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Abstract: In this study, a novel bithiophene-fulleropyrrolidine
bisadducts system  (bis-Th2PCe¢) was synthesized and
electropolymerized by chronoamperometry onto flexible ITO/PET
substrates. The resulting semitransparent thin film was characterized
by XPS, FT-IR, cyclic voltammetry and optical techniques, confirming
the good outcome of the electropolymerization process. AFM
investigations permitted to highlight an inherent disordered granular
morphology, in which the grain-to-grain separation depends upon the
application of bending. The electrical resistance of the thin film was
characterized as function of bending (in the range 0°-90°), showing
promising responsivity to low bending angles (10°-30°). The AR/Ro
variations turn out to be 8%,16% and 20% for bending angles
equal to 10°, 20° and 30°, respectively. This study represents a first
step towards the understanding of piezoresistive properties in
electropolymerized fullerenes-based thin  films, opening up
applications as bending sensor.

Introduction

Conjugated polymers are macromolecular systems featured
with alternating double- and single-bonds that lead to several
interesting optical and electronic properties of interest for
applications in solar cells,'! transistors,”’ and sensors.B!
Among them, fullerene containing polymers derivatives have
been widely used as materials in organic photovoltaics
because of their high electron mobility.™! In particular, mono-
adducts consisting of Cgo fullerene cages covalently linked to
thiophene chains have shown excellent electron transport
properties in solar cells®? 4l and have recently resulted in
excellent morphology modulators, when introduced in small

quantities as additives in P3HT/PCBM heterojunctions.!
Notably, within the fullerene-based materials, it is possible to
modulate the structural and energetic disorder by adding side
chains to the fullerene moieties, resulting in multi-adducts
(bis- or tris-adducts).®! Differently to mono-adducts,’™ 7! the
side chains in the fullerene multi-adducts hinders the tight
packing of fullerene cages and/or triggers disorder in the
energy levels due to the presence of more isomers, as shown
by Steiner et al.l®! who also proved that the contribution from
isomeric disorder dominates over the steric disorder.l®! In
principle, such intrinsic disorder in the multi-adduct fullerene
molecular packing could be leveraged for engineering new
materials with responsivity to mechanical strain (such as
bending or deformation). More specifically, a mechanical
deformation can induce a rearrangement of the molecular
packing and in turn of the conductive network, ultimately
causing the variation of the electronic conduction
properties.®! This property is defined as piezoresistivity and
is observed in materials (such as silicon)l'” in which a
mechanical strain leads to a change in the electrical
resistivity.['"! Differently from piezoelectricity in which a
mechanical deformation induces the generation of an
electronic potential,['? piezoresistivity is based on the
spacing or the slippage of the conductive domains caused by
the application of mechanical strain within the material
structure, finally resulting in an increase of electrical
resistance.!"® This property is fundamental for emerging
applications of wearable electronics,[' including electronics
skins,['® human motion detection,!'® human-machine
interface,['%® 71 and other ones.['® In particular, bending



sensors!'® represents one of the most technologically
relevant. Highly desired features of bend sensors include a
simple fabrication approach, flexibility, transparency, and
high sensitivity to tiny deformations?® for angles lower than
30°,2"1 which is critical for many emerging medical
applications,a 14 160, 221 gych as the evaluation of back or
shoulder bending. However, the combination of these
attributes in a single material is challenging; research efforts
have focused on engineering materials such as
PEDOT:PSS,?¥  organic  hydrogels,?*  graphene,?
MWCNTs-graphene composites?®! that can in part combine
these properties. Most of the sensors based on carbon
nanotubes or graphene are opaque, showing limitations as
various fields required transparent devices including those to
be mounted directly on the human skin.?% Only few studies
have shown the development of materials enabling
transparent piezoresistive sensors.?’”! Some transparent
strain sensor based on carbon nanotube and graphene are
reported, although showing disadvantages in terms of
sensitivity.?®] Moreover, sensors based on PEDOT:PSS,?3
showed low deformation response, particularly at low angles,
in addition to opacity.

In the scenario of piezoresistive sensors, fullerene-based
materials have received little attention, mainly due to the
difficulty in obtaining films displaying morphology suitable for
piezoresistive-based applications. One example provided by
Shi et al.['3a features fullerene as a lubricating additive to
reduce the internal friction force during crack propagation in
a deformation sensor based on graphene oxide and silver
nanowires. However, the resulting sensor is not transparent
and is produced as a composite of different materials,
resulting in a complex fabrication procedure. Thus, it is highly
desired to define an easier solution-based approach for the
direct single-step fabrication of a transparent piezoresistive
material. In this regard, the electropolymerization of aromatic
monomers could be a suitable approach, given the easiness
and the adaptability to deposit the polymer directly on the
transparent electrode surface, starting from small quantities
of monomer.?29

In this work, we embraced all the requirements of a simple
fabrication approach, flexibility, semitransparency, and high
sensitivity to tiny deformations for angles lower than 30°. In
this regard, we reported the synthesis of a novel bithiophene-
fulleropyrrolidine bisadduct (bis-Th2PCsy) molecular system
that is electropolymerized under mild conditions onto flexible
substrates, resulting in a semitransparent material, showing
remarkable piezoresistive properties = enabling the
development of low angle, high sensitivity bend sensors.

Results and Discussion

Characterization of bis-Th2PCg

The synthesis of bis-Th2PCg is reported in Scheme 1 and
involves a 1,3-dipolar cycloaddition between the azomethine

ylide, formed by reaction of sarcosine and 2,2'-bithiophene-
5-carboxaldehyde and fullerene (Prato reaction).l"]
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Scheme 1. Synthesis of the new bis-Th2PC¢o monomer and its
electropolymerization.

H O
it N A
- OH
Ceo + NS —_—
[ »-CHO ~ oDCB
130 °C 74 ]

polymerization

Electrochemical
on ITO/PET

The 'H NMR spectrum, FT-IR spectrum and UV-vis spectrum
of the bis-Th2P-Cgo mixture, consisting of the purified less
polar fraction of bisadducts (see Experimental), are shown in
Figure 1a-c. The 'H NMR spectrum resulted in a
complicated pattern of partially overlapped signals due to
the presence of different regioisomeric bisadducts.

a)

10.27
414
2.06
6.00

7.5 6.5 55 4.5 3.5 25 15 0.5

ppm
b)
3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]
c) 0.6+
x 20
S 04
9,
8
£ o0z
0.0

300 400 500 600 700
Wavelength [nm]

Figure 1. Characterization of the bis-Th2PCso monomer. (a) "H NMR (300 MHz,
CDCls) spectrum (b) FT-IR (KBr) spectrum. (c) UV-vis spectra in chloroform
(5.87E° M).



The functionalization of Cgo with identical and symmetric
addends could give eight possible isomersB" but otherwise,
as in the present case, this number increases because
of the different relative orientation of the addends, thus
justifying the complexity of the '"H NMR spectrum. However,
despite the great number of signals, it was possible to define
three major regions in the NMR spectrum. In the first region
between 7.12-6.79 ppm, there is resonance of the aromatic
protons. In the 5.46-3.36 ppm region, resonate the
fulleropyrrolidine ring protons, whereas signals centered at
ca. 2.78 ppm are attributed to the methyl group protons.

In Figure 1b, the FT-IR spectrum shows the bands at 527, 1182,
and 1424 cm™ associated with the T+, modes of the fullerene Ceo
cage. In addition, it is possible to identify bands in three main
spectral regions: 850-650 cm™ (C-S stretching), 1600-1400 cm’™
(C=C stretching) and 3200-2700 cm™ (C—H stretching). As stated
above, for our purposes, only the less polar fraction of bisadducts
arising from a careful flash chromatography purification was used
(see Experimental). In this regard, UV-vis spectrum of bis-
Th2PCso (Figure 1c) allowed us to shed some light on the
substitution patterns of the selected bisadducts mixture. Focusing
attention on the 450-600 nm fingerprint region (magnification of
Figure 1c), it is possible to note some similarity between the UV-
vis spectrum of the bis-Th2PCso mixture and those of trans-2,
trans-3, and trans-4 regioisomers of other fulleropyrrolidine
bisadducts reported elsewhere.'@ 321 Furthermore, this finding is
in accordance with the elution order of such regioisomers, since
among the different fulleropyrrolidine bisadducts ftrans
regiosomers are the less polar and their polarity increases in the
order trans-1<trans-2<trans-3<trans-4.

Although ftrans-1 constitutes the less polar of all trans
regioisomers and therefore certainly it is included in the bis-
Th2P-Cgo mixture, the observation of its peculiar UV-vis
absorption is difficult because it is formed in smaller
quantities than other isomers.['8 The bands centered at 246
and 313 nm were attributed to the overlapped contribution of
Ceo core and bithiophene units (T — T transition). In
addition, before electropolymerization, it was necessary to
investigate the electrochemical behavior of bis-Th2PCgo
monomer, to identify the electroactive species in the
structure. The electrochemical behavior of the monomer was
analyzed by means of CV measurements obtained on the
GC electrode (Figure 2), while the measured anodic and
cathodic peak potentials (Ea, Epc) are listed in Table 1.

Table 1. Electrochemical parameters (expressed in Volts) derived from the CV."

Compound E'pa Bl E?pc Epc E4pc
bis-Th2PCeo 1.3 -0.72 -1.13 -1.80 -2.20
Coo -— -0.53 -0.97 -1.50 -2.00

'Experimental conditions of the CV: GC working electrode; Ag/Ag* reference
electrode; Pt counter electrode; CsHsCI-CH3CN-0.1M TBACIO4; scan rate: 200
mV/s.
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Figure 2. (a) Cyclic voltammogram in oxidation and (b) reduction of the
bisTh2PCso acquired on GC in CsHsCI-CH3CN containing 0.1M TBACIO4. Scan
rate, 200 mV/s.

As shown in Figure 2, the bis-Th2PCgy monomer displays an
amphoteric redox behavior with an oxidation onset potential
(Eonset) @t 1.1 V and one oxidation peak potential at 1.3 V.
These can be attributed to the oxidation of the bithiophene
moieties,® and three reduction processes at -0.72 V, -1.13
V and -1.80 V versus Ag/Ag* which can be ascribed to the
fullerene core. The cathodic peaks potentials are typical of
the polythiophene fulleropyrrolidine systems,?%@ and they
are shifted towards more negative potentials compared to
those derived from the cyclic voltammogram of pure Cgq (see
Figure S1a). Also, the first and second reduction waves are
reversible, while they become irreversible after scanning
past the fourth reduction peak at -2.20 V (Figure S1b). This
could be attributed to the fact that multiple reductions lead to
chemical species of the monomer that in turn cause a high
barrier to electron transfer and therefore more negative
(positive) potentials are required to observe reduction
reactions.B4

Pbis-Th2PCeo electrosynthesis and characterization

In order to achieve the oxidation of the monomer to form the
corresponding polymer, the galvanostatic technique was
used, i.e. polarizing the ITO/PET substrate at a constant
potential of 1.5 V vs Ag/AgCl for 30 seconds to obtain a thin,
semitransparent, homogeneous polymeric film on the
electrode. A typical chronoamperometric deposition curve is
shown in Figure 3a.



From the chronoamperometric curve, it is possible to
estimate the thickness of the electrodeposited film by
considering the equationl®%:

d = JMt/nFp

where d is the film thickness, J is the current density (mA/cm?), M
the molecular weight (g/mol), t the deposition time (sec), n the
number of electrons, F the Faraday constant (96500 C) and p the
density. A thickness of about 70 nm has been estimated, by
approximating the molecular weight (1164 g/mol) to that of the
monomer, the density (1.66 g/cm?®) of the Ceo unit and imposing
n=2.25.1%¥1 This result is in agreement with other electrodeposition
of polythiophenic systems.B3 3% A more in-depth evaluation of the
thickness was obtained by AFM scratching, as reported in Figure
S2, following the approach explained by K. Biekowski and
coworkers for electrodeposited films.P®l The evaluated thickness
is about (26 + 4 nm) in our experimental conditions. Such value
is comparable for PEDOT electrodeposited films under similar
deposition conditions.?”! Notably, the observed thickness is lower
than the one estimated by calculating the whole charge deposited
on the electrode. This can be likely explained since such
calculation assumes the knowledge of the exact deposition
mechanism, the density of the deposited material and, importantly,
that all of the measured current (and hence charge) is due only to
the deposited material as a result of the polymerization
reaction.?%
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Figure 3. (a) Chronoamperometric deposition at 1.5 V in an electrolytic solution
containing CeHsCl:CH3CN, 0.1 M TBACIO4 on ITO electrode. (b) XPS spectrum
in the restricted C1s region. (c) Reflectance spectrum of the electropolymerized
thin film on ITO/PET and (d) CV of the thin film electrodeposited on GC in a

CH3CN, 0.1M TBACIOx4 solution.

XPS and reflectance measurements were then carried out on the
resulting Pbis-Th2PCeo thin film in order to experimentally

4
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determine the composition of the polymeric system. The XPS
quantitative analysis of the electropolymerized Pbis-Th2PCeo thin
film resulted in the following elemental composition: C1s (80.7%),
O1s (13.6%), N1s (1.7%) and S2p (2.4%). It is worth noticing that,
In and Sn were not observed on film polymerized in mixture of
CsHsCI-CH3CN in TBACIOs4, indicating a good surface coverage
of the ITO substrate. Intriguingly, the polymer contains a single Cl
species, (in Cl 2p spectra, 2p3/2-2p1/2 doublet at 207.0 and 209.0
eV respectively, Figure S3a), and two O species (O 1s spectra
show two different species at 532.0 and 533.0 eV respectively,
Figure S3b). The presence of chlorine and oxygen in these
samples can be attributed to the ClO4™ counter-ion used during
electrochemical copolymerization, which also causes the
presence of oxygen.®8 The distribution of carbon species in the
thin film is shown in Figure 3b. The distribution of carbon species
was expressed as peak area percentages, resulting in the
following values: C-C (75.32%), C-S (12.14%), C-N (7.32%), C=0
(3.44%). The percentage distribution of the species confirms that
the presence of carbon atoms deriving from fullerene cages are
the predominant species in the material.

The reflectance spectrum of Pbis-Th2PCgo (Figure 3c)
shows two bands respectively at 230 and 310 nm of Cg and
also a new band at 430 nm to be compared with the
absorbance spectrum of the monomer in Figure 1c. This
new band is attributed to the thiophenic conjugation in the
polymer chain.!?®d Also, the UV-vis spectrum in Figure S4
shows the semitransparency of the polymeric film with a
transmittance of about 78% at 430 nm, corresponding to an
absorbance value equal to 0.11. The region before 350 nm
is not shown because of its noise due to the absorption of
PET. For this reason, we acquired a reflectance spectrum, in
order to explore the region of the spectrum between 200 to
350 nm, characteristic of the absorption of Cgo. In addition,
the FT-IR spectrum of Pbis-Th2PCgq electropolymerized film
confirms the presence of the functional groups which are
characteristic of this polymeric system (see the Figure S5).
The electroactivity of Pbis-Th2PCego was investigated by CV
on thin films electropolymerized by chronoamperometry on
GC (see Figure 3d) in CH3;CN solution containing 0.1 M
TBACIO4. As can be seen from the oxidation process of the
polymer in Figure 3d, the anodic peak disappears, while the
Eonset is shifted towards less positive potentials with respect
to that of the monomer (Figure 2a). This result is attributed
to the higher conjugation in the polymer chain in agreement
with the reflectance spectrum above described. Instead, the
reduction of the fullerene moieties in the polymer leads to
changes of the cyclic voltammogram, compared to that of the
monomer (Figure 2b). In particular, the first reduction wave
of the polymer is shifted towards more negative potentials at
-0.85 V and it is also irreversible. This could be attributed to
the low electroactivity of the polymer likely due to structural
disorder. Indeed, the reduction scan in the Pbis-Th2PCsq
cyclic voltammogram is typical of polymers obtained by the
electropolymerization of bithiophene fulleropyrrolidines,
further confirming the success of the synthetic approach.!



Characterization of the P(bis-Th2PCeo) film morphology

The electrodeposited P(bis-Th2PCg) has a uniform
distribution on the ITO electrode, as shown by the SEM
characterization reported in Figure S6. The morphology of
the deposited Pbis-Th2PCgo thin film was further investigated
by AFM, as reported in Figure 4. Interestingly, the AFM
characterization shows that Pbis-Th2PCgo thin film is
constituted by a disordered network of globular grains
(Figure S7), with lateral sizes in the 40-130 nm range
(Figure 4b), as measured on about 50 grains.
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Figure 4. (a) AFM top image of the as deposited control film and (b)
corresponding grain size distribution (N=50). (c) AFM top image of the film
after bending and (d) corresponding grain size distribution (N=50).

The range of this grain sizes well agrees with the result of the
Otsu’s grain mark algorithm (see Figure S8a) on eight
different 2 ym x 2 ym zones, which results in a mean grain
size of 78 £ 8 nm. The average distance between the grains
was determined by the threshold algorithm, that was
implemented by setting 30 nm as height threshold, the zones
this height having been considered as voids between the
grains. As a result, the void sizes can be averaged to 35 + 3
nm. To study the effect of deformation, the morphological
investigation was extended to samples after a static bending
of 90° (Figure 4c). In effect, bending causes a modification
of the film morphology, since it leads to the formation of
zones with a larger grain separation, as highlighted by the
grain marking analysis images that were calculated following
the same approach previously described (see Figure S8b),
leading the formation of large voids that can be estimated in
the 200-300 nm range. The grain sizes distribution on 1 pym
x 1 ym (Figure 4d) and on the Otsu’s grain mark value (77
+ 5 nm) are unmodified, whereas the grains distance is
significantly increased, reaching 60 £ 7 nm, that is almost the
double of the initial state (35 + 3 nm). Moreover, it was not
observed a significant difference by repeating the same
bending (see Figure S8c), considering the grain size
distribution (see Figure S9), the Otsu’s grain mark (71 = 6
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nm) and the mean grains distance (equal to 57 + 6 nm). The
total number of grains was not significantly modified by
bending, being in the range of 2500-2600 grains, estimated
from a surface of 10 pm x 10 pm. Differently, bending
induced an increase of the root mean square roughness
(RMS) from 9.9 nm to about 12.0 nm. Such an increase in
RMS is maintained by bending the substrate again at 90°
(RMS =12.7 nm).

These results can be explained by considering that bending
triggers the formation of discontinuity and voids in the
film. These defects add electrical discontinuity, potentially
being a key factor for producing a significant electrical
response under the film bending, in agreement with reported
models on the piezoresistive sensing mechanism.['® In fact,
a simple expression based on the assumption of tunneling
current, calculated by Zhang et al.l*® for modelling
piezoresistivity in conductive polymer nanocomposites,
permits to correlate the relative resistance R/Ro change to
the initial (so) and current (s) inter-particle average
separation (y is a constant):

R _ s
Ry~ 5 exp[—y(so — s)]

Considering that the thickness (< 30 nm) is much lower than
the width (5 mm) and length of the deposited film (7 mm), it
is possible to estimate the initial sheet resistance of the
uniform bidimensional film to be Rs = 95kQ/sq. The
piezoresistivity properties of the Pbis-Th2PCg thin film were
verified by electrical measurements, which are below
reported.

Piezoresistive characterization of the Pbis-Th2PCe¢o thin
films

The fabrication of the sensor as reported in Figure 5a consists in
electrically connecting the Pbis-Th2PCeo film produced on
ITO/PET by using inkjet-printed silver electrodes. The resulting
sensor (shown in Figure 5b) was placed on a motorized hinge
(Figure 5c) for the electrical characterization. By looking at the
inset in Figure 5c, the active area has to be fully interested in the
bending action. The performance as a bend sensor was evaluated
by measuring the electrical resistance upon bending in the angle
range comprised between 0-90° forth and back. The typical AR/Ro
variation as a function of the bending angle is reported in Figure
5d, whereas AR variation is reported in Figure S10. Moreover,
the resistance variation for ten bending cycles is reported in
Figure 5e, showing good bending angle detection repeatability.
The sensor shows an interesting behavior at small bending angles,
in the range comprised between 10°-30°, that could be suitable
for applications demanding high precision for small bending angle.
Remarkably, the AR/Ro variations at low bending angles (being
around 8% for 10°, 16% for 20° and 20% for 30°) are comparable
or even better than those reported bend sensors based on
opaque materials typically ranging from 0.2% to 8% for 10°, from
0.3% to 12% for 20°, and from 0.6% to 18% for 30° bending.23 41!
We associate the plateau at higher bending angles to the material
behavior at the nanoscale. Indeed, differently from the currently
reported piezoresistive materials that have conductive domains



and cracks in the micron-scale, '3 273 the nanoscale separations
among the nanosized grains of the Pbis-Th2PCeo, ultimately
result in excellent sensitivity to tiny mechanical deformations and
limited sensing range. This trend is well in agreement with the
mechanisms of defects and grain separation that is triggered by
mechanical deformation, following the piezoresistive sensing
mechanism.['*  |mportantly, similar nanoscale separation
between grains has been observed in PEDOT:PSS grains.[*?
However, the AR/Ro variations of PEDOT-based bending
sensors? are significantly lower in comparison to Pbis-Th2PCeo.
This can be explained as follows. The PEDOT:PSS films are
characterized by grains with a hydrophobic, highly conductive
PEDOT rich core surrounded by a hydrophilic insulating PSS rich
shells that interact with each other via hydrogen bonds based on
HSOs groups between the PSS rich shells. As a remarkable
difference, in the Pbis-Th2PCeo film, the grain-to-grain
interactions are significantly weaker, also resulting from the
intrinsic disorder in the multi-adduct fullerene molecular packing.
The lower cohesion between grains leads to a higher variation of
AR/Ro at a low bending angle. We associate the plateau at higher
bending angles to the material behavior at the nanoscale. Indeed,
differently from the currently reported piezoresistive materials that
have conductive domains and cracks in the micron-scale,!'32 272l
the nanoscale separations among the nanosized grains of the
Pbis-Th2PCeo, ultimately result in excellent sensitivity to tiny
mechanical deformations and limited sensing range. In fact, the
responsivity to larger bending angles is specifically connected to
the slippage of the conductive domains, which likely cannot occur
in the Pbis-Th2PCeo thin film due to its nanosized grains. This
trend is well in agreement with the mechanisms of defects and
grain separation that is triggered by mechanical deformation,
following the piezoresistive sensing mechanism.['3a
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Figure 5. (a) Fabrication of the Pbis-Th2PCe based bend sensor. (b)

Picture of the packaged sensor. (c) Picture of the motorized setup for the

sample electrical characterization; the inset shows the sample positioning
on the hinge. (d) Typical AR/Ro variation vs. bending angle. (e) sensor
resistance when bending ten times from 0 to 90 degrees (forth) and 90 to
0 degrees (back); the graph shows only even measurements for graphical

clarity.
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Conclusions

This work shows the synthesis of a novel bithiophene-
fulleropyrrolidine bisadducts system (Pbis-Th2PCg) that can
be electropolymerized under the form of thin film onto flexible
ITO/PET substrates. This thin film evidences an inherent
disordered morphology triggered by the presence of different
regioisomeric bisadducts. The system results in a
semitransparent piezoresistive bend sensor and likely due to
the peculiar nanoscale separation between grains it is well
responsive to deformations even at low bending
angles. Importantly, this approach permits to obtain in a
single step a piezoresistive material without the need to
combine  semiconductive/conductive  materials  within
polymers matrices. The herein synthesized material is
suitable for applications in bend sensors that require
semitransparency, and sensitivity to small bending
angles including those in the field of wearable electronics
such as human motion, rehabilitation medicine, sport
medicine and athletics, telemedicine, robotics and computer
interfaces.

Experimental Section

Synthesis of bis-Th2PCeo

A solution of Cso (500 mg, 0.69 mmol) in o-dichlorobenzene (0o-DCB)
(50 mL)
bithiophene-5-carboxaldehyde (336 mg, 1.73 mmol) and sarcosine

was sonicated for 20 minutes before adding 2,2-

(460 mg, 5.17 mmol). The resulting solution was stirred at 130 °C for
18 h. The mixture was allowed to reach room temperature and the
solvent was removed under vacuum. The obtained dark residue was
dissolved in chloroform, adsorbed onto silica by removing chloroform
under vacuum and purified by silica gel chromatography. No
unreacted fullerene Ceso was found and a gradient elution with a
mixture of hexane/toluene (from 2:1 v/v to 1:1 v/v) was used to
recover the monoadduct. Conversely, toluene/hexane 2:1 v/v was
used to recover the less polar fraction of bisadducts, whereas
another fraction was collected using toluene/hexane mixtures from
4:1 v/v to 8:1 v/v. These last two fractions, in accordance with the
of the
bisadducts reported elsewhere, 12 321 were mainly composed by the

elution order regioisomers of other fulleropyrrolidine
less polar trans regiosomers, and cis regioisomers as well as higher
adducts, %] respectively. For our purposes, only the isolated fraction
containing the less polar bisadducts mixture was further purified by
its dissolution in chloroform, precipitation with an excess of methanol
and subsequent centrifugation. The supernatant was removed, the
residue was dissolved in chloroform and precipitated with an excess
of hexane. The precipitate was recovered and dried at 40°C under
vacuum obtaining the bisadducts as a dark solid (180 mg; 22%). 'H
NMR (300 MHz, CDCIls): see Figure 1a; FT-IR (KBr) v/cm™ = 3104,
3066, 2947, 2919, 2840, 2778, 1460, 1424, 1331, 1234, 1181, 1034,
840, 800,755, 691, 525, 480. UV-vis (CHCI3): Amax= 246, 313, 484,
527 nm.



Pbis-Th2PCeo thin film preparation and characterization

Prior to each electrodeposition, the ITO/PET electrodes were patterned,
removing the ITO with HCI 1M, then cleaned with methanol, acetone and
propanol each for 10 minutes using an ultrasonic bath and finally cleaned
by UV-ozone for 30 minutes. The electrodepositions were carried out by a
three electrodes set-up. This includes the ITO/PET patterned working
electrode (active area 5 mm x 12 mm), a reference Ag/AgCl electrode and
a graphite counter electrode ensuring the current flow through the
electrochemical cell. The three electrodes were immersed in an electrolytic
solution comprising a CeHsCl:CH3CN solvent mixture (2:1 v:v), the
monomer at 4:104 M concentration, and tetrabutylammonium perchlorate
(TBACIO4) 0.1
experiments were performed at room temperature under nitrogen flow at a

M as support electrolyte. All the electrochemical

pressure of 0.5 bar. The electrodeposition of bis-Th2P Cso was performed
by the galvanostatic method by a constant potential of 1.5 V. After the
electrodeposition, the modified working electrode was washed with the
solvent mixture employed in the synthesis to remove the supporting
electrolyte and the unreacted monomer. The electrodeposited thin film was
investigated by XPS using a ULVAC-PHI PHI 5000 Versa Probe Il
Scanning XPS Microprobe™, source Al Ka (1486.6 eV), 128 channels
hemispherical analyzer, FAT mode. Also, reflectance spectra were
recorded by using UV-vis spectrophotometry Jasco V-570. The
electroactivity of the monomer and the electrodeposited thin film were
investigated by cyclic voltammetry (CV) recorded with the
Potentiostat/Galvanostat (Metrohnm Autolab PGSTAT 128N) in a three-
electrode cell using Glassy carbon (GC diameter = 3 mm, Bio-Logic SAS)
as working electrode, platinum as counter electrode, and Ag/AgCl 3.5M
KCl (Hanna
Microscope (AFM) measurements were acquired in air by using a Bruker

Instruments) as reference electrode. Atomic Force
FAST-SCAN BIO microscope equipped with a closed-loop scanner (X, Y,
Z maximum scan ranges: 35 mm, 35 mm, 3 mm, respectively). The scans
were obtained in tapping mode, by using Bruker FASTSCAN-A® probes
with an apical radius of about 5 nm. AFM images were obtained with a
pixel resolution comparable to the tip size. The images were analyzed by
the Gwyddion software (2.50 version). The grain sizes were evaluated on
eight different 2 pm x 2 ym zones by the Otsu’s grain marking algorithm.
The voids between the grains were evaluated by the threshold algorithm
(30 nm as height threshold). Thickness measurements were performed in
air by a Bruker Dimension FastScan Bio microscope. At first, we scratched
the film by a rigid AFM probe in a squared region with size 2 pm x 2 ym
and then we measured the depth of the produced hole from the AFM image
obtained in a region with size 10 um x 10 ym centered in the position of
the hole. Both the scratching process and the AFM image were obtained
by using a Bruker TESP probe (spring constant 40 N/m, tip radius 7-10
nm) in contact mode, but by using two orders of magnitude more force and
faster scan rates for the former than for the latter. Such experiments have
pointed out that the investigated samples involve a film with thickness of
about 26 + 4 nm (average of ten different values) composed by a fragile
material, as it can be easily scratched by the tip, deposited on a harder
substrate, that cannot be scratched by the tip in the same experimental
The UV-vis
electrodeposited onto ITO/PET substrate, using a Spectrophotometer

conditions. spectrum was recorded on thin film
Specord S 600 (Analytik Jena, Jena, Germany). The FT-IR spectrum was
recorded on thin film electrodeposited onto ITO/glass substrate, using a

FT-IR microscope (LUMOS, Bruker).
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Pbis-Th2PCeo sensor fabrication

Inkjet printing by a Dimatix™ DMP 2800 (Fujifilm Holdings America

Corporation) and a commercial colloidal silver precursor
(Novacentrix JS-A191) allow realizing silver electrodes for measuring
the film resistance values. This instrument was equipped with user
fillable piezo-driven inkjet print cartridges, each with 16 nozzles 254
pm spaced and 21.5 pym in diameter. The droplets were emitted at a
jetting frequency of 2 kHz by using a previously optimized single-
pulse waveform4l (i.e. the voltage vs. time signal given as input to
the piezoelectric actuator). The droplets center-to-center spacing
was kept at 18 um in order to favor an optimal droplets coalescence.
To obtain the conductive silver pattern, the colloidal silver precursor
was printed directly on the Pbis-Th2PCso thin film patterned on
ITO/PET, preheated at 30°C and subsequently dried at 100 °C for

one hour.

Resistance measurement

The piezoresistive property of the thin films was characterized by
bending the sample on a motorized hinge (see Figure 5c). One part
of the hinge is fastened with the holding construction, permitting to
mount the sample in a stationary position. The second part is
movable and connected directly to the shaft of the Qmot® QSH6018-
65-28-210 precision micro-step motor (Trinamic Motion Control
GmbH & Co. KG Hamburg, Germany). A custom-shaped guide
screwed on the movable part of the hinge permitted to bend the
sample, which slips in the guide without damaging the
electrodeposited material in the bending angle interval comprised
between 0° and 90°. The thicknesses of the ITO coating (about 130
nm) and the electrodeposited material (about 70-80 nm) are lower
than the thickness of the PET substrate (about 120-130 pym). Thus,
theoretical models analyzing the bending strain in plastic electronics
devices% are applicable, approximating the strain exerted on the
sample with ds/2R (where ds is the PET substrate thickness and R is
This
electrodeposited area when the sensor bent at 90°, permits to

the radius of curvature). equation, applied to the
estimate a strain not exceeding 1.5%, considering also that the
sample deformed at each angle without any stretching effect.?] The
quantitative estimation of bending induced strain is outside the scope
of this work. A user interface developed with Labview® (National
Instruments™, Austin, Texas, U.S.) was leveraged to synchronize
the motor movements with a multimeter, model 34405A (Agilent
Technologies, Inc), devoted to extracting the values of resistance for

each bending angle.
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A new semitransparent bithiophene-fulleropyrrolidine thin film was electropolymerized by chronoamperometry on flexible
ITO/PET substrates. The polymeric system was characterized by FT-IR, XPS, CV and optical techniques, showing
transmittance of about 78% and excellent responsivity as bending sensor at low angles (10°-30°). At larger bending angles (40°-
90°), the response was lower in accordance with piezoresistive sensing based on grains separation. This novel material opens up
applications for bending sensor requiring high precision for small bending angles.
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