and Fe(ClO4)3 in CHCl3 were added to solutions of P4VP-TTFCOOH
to study and elucidate the effects of the oxidation of TTFCOOH in the
chemical and physical properties of the hydrogen bonded composite
films.

The doping processes were first studied in solution and followed
by UV-Vis-NIR absorption spectroscopy after the successive addi-
tion of oxidants (Fig. 4). During the oxidation process with HAuCl4
a change in the color of P4VP-TTFCOOH solutions was observed,
which was an indication that TTFCOOH was oxidized from the neu-
tral state (light orange), to the cation-radical (greenish), and to the di-
cation state (intense blue) (Fig. S1) [33].

UV-Vis-NIR absorption spectra revealed that it is possible to oxi-
dize TTFCOOH molecules to the dicationic state (TTF2+) in the poly-
mer composite supramolecular system with both oxidants, HAuCl4
and Fe(ClO4)3 (Fig. 4 and Fig. S2). The band at approximately
413–423 nm was attributed to TTF0, when no doping agent was added.
After several additions of HAuCl4, the TTF0 band progres

Fig. 4. UV-Vis-NIR absorption spectra showing the evolution of TTFCOOH oxidation
in P4VP-TTFCOOH employing HAuCl4 as doping agent. The inset shows the amplified
spectra in the range from 350 to 850 nm. The direction of the arrows indicates increase/
decrease or shift of the signals.
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sively decreased due to the formation of TTF+• species until its to-
tal vanishing [32]. Then, a shoulder appeared at 464 nm (437 nm in
the case of Fe(ClO4)3 doping), which indicated the formation of free
cation radicals (TTF+•) reaching its maximum value at 1.2·10−6 mol
of doping agent. Moreover, the appearance of the band at 758 nm was
attributed to the formation of π-dimers between cation-radical TTFs
(744 nm in the case of Fe(ClO4)3. This band was subsequently re-
placed by a band at 622 nm upon further doping, which is charac-
teristic of the formation of TTF2+ during the doping process (with
Fe(ClO4)3 as oxidizing agent a slight shoulder at 546 nm also ap-
peared). Moreover, isosbestic points at 520 nm and 695 nm were ob-
served, in the absorption spectra resulting from doping with HAuCl4
(618 nm and 917 nm in the case of Fe(ClO4)3 doping), which indi-
cated that a clear change in the doped species was produced, i.e. TTF+•

species were fully oxidized to TTF2+ [32].
Once the capacity to oxidize the TTF residues in P4VP-TTFCOOH

solutions was confirmed, same studies in solid state were performed
to produce doped polymeric films. The oxidation of films was also
followed with UV-Vis-NIR absorption spectroscopy using HAuCl4,
Fe(ClO4)3 as well as I2 vapors as doping and/or oxidizing agents. In
this case, the oxidizing agents were dissolved in MilliQ water (ex-
cept I2) to ensure the stability of the films. The oxidation process con-
sisted on dipping the films in a solution containing the oxidant in mo-
lar ratio of TTFCOOH:oxidizing agent 25:1 for 10 min and then rins-
ing them in a ultrapure water bath for 10 additional minutes. During
the oxidation process and because films were not porous (vide infra),
co-existence of all three oxidation states of the TTF units were demon-
strated depending on the proximity of TTFCOOH molecules to the
oxidant solution or to the substrate. After doping P4VP-TTFCOOH
films with HAuCl4 (Fig. 5), the absorption band at 423 nm associated
to TTF0 disappeared while another band at 651 nm appeared after the
first doping cycle, which is related with the formation of TTF+• in the
polymeric film. Moreover, an absorption shoulder was observed be-
tween 816 nm and 1120 nm, which was associated to the formation of
a charge transfer band due to the charge mobility between TTF0 and
TTF+• states, as previously reported by us [34].

Fig. 5. UV-Vis-NIR absorption spectra of the evolution of oxidation of P4VP-TTF-
COOH films on quartz after each doping cycle with HAuCl4 (aq). The insets show the
amplified spectra in the range from 400 to 1200 nm and from 850 to 1300 nm, respec-
tively. The numbers of the legend correspond to the number of doping cycles, where 0 is
the neat film without treatment. The direction of the arrows indicates increase/decrease
or shift of the signals.

Therefore, P4VP-TTFCOOH films can induce the assembly of par-
tially oxidized TTF stacks, thanks to the hydrogen bonding formation
[35]. In additional doping cycles, the TTF+• band was shifted slightly
to a high energy (absorption maximum at 628 nm) and with slightly
less intensity, suggesting the formation of TTF2+species, which absorb
in that region. An isosbestic point at 587 nm indicated a change from
TTF+• states to TTF2+. However, the completely formation of TTF2+

could not be reached fully in the film, even after conducting long dop-
ing cycles in HAuCl4 solutions. Although a weak charge transfer ab-
sorption band could be observed (816 nm and 1120 nm) for the first
cycle, a more intense band at 963 nm was observed after the fourth cy-
cle. The appearance of this charge transfer absorption band at lower
energy indicated that high charge mobility could be reached between
TTF0-TTF+• units after the first doping cycle. After the fourth cy-
cle (probably because of the presence of intermediate states such as
TTF+•-TTF2+ and other monomers) charge mobility was not favorable
[35,36]. The charge transfer band was observed at 892 nm and 948 nm
when the film was doped with Fe(ClO4)3 (Fig. S3) and I2 vapors (Fig.
S4), respectively. Therefore, it was possible to reach the same oxi-
dized state with all doping agents studied [36].

Once the capacity to oxidize the TTF units present in P4VP-TTF-
COOH films was proved using different doping agents, the reversibil-
ity of the oxidation process for P4VP-TTFCOOH solutions and film
samples was also studied. With this aim, we first studied the dedop-
ing of a HAuCl4 doped P4VP-TTFCOOH solution containing TTF-
COOH2+. Sequential additions of trimethylamine (TEA) in acetoni-
trile at stoichiometric concentration to the TTF moieties present in
P4VP-TTFCOOH solutions were added, in order to reach the com-
pletely neutral TTF state. The dedoping process evolution followed by
UV-Vis-NIR spectroscopy illustrated the decreasing of the absorption
signals at 667 nm and 902 nm associated to the mixed valence state
TTF+•-TTF2+ and the charge transfer band, respectively (Fig. 6). The
charge transfer band disappeared practically from cycle nº9 and the
mixed valence state still remained, indicating that P4VP-TTFCOOH
in solution could be only partially reduced.

Concurrently, this dedoping process was also performed for
HAuCl4 doped P4VP-TTFCOOH films by immersing them in a TEA
aqueous solution for 10 min. The TEA concentration was stoichio-
metrically calculated according to the TTF amount present in P4VP-

Fig. 6. UV-Vis-NIR absorption spectra showing the evolution of bands during a dedop-
ing process of a P4VP-TTFCOOH solution performed with TEA solution (in the legend,
each number after “nº” means the number of immersions). The inset shows the ampli-
fied spectra in the range from 500 to 1200 nm. The direction of the arrows indicates
increase/decrease or shift of the signals.
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TTFCOOH films. After each immersion, the films were washed in
an ultrapure water bath for 10 additional minutes to eliminate sur-
plus reagents. The evolution of the dedoping process was followed by
UV-Vis-NIR absorption spectroscopy (Fig. 7), corroborating that the
doped P4VP-TTFCOOH films could be reduced from TTFCOOH2+

to the mixed valence TTFCOOH0-TTFCOOH+• state. The spectrum
of the doped P4VP-TTFCOOH films showed an absorption peak at
619 nm associated to the TTFCOOH2+ state, and was established as
starting state of the film in the dedoping process. In subsequent im-
mersions of P4VP-TTFCOOH films in TEA solution, the progres-
sively reduction of TTFCOOH2+ units in the polymeric films was ob-
served by the appearance of bands at 415 nm and 440 nm. The ap-
pearance of these bands indicated the presence of TTFCOOH+•-TTF-
COOH2+ and TTFCOOH0-TTFCOOH+• in the films, respectively.
Then, some neutralized TTFCOOH0 units were obtained, although the
simultaneously absorption signal at 524 nm, suggested that the com-
pletely neutral state could not be reached in film samples.

P4VP-TTFCOOH films doped with HAuCl4, Fe(ClO4)3, and I2 va-
pors were also measured by FT-IR-NIR spectroscopy (Fig. 8). A broad
charge-transfer band appeared from 5000 cm−1 to 2000 cm−1, upon
oxidation of the film with any of the doping agents used, which was
in concordance with previously reported systems [18]. In addition, we
also observed a decrease of the transmittance signal that is assigned
to the charge transfer between TTF radicals and neutral TTF moieties.
It should be noted that these results are in good agreement with the
previous charge transfer bands observed by other UV-visible absorp-
tion studies [29,36–41]. Kimura and Cooke et al. observed the appear-
ance of a new band at the region between 1340 cm−1 and 1348 cm−1,
which was associated with the coupling of a conduction electron with
the vibrational mode of the TTF moiety (electronic-molecular vibra-
tion coupling) [39,42]. The C N stretching bands of the pyridine
were observed at 1351 cm−1 in the undoped film, at 1336 cm−1 in
the film doped with HAuCl4, at 1388 cm−1 in the film doped with
Fe(ClO4)3 and at 1351 cm−1 in the film doped with I2. These lit-
tle deviations in the (C N) bands are probably related with the
orientation of the internal macromolecules when the samples were
drop-casted on KBr pellets. According to Mulliken, charge-transfer
forces could be related with the orientation and symmetry of the
atoms, as well as with the compression applied. This phenomenon

Fig. 7. UV-Vis-NIR absorption spectra of the evolution of TTFCOOH oxidized states
in a P4VP-TTFCOOH film after immersion in TEA solution (in the legend, each num-
ber after “nº” means the number of immersions). The direction of the arrows indicates
increase/decrease or shift of the signals.

Fig. 8. FT-IR-NIR spectra of P4VP-TTFCOOH films: non-oxidized, and oxidized with
Fe(ClO4)3 (aq), I2 vapors and HAuCl4 (aq). Samples were prepared by drop-casting so-
lutions on KBr pellets.

can also have a relatively important effect when the samples were
doped, affecting the doping grade reached and producing non-desired
light scatter effects. Moreover, this could explain the deviations ob-
served in FTIR spectra that had slight differences non-related with
molecular bond vibrations [43].

In the fingerprint region of the FT-IR spectra, the absorption band
at 833 cm−1 disappeared while the bands at 774 cm−1 and 729 cm−1

slightly decreased and shifted to 724 cm−1 after the doping process of
the film using Fe(ClO4)3 and HAuCl4. According to Bozio et al., this
change could be attributed to changes in the polarization and symme-
try of the TTF moieties [29]. In the case of doping with I2 vapors,
only the disappearance of the band present at 774 cm−1 was observed,
which may imply a partial polarization of those moieties following
the same reasoning. Given that the P4VP was not expected to be a
rigid skeleton and a non-evident lamellar structure, the charge trans-
fer bands were most likely to arise from relatively local oligomers in
which neutral and cation radical TTF moieties came into close contact.
Finally, the possibility to reach the P4VP-TTFCOOH0-TTFCOOH+•

mixed valence intermediated state with different doping agents, al-
lowed us to study the charge transport through the generated gaps af-
ter doping process along the pendant TTFs this polymeric composite
in the form of thin films (Fig. 9). It is very important to notice that
even though studies have been conducted in solution, the feasibility of
processing this composite material from the liquid state to a thin solid
film is required for further technological applications.

3.3. Film characterization

For consistency in our investigations, an important parameter to be
controlled in the preparation of P4VP-TTFCOOH films was the thick-
ness of the samples generated. Indeed, homogeneity and reproducibil-
ity of the preparation method were studied in detail employing ellip-
sometry measurements. Moreover, for Electrostatic Force Microscopy
(EFM) experiments a maximum thickness of the film samples was
also necessary to avoid artifacts during measurements. The ellipsom-
etry studies were conducted on different samples: neat spin-coated
films, the same films after doping with HAuCl4 (aq), and spin-coated
pre-oxidized solutions (the latter to create oxidized films with no
need for further treatment). The thickness values were 30.6 ± 0.4,
38.2 ± 0.3 and 35.3 ± 0.4 nm, respectively. Variations in the thick
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Fig. 9. Representation of P4VP-TTFCOOH0-P4VP-TTFCOOH+• mixed valance state after the doping process.

ness of the undoped and doped films could be a result of different
factors such as the incorporation of chloride ions to compensate the
charge of TTF cation radicals, the reduction of part of the Au3+ to Au0

and the incorporation of the metal into the film, as well as, due to a
slight swelling of P4VP in aqueous media.

Towards the study of the homogeneity and the structure of
P4VP-TTFCOOH films before and after doping, Transmission Elec-
tron Microscopy (TEM) measurements were used (see Supp. Info. for
details). As shown in Fig. S5, a uniform film was generated before
doping. After doping, some branch-shaped structures grew in the film
(Fig. S5), attributed to the reduction of Au3+ to Au0 [44].

In order to confirm the nature of these branch-shaped structures,
Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray
(EDX) spectroscopy studies were conducted on P4VP-TTFCOOH
films doped with HAuCl4 (aq). The corresponding SEM images and
EDX analysis revealed a mixed composition of carbon, chlorine, ni-
trogen, oxygen, sulfur and gold, suggesting the formation of TTF-Au
hybrid structures upon oxidation of TTFCOOH and the reduction of
Au3+ (Fig. S6). Similar results had been previously reported in the
literature; however the authors based their studies in solution and
on stand-alone pure TTF molecules that resulted in the formation of
TTF-Au hybrid wires [45,46]. In the present case, the presence of
the polymer conditioned the resulting TTF-Au hybrid structures that
self-assembled in a different fashion producing plate-like aggregates.

After the chemical and structural characterization of P4VP-TTF-
COOH in solution and solid state, Electrostatic Force Microscopy
(EFM) was used to demonstrate that TTF-based polymeric thin films
could be used as charge transfer material upon doping (see Supple-
mentary Information for details). The EFM measurements were per-
formed with a single-pass scan in which topographic and electrosta-
tic measurements are obtained at the same time through different or-
der modes [47]. With the aim of understanding the effect of the dop-
ing process on P4VP-TTFCOOH films, EFM measurements were per-
formed on undoped P4VP-TTFCOOH films deposited onto graphite
(HOPG) by spin-coating (Fig. 10a, Fig. S7) as well as HAuCl4 (Fig.
10b, Fig. S9c), Fe(ClO4)3 (Fig. 10c, Fig. S11) and I2 vapors doped
P4VP-TTFCOOH films (Fig. 10d, Fig. S12). Firstly, EFM measure-
ments were performed using undoped P4VP-TTFCOOH films
(as-spin-coated). The images collected corresponding to the topogra-
phy (Fig. S7a), amplitude (Fig. 10a, Fig. S7b), phase (Fig. S7c) and
the absolute height profiles of the films (Fig. S7d) showed that they
were homogeneous.

To discard any signal as a result of the swelling of P4VP during
the oxidation process, control experiments were performed using a
spin-coated film of P4VP-TTFCOOH on HOPG. The film was then
immersed in pure aqueous solution for 10 min, confirming that no
changes were appreciated by EFM, hence ensuring that future obser-
vations will result directly from the doped P4VP-TTFCOOH hybrid
thin films (Fig. S8).

Fig. 10. EFM amplitude images of P4VP-TTFCOOH films: (a) undoped, (b) HAuCl4 (aq) doped, (c) Fe(ClO4)3 (aq) doped and (d) I2 doped. The scales of the axis were adjusted to
maximise the contrast.
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The effect of HAuCl4 doping on P4VP-TTFCOOH films resulted
in drastic changes in topography, phase and amplitude as shown with
EFM studies (Fig. 10b, Fig. S9). The increase of the roughness that
the topography depicted was attributed to both, the tendency of TTF-
COOH to self-assemble between their neighboring units and to the
non-negligible effect of the water, which did not affect the polymer
by itself (according to EFM results depicted in Fig. S8) but it did to
TTFCOOH molecules with the formation of charge transfer slats (Fig.
S9a-b) [48]. In the amplitude response, the high contrast values in-
dicated the formation of mixed valence states between TTFCOOH0

and TTFCOOH+• units, suggesting that charge transport on these films
can be achieved. Under a certain electric field, a tunnel barrier ef-
fect was produced as a result of the charge transport between TTF-
COOH0 and TTFCOOH+• (Fig. S9c). Later on, this charge was accu-
mulated, and reversibly tunnelled out when an opposite electric field
was applied, recovering initial values. To corroborate that the topo-
graphic signal was not due to a result of cross-talking with the am-
plitude response, the amplitude profile was measured and compared
with the height profile (Fig. S9d) (the same onset and offset points as
the height profile were taken). No correlation between the two profiles
could be observed, and therefore, no significant cross-talking was pro-
duced. A higher contrast was noticed in the first order phase empha-
sizing the new organization of the doped films and distinguishing their
different nature (Fig. S9e). Moreover, some circular particles attrib-
uted to Au0 particles were found as black spots in the amplitude im-
age of the topography in some areas of the film, indicating a densely
charged material (Fig. S9g). In the areas surrounding the particles a
dark grey-contrast was observed. One possible explanation for these
features was the selective doping in the areas closed to the gold, as
inferred in the TEM measurements. The non-equivalent size of these
dark areas with respect to the size of the particles in the surrounding
material, the P4VP-TTFCOOH, suggested that it might be a response
of the doped TTFCOOH0-TTFCOOH+•, according to the analysed re-
sults.

The EFM technique allowed a complementary study of the rela-
tionship between tip bias and the amplitude. Plotting the curves of
amplitude-tip bias is helpful to analyse qualitatively the amplitude re-
sponse of the film to an applied voltage. Comparing the amplitude re-
sponse curve from HOPG and undoped films (Fig. 11, Fig. S9f), a
completely different behaviour of the doped films was evident. The
slope of the HOPG curve was ∼20 times lower than the correspond-
ing to an undoped film, mainly due to the different conductive re-
sponse. This effect can be explained as result of the reduced conduc

Fig. 11. Amplitude vs. tip bias curves on HOPG, on an undoped film and a HAuCl4
doped film (value following s is the calculated slope). For the same doped sample, val-
ues from the brighter and the darker areas were measured.

tivity of the surface due to the presence of a dielectric organic thin film
on HOPG. The dark areas from the doped film, corresponding to the
areas close to the metallic particles, had a lower slope (∼2 times) than
the bright areas from the same sample and approximately 10 times
lower than the undoped film. Moreover, this slope was at least 2 times
higher than that of HOPG. Taking as a reference the HOPG curve, it
could be proved that the dark areas of the doped film could behave
as charge carriers when sufficient bias was applied to the sample. A
shift in the tip bias values (corresponding to the minimum of ampli-
tude) was also evident. Certainly this hysteresis depends, for instance,
on the thickness of the film, on the type of bonding to the surface, on
the chemical composition, and on the dielectric constant of the tunnel
barrier [49]. However, the different shifts observed in the curves of the
bright and dark areas presented in Fig. S9c, with respect to the centred
position, together with changes in the slope values of the curve for the
undoped film, suggested a correlation of the charge carrier character
of the film under an electric field [50–52]. In the particular case of
curves measured on the bright areas, a deviation of the amplitude at
large biases was observed due to a mismatch in the output amplitude
channel. Nevertheless, it was the only deviation observed in the sam-
ples measured.

With the aim to corroborate the tunnel effect produced due to
the charge transport in the dark areas of the doped P4VP-TTFCOOH
films; several amplitude-tip bias curves (one after the other) were also
collected at intervals of 1 s (Fig. S10). Effectively, a shift, an increas-
ing of the slope, and a progressive sharpening of the curves after the
third bias sequentially applied could be observed. This observation
implied that charge was accumulated on the surface of the film, in-
duced by the bias applied between the tip and the conductive substrate.
When a bias was applied sequentially, the charge was continuously
accumulated in the areas closest to the tip, until not enough time was
given for the tunneling out of this charge or that the inverse voltage
applied was not strong enough. After the third curve, no significant
additional changes were observed. Comparing the shape and the posi-
tion of last collected curve with the curves obtained from HOPG and
the neat undoped film, we could conclude that the undoped films were
clearly much less conductive than HOPG, while HAuCl4 (aq) doped
films presented some areas that have charge transportation.

The same EFM studies were performed with films doped with the
other oxidants, Fe(ClO4)3 (Fig. S11) and I2 vapors (Fig. S12). Af-
ter doping with Fe(ClO4)3 (aq), a significant change in the topog-
raphy (roughness), as well as a dramatic change in the amplitude
were observed (Fig. S11a-c). The changes in the topography were re-
lated with the self-assembly of the doped pendant TTFCOOH units
in order to favor the charge delocalization between TTFCOOH0-TTF-
COOH+• pairs. Correlation between the height and amplitude profiles
(Fig. S11b-d) could not be observed, similarly to Au3+ doped samples
(Fig. S9b-d), indicating as well that no cross-talking was obtained. On
the other hand, the phase image agreed with the observed changes in
roughness and amplitude. Observing the amplitude vs. tip bias curves
for the film doped with Fe(ClO4)3 (Fig. S11f), the same tendency as
found for Au3+ doped samples was observed but with less differences
between the films before and after doping. The amplitude response
of undoped films reached its minimum value at 0.105 V, whereas af-
ter doping, this value shifted approximately −0.500 V and the hys-
teresis of the minimum amplitude values between brighter and darker
areas was of 0.120 V. These important observations in the hystere-
sis of the amplitude minimums and slight change of the slope of the
curves, which followed the same reasoning process previously dis-
cussed for HAuCl4 doped samples, proved that the results obtained
were not isolated results and that are not an effect of the influence of
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the reduction of Au3+ to Au0. Thus, certainly doped P4VP-TTFCOOH
films can lead to materials with charge transport properties through the
formation of packed TTFCOOH0-TTFCOOH+· pairs. For Fe(ClO4)3
doped P4VP-TTFCOOH films, the absence of Fe3+ in the EDX spec-
tra, upon doping of film, suggested that Fe3+ is reduced to Fe2+, which
stayed in the doping solution.

It has been shown that under appropriate conditions P4VP-TTF-
COOH films could be doped to mixed valance states TTF-
COOH0-TTFCOOH+• when HAuCl4 and Fe(ClO4)3 were used as ox-
idants. In contrast, it was not possible to observe a similar effect after
doping with I2 vapors (Fig. S12). The amplitude vs. bias curves be-
fore and after doping were only slightly shifted (in the same sense as
the other doped films) accompanied by a slight increase in the surface
roughness. This suggested that a less effective doping of the film was
achieved when the oxidation was conducted with I2 vapors, indicating
that a better arrangement of the polymer and diffusion of the oxidant
are necessary for charge transportation.

Finally, Electron Paramagnetic Resonance (EPR) was used as
complementary technique to measure the unpaired electrons of doped
TTFCOOH moieties in the films. EPR signals of undoped films and
films doped with HAuCl4, Fe(ClO4)3 and I2 vapors are shown in Fig.
12. The EPR spectrum corresponding to undoped film showed a very
low intensity signal that had an average g value of 2.007 (composed of
2.011, 2.008, and 2.003) and a band width (Δ Hpp) of 16 G. A signal
and a splitting in the energy intensity of the bands were observed al-
though in principle the compound was neutral. A possible explanation
for this phenomenon is that P4VP-TTFCOOH in solution or in film
state has suffered a slight oxidation, due to the presence of O2 (manip-
ulation of the samples was made in air).

On the other hand, HAuCl4, Fe(ClO4)3 and I2 doped films had av-
eraged g and Δ Hpp values of 2.007 and 11.9 G, 2.007 and 16 G, and
2.007 and 11.9 G, respectively. As it is shown in the EPR spectra pre-
sented in Fig. 12, when the films were oxidized with the different ox-
idizing agents the intensity of the EPR signals increased dramatically
when compared with the as-deposited and undoped P4VP-TTFCOOH
films. This increment in the free electron signal was a clear result of
the formation of TTF+• species [53].

Comparing all the EPR spectra for the different doping agents
used, it was confirmed that HAuCl4 provided a more efficient doping.

Fig. 12. EPR spectra of P4VP-TTFCOOH film, I2 doped P4VP-TTFCOOH film,
Fe(ClO4)3 doped P4VP-TTFCOOH film and HAuCl4 doped P4VP-TTFCOOH film on
glass slides.

The EPR spectrum of the film oxidized with HAuCl4 presented a
greater area of peaks, which is related with the number of the
cation-radicals in the sample. The higher presence of cation-radicals
favored a more significant concentration of areas with a high magnetic
interaction between the species [29,32,40,54,55]. Moreover, the line
shape suggested a similar packing between TTFCOOH-TTFCOOH+•

units regardless of the doping agent used, with the exception of iodine,
in line with the results obtained from EFM measurements.

4. Conclusions

It has been demonstrated that the supramolecular functionalization
of P4VP polymer with a TTF derivative through complementary hy-
drogen bonding components is a viable strategy for the preparation
of solutions and stable films which incorporate redox active compo-
nents. Moreover, we show that homogenous and stable thin films with
a range of thickness values comprised between 30 and 40 nm can be
achieved by spin-coating. Both as films and in solution, TTF moi-
eties could form mixed valence states after doping P4VP-TTFCOOH.
In doped P4VP-TTFCOOH films, mixed valence states such as TTF-
COOH0-TTFCOOH+• and TTFCOOH+•-TTFCOOH2+ were con-
firmed by the appearance of the charge transfer bands in UV-Vis-NIR
absorption spectroscopy, however these states could not be observed
in P4VP-TTFCOOH doped solutions. This difference between solid
state and solution was attributed to a major mobility of the polymeric
structure in the latest, which promoted a less controlled and fast dop-
ing effect. Contrarily, P4VP-TTFCOOH films reduced the velocity of
the oxidation process due to the limited access of the doping agents
to all TTFCOOH units, providing a certain control of the different
valences of TTFs reached, and thus, permitting the observation of
charge transfer bands. UV-Vis-NIR spectroscopy also demonstrated
that drop-casted P4VP-TTFCOOH films could be indistinctly doped
by sequential cycles of immersion into aqueous salts of Au3+, Fe3+ and
by exposition to I2 vapors.

EFM studies of spin-coated P4VP-TTFCOOH thin films indicated
that a reorganisation at the surface of the films took place. This
phenomenon was correlated to the self-assembly tendency of TTFs
in the mixed valence state which facilitates charge motion. More-
over, the electrostatic measurements acquired with the EFM technique
also demonstrated that superficial charge inhomogeneities in doped
P4VP-TTFCOOH thin films could be associated to a charge-trans-
port phenomenon directly derived from the oxidation process. After
analysing the results obtained with UV-Vis-NIR spectra, EPR and
EFM results, HAuCl4 and Fe(ClO4)3 were concluded to be the most ef-
fective doping agents to achieve TTFCOOH mixed valence states due
to their indistinctly effectiveness in drop-casted and spin-coated films.
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