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Preparation of different conjugated polymers
characterized by complementary electronic
properties from an identical precursort
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The possibility of generating regions with different electronic properties within the same organic semi-
conductor thin film could offer novel opportunities for designing and fabricating organic electronic
devices and circuits. This study introduces a new approach based on a novel type of highly processable
polymer precursor that can yield two different conjugated polymers characterized by complementary
electronic properties, i.e. promoting electron or hole transport, from the same starting material. In par-
ticular, these multipotent precursors comprise functionalized dihydroanthracene units that can offer
several functionalization opportunities to improve the solubility or insert specific functionalities. This strat-
egy also allows for the preparation of high-molecular-weight conjugated polymers comprising diethyny-
lanthracene and anthraquinone units without the need for solubilizing side chains. Thin films of the
polymer precursor can be used, after solid-state transformations, to prepare single organic layers com-
prising regions characterized by different chemical nature and electronic properties. Here, we present a
detailed characterization of the chemical and electronic properties of the precursor and the obtained
conjugated polymers, showing how it is possible to harvest their characteristics for potential applications
such as electrochromic surfaces and organic field-effect transistors.

Introduction

There is no doubt that the development of semiconductor
technologies in the past century was the turning point in the
rise of modern-day electronics and the information revolution.
Despite their success in applications such as organic light-
emitting diodes (OLEDs) and the expected commercialization
of organic solar cells (OPV) and field-effect transistors
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(OFETs), one can find several use cases for which organic
semiconductors did not meet the expectations the scientific
community had 50 years ago."® An unparalleled advantage of
silicon-based technology over organics consists of the possi-
bility of obtaining, on a single substrate, defined regions
characterized by different and complementary electrical pro-
perties, thanks to the fine-tuning of the free charge carrier
density profile in the semiconductor through doping.” The
possibility of employing complementary logic configurations
(CMOS) allows a more efficient design of logic elements,
which are faster and more robust, consume less power and
have an overall smaller footprint than similar circuits obtained
from unipolar materials.®®

The possibility of using complementary schemes is not
straightforward with organic semiconductors.'®* One of the
most critical limitations concerns the difficulty in locally con-
fining the doping process.'” This is because, unlike silicon, in
these materials, dopant molecules have a tendency to diffuse
in the semiconductor, leading to a more homogeneous profile
at equilibrium. Furthermore, the number of techniques based
on solution processes able to pattern the doping process is
quite limited, and often they do not achieve the desired resolu-
tion. Therefore, unlike CMOS technology, strategies to
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promote charge injection in organic devices have to rely on
less  efficient methods and complex fabrication
procedures.”*'® The demonstration of complementary and
unipolar behaviour originating from the intrinsic electronic
properties of the same thin film is still lacking in the scientific
literature. In this sense, two different materials, more fabrica-
tion steps, and complex architectures are necessary to design
complementary, “CMOS-like”, logic gates.'”>°

Aiming at the possibility of patterning the same organic
layer with complementary electronic properties, we turned our
attention to polymeric precursors for the fabrication of conju-
gated semiconducting polymers.® In those cases where the low
solubility of the latter can prevent the synthesis of high-mole-
cular-weight materials or compromise the device fabrication
processes due to their planar structure and tendency to aggre-
gate via extended m-7m interactions, polymeric precursors have
often been employed, especially when the addition of side
groups that can improve the solubility is not a viable
option.®*'>* A precursor is designed to enhance the solubility
of a target material that is then obtained on-demand from the
former upon a high-yielding and selective reaction. Several pre-
cursor approaches have been designed in the past decades tar-
geting conjugated polymers>*~3° (but not limited to them),*73*
with the constant being that one precursor produced one final
material.

Here, we describe a novel class of precursors that, unlike
the previous cases, can undergo two different final reactions to
yield two different conjugated polymers, with markedly
different redox properties, from the same starting material.
Because of this characteristic, we call them ‘multipotent’.
Remarkably, following this approach, it is possible to obtain
from the same precursor different organic semiconductors
characterized by either a low LUMO (i.e., electron-poor) or a
high HOMO (i.e., electron-rich), thus exhibiting complemen-
tary electronic properties. In addition, we show that the trans-
formation can be performed in the solid state (e.g., on a thin
film), thus allowing the preparation of single organic layers
with different chemical nature and electronic characteristics.

Results and discussion

The investigated precursor polymers comprise 9,10-dihydroan-
thracene units functionalized with substituted propargyl
alcohol moieties at the 9 and 10 positions. The presence of the
propargyl alcohol moiety not only breaks the conjugation by
inserting a more flexible sp® carbon but also offers several
functionalization opportunities (on the triple bond and/or on
the hydroxyl group) to insert solubilizing chains or particular
functionalities. This solution allows several options to improve
the solubility and the overall processability of the precursors
and/or impart a specific reactivity. We show the potential of
this approach by employing a polymer precursor comprising
dihydroanthracene units functionalized with a triisopropylsilyl
(TIPS) group on the triple bond and a trimethylsilyl (TMS)
group on the hydroxyl group, and connected via a bithiophene
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linker (AH-P, Fig. 1a), although one can apply the same meth-
odology to other structures (see the ESIf). This polymer was
obtained employing a Stille polymerization, resulting in a
chain with an average number of repeating units of about 15.
Changing the substituents on the triple bond can lengthen the
chain (an average of 24 and 56 units were obtained when a
phenyl chain or a hexyl chain, respectively, was employed in
place of TIPS; see the ESIY).

From this non-conjugated precursor, through a reduction-
rearomatization reaction, one can obtain a polymer compris-
ing 9,10-diethynlanthracene units (AC-P, Fig. 1a), characterized
by a high-energy HOMO level and a linear conjugation.**>°

Anthracene-based materials have often been proposed for
applications in optoelectronics, including OPV devices,””®
OLEDs,*>*® OFETs"""** and sensing,”® as they can be particu-
larly useful in those cases for which a medium bandgap is
needed.**

Alternatively, by removing the acetylide moiety under retro-
Favorskii conditions, it is possible to prepare a polymer bearing
anthraquinone units (AQ-P, Fig. 1a), i.e., characterized by a low-
energy LUMO level and a cross-conjugated framework.*>*¢

Direct polymerization of bithiophene with diethynylanthra-
cene (AC-DP) or anthraquinone (AQ-DP), performed under the
same conditions employed above, resulted in the formation of
oligomers (two to four repetitions) that were insoluble despite
a short chain length (see the ESIT). Increasing the duration of
the polymerization (or the temperature) resulted in a higher
fraction of intractable material. In this sense, the precursor
approach presented herein can offer an effective solution to
achieve high-molecular-weight conjugated polymers compris-
ing diethynylanthracene and anthraquinone units without the
need for solubilizing side chains.

We optimized the reaction conditions so that both the
transformation reactions can be performed with high yields
and in short times (this is discussed in more detail in the
ESIf). In particular, for the reduction-rearomatization, we
employed SnCl, in a methanol solution containing 0.1%vv of
concentrated HCI heated to 60 °C (alternatively, a saturated
solution of SnCl, in acetic acid can be employed).’® In this
way, we could reduce the extent of the side reactions and
obtain quantitative yields in the case of small model molecules
consisting of the repetitive unit in the polymers depicted in
Fig. 1 substituted with thiophenes at the 2, 6 positions (see the
ESIt). Remarkably, just washing with water resulted in the
pure product, making this procedure ideal to be applied to
polymers. When AH-P was reacted under the same conditions,
the colour changed rapidly (within one minute) from faint
green to bright red, indicating, as expected, a shorter bandgap
for the fully conjugated AC-P polymer. We also observed a shift
from green to red in the fluorescence emission; see Fig. SI11.}
Because of the insolubility of the product, we characterized the
chemical nature of the material through several techniques
(**C-ssNMR, XPS, IR, CV, and absorption spectroscopy).
Compared to the spectrum of AH-P, the *C-ssNMR spectrum
showed the absence of the signal related to the TMS group or
the sp® carbons present in the precursor at positions 9 and 10

This journal is © The Royal Society of Chemistry 2023
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(a) Schemes of the reactions yielding AQ-P and AC-P from the precursor. (b) Energy diagram of the HOMO and LUMO levels of model oligo-

mers of the investigated polymers obtained via DFT (B3LYP-D3BJ/def2-TZVP). (c) Comparison of IR spectra of the conjugated polymers obtained via

the precursor route and via direct synthesis.

(Fig. SI6t). Particularly remarkable is the similarity between
the IR spectra of AC-P and the structurally related oligomer
AC-DP (Fig. 1c) obtained by direct polymerization of the mono-
mers. XPS analysis, conducted on AC-P thin films, revealed the
presence of only trace amounts of Sn impurities, primarily
identified as SnO,. To further assess the structural character-
istics of the polymer, we calculated the carbon-to-sulphur (C/S)
and silicon-to-sulphur (Si/S) molar ratios by CHNS elemental
analysis and XPS, respectively. Sulphur was taken as the refer-
ence as the number of sulphur atoms in the polymer units
does not change within the described transformation reac-
tions. The choice of combining these techniques arises from
the fact that, while the former was not suitable to measure
silicon directly, the latter cannot reliably estimate the carbon
content because of the presence of the so-called adventitious
carbon.”*° In the case of AC-P, we found the C/S and Si/S
ratios to be 21.7 and 1.4, respectively, in good agreement with
the theoretical values of 22 and 1. The lower agreement of the
ratio obtained from XPS compared to the expected value can
be related to the fact that the intensity of the XPS signals is
affected by the relative position of the atoms with respect to
the surface.’® Bulky groups, such as TIPS, can more easily pro-
trude from the surface, thus increasing the intensity of the Si
signal relative to the S signal.

As mentioned above, the same precursor AH-P is treated
with a strong base to remove the alkyne fragment and
rearrange it to form AQ-P, a material characterized by strikingly
different electronic and redox properties. The retro-Favorskii
reaction usually requires strong basic systems (such as KOH in

This journal is © The Royal Society of Chemistry 2023

toluene), several hours of reaction time, and high tempera-
tures, which often impact the yield.”" In fact, in the particular
case of AH-P, we could not achieve complete conversion even
after 6 hours. The removal of the TMS groups (e.g., K,CO; in
methanol) allowed the reaction to be completed in less than
an hour in a KOH/toluene system. Therefore, to improve the
kinetics and reduce the number of steps, we investigated the
use of fluoride in this reaction as it can easily remove silicon
protecting groups and, under aprotic conditions, can act as a
base,>>* promoting the retro-Favorskii reaction.

Notably, we found that by employing n-butylammonium flu-
oride (TBAF) as a fluoride source, we could perform the
desired reaction at a lower temperature (70 °C), for shorter
times (<10 minutes) and with quantitative yields on model
molecules.®® As in the case of the reduction-rearomatization,
also in this case, washing with water afforded high-purity pro-
ducts.”® When the reaction was performed on the AH-P precur-
sor, the colour changed to brown-red, and the fluorescence
disappeared. The resulting material was characterized as in
the abovementioned case and identified as the desired AQ-P.
The '*C-ssNMR spectrum showed different features this time
(Fig. SI6t), with a signal appearing at about 180 ppm, which
was not present in the precursor and which we can ascribe to
the quinoid carbonyl. The signals of the TIPS and TMS groups
were not entirely absent, showing that the transformation did
not proceed to completion. This is probably due to the insolu-
bility of the newly formed anthraquinone polymer, which may
prevent the reagents from accessing all parts of the polymer.
As in the case of the previous polymer, the IR spectrum of

Polym. Chem., 2023,14, 4465-4473 | 4467
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AQ-P showed the same peaks and relative intensities as that of
AQ-DP (Fig. 1c), despite the former having a much larger mole-
cular weight. The molar ratios of C/S and Si/S (obtained as
described earlier) calculated for AQ-P were 11.3 and 0.05,
respectively (theoretical values are 11 and 0). While they are in
good agreement with the values expected from the polymeric
unit, they also indicate the presence of a small amount of
unreacted precursor species. However, the molar amount of
precursor left after the reaction was less than 0.1% (calculated
from the Si signal obtained by XPS). Conversely, when the TMS
group on AH-P was changed to a methyl group, which does not
degrade under basic conditions, the retro-Favorskii reaction
did not proceed, thus preventing the formation of the quinone
(see the ESIY).

It is worth mentioning that since TBAF is compatible with
many organic solvents, one has many options to find the best
suitable conditions, including those for which the precursor
does not dissolve (such as ketonic solvents and acetonitrile).>*
The latter aspect is particularly appealing to perform the trans-
formation reaction directly on thin films of AH-P as AQ-P
would otherwise be too insoluble to be processed. Similarly,
thin films of AC-P can also be obtained directly from those of
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the precursor, since the latter does not dissolve in some of the
solvents that one could employ for the necessary reduction-
rearomatization reaction, such as methanol or acetic acid in
the specific case mentioned here. Both these transformation
reactions can be carried out in similar manners to those
described earlier, generally immersing the substrates carrying
the precursor thin films in the respective Sn(u) or TBAF solu-
tion to prepare AC-P or AQ-P. We characterized the morphology
of the thin films described above via atomic force microscopy
(AFM) and scanning electron microscopy (SEM), as reported in
Fig. SI13-SI15.1 Upon transformation, the roughness increases
(from 4.71 nm for AH-P to 5.32 nm and 8.41 nm for AC-P and
AQ-P, respectively), probably because of the more favourable
aggregation in the conjugated materials. Some aggregates can
be observed on the surface; nonetheless, the films appear con-
tinuous, without the formation of holes or evident detach-
ments, an extremely relevant aspect for the implementation of
these materials in functional devices.

We then characterized the distinctive optoelectronic fea-
tures of these materials. The transformations of the precursor,
which generate fully conjugated polymers from a non-conju-
gated one, drastically affect the colour of the material by redu-
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(a) UV-Vis absorption of thin films of AH-P (dark ray), AC-P (red), and AQ-P (green) on ITO. (b) CV scans of the same polymeric films on ITO

electrodes in acetonitrile 0.1 M BusNPFgs employing an Ag wire immersed in 0.1 M AgNOs as a reference as described in the ESI.{ (c) Change in the
absorption profile of an AQ-P film on ITO upon electrochemical reduction. (d) Local conductivity measurement of an AQ-P film upon reduction (see

the ESIY for the procedure).
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cing the bandgap. While films of AH-P appeared as a faint
yellow-green colour, AC-P and AQ-P are characterized by deep
red and brown colorations, respectively. We report in Fig. 2a
the absorption spectra of the thin films. We could estimate the
band gaps, Eg, for the polymers to be in the range of 2.0 eV,
much shorter than that of the precursor (2.8 eV; theoretical
value is 3.0 eV). Aggregation phenomena - enhanced in the
thin films by the absence of steric repulsions of the side
chains - could, however, shift the absorption to lower energies.
For AQ-P, an indication of this can be found in the different
absorption spectra obtained for films prepared following an
identical procedure but on other substrates (Fig. SI107), such
as polyethylenenaphthalate (PEN) or indium-tin oxide (ITO).

According to DFT calculations performed on model oligo-
mers, AC-P displays a HOMO energy level of about —4.88 eV
and a LUMO energy level of —2.74 eV (E; = 2.14 eV), while AQ-P
is characterized by lower HOMO and LUMO levels of —5.65 eV
and —3.21 eV (E; = 2.44 eV), respectively. While these calcu-
lations are not meant to be quantitative, this observation
relates to the hypothesis that AQ-P is more prone to reduction
whilst AC-P is more readily oxidized than their respective
counterparts.

Cyclic voltammetry on thin films (CV, Fig. 2b and SI18-
S123t) indeed showed that a reversible electrochemical
reduction occurs more readily in the case of the former (E;), =
—1.18 V vs. Ag/AgNO; 0.1 M in acetonitrile), while oxidation
occurs in the case of the latter. The peak observed for a
material was not present in the voltammogram of the other
and vice versa. In contrast to the highly reversible reduction of
AQ-P, the oxidation of AC-P showed signs of degradation when
employing acetonitrile as a solvent (Fig. SI19 and SI20%). This
observation aligns with other reports of CV performed on 9,10-
substituted anthracene materials.>>™’” No peaks were observed
in the case of the precursor (Fig. SI217). The results of the CV,
together with the observed optical properties, show evidence
that, indeed, AQ-P and AC-P possess an energy diagram
similar to that predicted by the calculations, with the former
being more easily reduced and the latter more easily oxidized.
A peculiar feature of anthraquinoid systems is that, upon
reduction, the conjugation path changes from cross-conju-
gation to linear-conjugation, affecting the delocalization of the
orbitals, lowering the bandgap and improving the overall con-
ductivity.”® We observed this behaviour directly in the case of
the AQ-P films that showed non-zero conductivity upon
reduction (Fig. 2d). The position of the HOMO levels in the
thin films versus the vacuum level, also known as the ioniza-
tion energy, was experimentally estimated by means of UPS
analysis to be —5.38 eV and —5.80 eV for AC-P and AQ-P,
respectively, according to the method detailed in the ESL

After having demonstrated the successful conversion of pre-
cursors into conjugated polymers with markedly different fron-
tier energy orbitals, we showed the potential of these materials
and the methodologies described for the fabrication of
different proto-thin film devices, namely, electrochromic layers
and OFETs, which could highlight the different behaviours of
materials characterized by complementary electronic pro-

This journal is © The Royal Society of Chemistry 2023
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perties. As introduced previously, a change in the redox state
of both the conjugated polymers resulted in a colour change.
In particular, brown films of AQ-P became green upon
reduction, and red AC-P films became blue upon oxidation. In
Fig. 2c, we report the absorption properties of a film of AQ-P at
different voltages. Upon reduction, it is possible to observe the
absorbance decreasing in the region around 500 nm and, sim-
ultaneously, increasing for the peak centred at 415 nm and at
longer wavelengths. As depicted, the process appears not fully
reversible, as the last scan (green line) is not entirely superim-
posable to the first (orange line). This variation, however,
could result from a reorganization of the polymer molecules in
the film after the charged state creates a strong coulombic

a) ITo@PEN
substrate

Spin coating
of precursor

\

Stamping &
washing

Fig. 3 (a) Fabrication schematic of the multi-zone multi-coloured elec-
trochromic surface comprising AH-P and localized spots of AC-P and
AQ-P obtained through stamping. (b) Localized colour changes in the
electrochromic layer upon application of different voltages vs. an Ag
wire.
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repulsion between chains. We did not record a similar collec-
tion of spectra in the case of AC-P oxidation as the film falls
apart upon the prolonged oxidation time required for the
measurement.

A fundamental aspect of the approach we developed lies in
the possibility of generating regions of different materials (and
thus complementary electronic properties) on the same
organic layer. As mentioned earlier, this can be obtained, for
instance, by employing TBAF in methylisobutylketone (MIBK)
or a saturated SnCl, acetic acid solution and delivering them
on the precursor layer using soaked soft rubber stamps or
capillaries while heating the substrate.

We employed this protocol to show the possible fabrication
of a multi-zone multi-colour single-layer electrochromic

Al R

- 00 nm)

\ parylene
semi

N Au
substrate

onductor
£ Au

Fig. 4 Schematic of OFET design.
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surface in which specific domains of AQ-P and AC-P were
obtained on the same film of AH-P spin-coated on ITO (Fig. 3).
To do this, we placed the ITO electrode in a CV cell and cycled
the applied potential between —1.5 V and +1 V (starting from 0
V). We first observed a colour change in the AQ-P region (due
to the reduction of the AQ centres, as expected from the CV
data), which reverted to the original brown colour on increas-
ing the voltage, and then a colour change (to blue) in the AC-P
region upon oxidation (see supporting video, ESIt). The non-
reversibility of this latter part worsens the performances upon
increasing the number of cycles. In future studies, we expect to
understand the degradation mechanism of AC-P better and
increase the lifespan of such devices.

To further investigate these characteristics and show poten-
tial applications of the materials presented herein, we realized
OFETs comprising both materials in the same configuration
(bottom contact, top gate; Fig. 4), same dielectric and an iden-
tical fabrication, with the only difference being the treatment
of the AH-P layer. To achieve this and avoid possible effects of
the different treatments on the work function of the electrodes
which could induce the polarization of the device by affecting
charge injection, precursor thin films were spun coated on
Parylene N layers deposited over glass slides. Then, these sub-
strates were treated to form either AC-P or AQ-P as previously
mentioned. Afterwards, we delaminated the dielectric and the
organic semiconductor from the glass slides by slowly immer-
sing them in water and recollected the films with substrates

Fig. 5 Schematic of OFET design. Transfer curves of OFET devices comprising AH-P (a and b), AC-P (c and d), and AQ-P (e and f) operated in p-

and n-modes, respectively (dashed lines represent leakage current).
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pre-patterned with gold electrodes.’”®® After drying, an alu-
minium gate was evaporated on top. The ESI{ describes the
entire fabrication process for such devices in detail.

In Fig. 5, we report the characteristic transfer curves of
OFETs based on the precursor material AH-P and the treated
films AC-P and AQ-P. In the device based on the untreated
material, no current modulation is observed, both when oper-
ating the device in n- and p-type modes (Fig. 5a and b).
Instead, from Fig. 5c-f, it is possible to appreciate how the
treated films lead to field-effect modulation. Some hysteresis is
evident in both cases, indicating the presence of trap states,
either ascribable to defects at the semiconductor-contact
interface originating during the fabrication process or at the
semiconductor-dielectric interface. In particular, modulation
of the channel current occurs with complementary gating bias
polarity for the two treated films: the AC-P-based OFETs can
work only as p-type transistors (Fig. 5¢ and d), while the AQ-P-
based ones can work only as n-type transistors (Fig. 5e and f).
Such neat results prove that, first, the treatment performed on
the starting material enables field-effect behaviour, and
second, it is possible to induce a specific polarity in the device
according to the chosen treatment.

The different polarity is likely ascribed to the difference in
the injection barrier for holes and electrons from the gold con-
tacts into AC-P and AQ-P semiconducting films, as supported
by the CV data and the DFT calculations. The values of field-
effect mobilities extracted from the transfer curves presented
in Fig. 5c and f, for the p- and n-type OFETs based on AC-P
and AQ-P films, are 0.35 and 0.3 x 107> ecm”® V™' s™* in the sat-
uration regime and 0.2 and 0.3 x 10~ em?® V™' 57! in the linear
regime, respectively. Such values, despite being low compared
to the state-of-the-art for organic semiconductors,'® validate
the possibility of tuning the device polarity in the same precur-
sor film.

Conclusions

In summary, we have reported a novel class of multipotent pre-
cursors that can be employed for the preparation of different
conjugated polymers from the same starting material, thus
obtaining high molecular weights and improved processability.
Remarkably, this approach allows for the preparation of
organic semiconductors with complementary electronic pro-
perties from an identical precursor, an unprecedented feature
for organic electronic materials. The transformation of the pre-
cursor to yield 9,10-diethynyl-anthracene and anthraquinone
units is fast and high-yielding, and, notably, can be performed
directly in the solid-state, allowing the patterning of single
organic thin films with areas characterized by different chemi-
cal nature and electronic characteristics. The investigated
materials were employed in the fabrication of patterned elec-
trochromic surfaces and OFETSs. In the case of the latter, the
transformation from the non-conjugated precursor into the
target semiconductors not only enabled the field effect behav-
iour, albeit with limited charge carrier mobility at this stage,

This journal is © The Royal Society of Chemistry 2023
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but also suggested that the different electronic characteristics
of the materials could be used to induce complementary and
unipolar properties in the transistors. The proposed method-
ology offers a new and interesting platform for the design of
fabrication methodologies comprising high-molecular-weight
conjugated materials with tailored and complementary elec-
tronic properties.
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