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Polythieno[3,4-b]pyrazine: pathways to metallic
charge transporty
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For the first time, an alkyl-chain free variant of polythienol[3,4-blpyrazine (PTP) was created in a conductive state
via oxidative chemical vapour deposition (0CVD). The charge transport properties of this new PTP are superior to
those of the state-of-the-art ones by ten-fold with a conductivity of 0.5 S cm™ and the material is found in the
metallic regime of the metal-insulator-transition as the conductivity is vastly independent on temperature.
Herein, we investigate the chemical and physical composition of the material in order to explain this
improvement and discuss the results in light of the polythiophenes produced using the same method. Using
GIWAXS, we discover large crystalline features combined with smaller, highly organized assemblies and gain
insight into the chain length. The chemical composition of the material is determined via XPS and FTIR and
further supplemented by computational methods. We employ DFT calculations (wB97X-V/def2-QZVP) to
understand the differences between unsubstituted and alkylated PTP. The former shows stronger proclivity to
form planar structures, and the conjugation is broken upon distortion. Alternatively, in the latter case, such
disorder does not considerably affect the conjugation. Furthermore, we simulate the effects of doping based
on XPS results and reveal the possibility of protonation, despite the low pK, of the materials. Furthermore, this
protonation allows the materials to achieve a cis conformer despite the typical expectation suggesting the
prevalence of the trans form. Molecular dynamics simulations (NPT MD) of 24 dodecamers confirm the
prevalence of a trans conformer. However, at multiple occasions, trimers of the cis motif form. The
simulations predict stronger charge transport in the trans conformer. However, the cis isomer exhibits
relevant levels and an extremely low HOMO-LUMO difference (<0.1 eV). This indicates the possibility of high
conductivities and explains the hallmarks of metallic charge transport we observe experimentally.

Introduction

For thirty years, polythieno[3,4-b]pyrazine (PTP; Fig. 1a-d) has
been the preferred material with regard to low band-gap poly-
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subunits are rigid and conjugated.* PTP combines the electron-
rich properties of thiophene with the electron-poor pyrazine,
which results in a small band-gap and is the reason for the
distinction of the materials. Therein, the two ring systems of the
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Alternatively, PTP can be considered a structural analogue of
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possible intra-molecular bonds that they may form.®> The
monomer subunit of PEDOT and PTP contains sulphur—a large
polarisable atom that can form a c-hole.*® During the extension
of the thiophene rings' C-S o-bond, an absence of electrons

t Electronic  supplementary information (ESI) available. See DOL results in a partial positive charge on the otherwise negatively
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charged sulphur (a “c-hole donor”). Thus, it attracts the free

{ D. F. would like to dedicate this work to his grandfather, polymer chemist Herman  a]ectron pair of the o-hole acceptor of the neighbouring
Ernst Schenk, who left this world while this manuscript was being prepared.
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Fig. 1 The history of PTP development with the achievements of past studies (orange rectangle) and our work (turquoise). Trimer of (a) poly-
(2,3-dialkyl thieno[3,4-blthienopyrazine) and (b) poly-(thieno[3,4-blthienopyrazine). The respective monomer is highlighted in turquoise, and the
substituents "R" stand for the respective alkyl chain as a representative for the previously studied materials. The iron-binding site “cleft” is shown in
gold.? (c) The 3D structure of methyl-PTP as a representative alkylated species optimized via DFT (wB97X-V/QZVP). (d) The 3D structure of PTP
with representative branching from the proposed side reaction.** (e) Conductivity of PTP species reported over the years. Pomerantz et al.”
reported a dihexyl-substituted (Cg) material, Cheng et al. (2007) reported on a thiophene-thienopyrazine co-polymer (heptyl-C,- and dodecyl-
Cyo-substituted).” (f) Temperature-dependent conductivity measurements of PTP reveal a peak upon cooling, typical for a disordered metal with
metallic behaviour.® Below a temperature of 180 K, contact issues were encountered and negative voltages were measured. The behaviour

below 200 K was reproducible in a second measurement and enforces the metallic hallmarks observed at higher temperature.

monomer subunit, ie. the free electron pair of oxygen and
nitrogen for PEDOT and PTP, respectively. Consequently, these
weaker attractions stabilize the planar conformation, which
typically improves conjugation. This presents a new approach to
viewing this polymer and may therefore lead to new unexpected
insights.*

Where PEDOT is robust and easy to work with, PTP must be
handled with care. The first synthetic approaches for PTP ach-
ieved a HOMO-LUMO gap of 0.95 eV.”® A decade later, a pre-
dicted band gap of 0.66 eV was achieved.’ This achievement
became possible through the avoidance of iron ions and over-
oxidation by the use of an alternative doping agent. Iron was
computationally predicted to be readily complexed in the cavity
formed by two orthogonal trimer subunits, causing the polymer
to loop upon itself and decrease conjugation (termed
“backbiting”).****

25132 | J Mater. Chem. A, 2025, 13, 25131-25145

The thieno[3,4-b]pyrazine (subsequently thienopyrazine)
building block found various applications, such as in co-
polymers,”™ or as a building block for stable hole transport
materials.’® However, in terms of general charge transport, this
material is virtually unknown.”” Furthermore, many of its
physical properties (such as the dielectric constant, its chemical
identity and chain-length, long-range order, and its work
function) have never been measured.

Virtually*® all work on PTP relies on materials with alkylated
pyrazine rings (Fig. 1a and c). However, since the focus was not
on the conductivity, no correlation with the bulkiness of the
substituents was established (Fig. 1e).”** The omnipresent alkyl-
substituents address the issue of solubility during synthesis and
arguably limit disorder.>"® As we reveal in this work, they also
act as a protecting group for the less reactive positions on the
pyrazine ring. Over this potential branching site, the spatial

This journal is © The Royal Society of Chemistry 2025
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presence of the PTP HOMO orbital is significant.**'® Therefore,
we consider the branched PTP in our calculations.

Instead of the prevalent electrochemical approach,”™ we
employed oxidative chemical vapour deposition (oCVD) with
a mild, in situ generated oxidizing agent.”*** This method was
previously developed for PEDOT. It has been shown to be
applicable for poly(3,4-ethylenedithiathiophene) (PEDTT)* and
even non-thiophene biopolymers, such as polydopamine*~>*
and polyguanidine.”

The design of the synthetic apparatus includes a gas chro-
matography (GC) feature (Fig. 2a), and thus cleans the emergent
material in situ before it is deposited. Non-volatile impurities in
the starting materials (i.e., from stainless steel industrial reac-
tors or any catalyst) are excluded from the product, as they do
not participate in the reaction. Volatile impurities either go to
the exhaust or can be avoided by careful placement of the
substrate in the relevant part of the deposition zone. In the
same manner, different crystalline properties of the sample can
be achieved, as discussed in this work. The air-borne oxidant
emerges from a mixture of sulphuric acid and its sodium salt,*
which in turn polymerizes and dopes the monomer to yield the
final insoluble polymer.

Since we rely on volatility rather than solubility (electro-
chemistry,® wet-chemistry®), the alkyl side chains were omitted
(Fig. 1b and d). This might affect conjugation, and different
modes of charge transport may become dominant. This omis-
sion of alkyl chains was previously only attempted once and an
insoluble, black material was achieved,'® as opposed to the
yellow-green colour reported for alkylated PTP.” Our strategy
was rewarded with a turquoise material, which sets the new
record room temperature conductivity of 0.5 S cm™* (Fig. 1e).
This corresponds to an improvement by an order of magnitude,
and presents a first step towards the records set by other poly-
thiophenes made in the same manner.**** We characterize the
material in-depth with a strong theoretical elucidation of the
involved effects to form a basis for future improvement, and to
understand the fundamental PTP-design.

The chemical composition is characterized via optical
methods and X-ray photoelectron spectroscopy (XPS). We
employ grazing-incidence wide-angle X-ray spectroscopy
(GIWAXS) to gain insights into the material structure and chain
length, and analyze two parts of the deposition zone to gain
insight into the differences in the structural properties. This
allows us to understand the existing challenges to reach the
performance of similar polythiophenes.

These results are supplemented by DFT calculations via the
wB97X-V functional (def2-QZVP basis set), which was a particu-
larly good match for polythiophenes.” We add calculations
using the COSMO?*® approach to support the XPS results of the
chemical doping, and investigate the possible protonation of
the rather acidic amines of the pyrazine ring."* The calculations
indicate dual doping via protonation and a counter ion similar
to emeraldine polyguanidine.® The distribution of the HOMO
and LUMO suggest excellent conjugation. The HOMO is also
delocalized over the pyrazine ring. Hence, there is a non-zero
probability of branching off. This is further enhanced when
protonated. Thus, in acidic environments such as ours, the

This journal is © The Royal Society of Chemistry 2025
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probability rises. Protonation also increases the stability of the
Z-, or cis-rotational isomer. The bond length alternation along
the axis of conjugation revealed the material to intrinsically be
in a quinoid form, i.e., the monomer subunits are connected via
double bonds. It could therefore be argued to use the E-/Z-
terminology over the typical trans-/cis-terms.

Molecular dynamics simulations (NPT-MD, 300 K, see ESI
Methodst) indicate the formation of the cis-conformer. Subse-
quent charge transport simulations indicate an extremely small
band-gap (>0.1 eV), which may in part explain the observed
conductive properties.

This combined experimental and computational effort
illustrates the strengths and limitations of the previous and
current approaches towards PTP, and gives a perspective on
future improvement and the material application for charge-
and proton-transport, or the much needed artificial cellular
signalling.>*°

Methods

The methods are found in the ESIt of this work.

Results
Experimental results

In the scope of previous results,”®* we were initially most
concerned with the conductivity of this novel material. Three
optimized films were measured; the highest conductivity of 0.5
S cm ! was achieved at room temperature with electrodes in
van-der Pauw geometry (Fig. 1e). This presents an improvement
of about an order of magnitude compared to previous results by
Pomerantz et al.” Temperature-dependent measurements (0
and 9 T) were possible down to 173 K. Below that temperature,
only negative voltages oscillating around —0.125 V were
measured in both cases, possibly the consequence of a phase-
transition.

For the samples in 4-line geometry, significantly lower
conductivities were observed (Fig. 1f), and yet temperature-
dependent measurements were possible. These revealed the
rise-and-fall behaviour typical for metallic conductors® even at
strong magnetic fields of 9 T, which should typically have
a negative impact (Fig. 1f).> Conductivity maxima were observed
at 230 and 240 K for ambient and high-field, respectively. Below
200 K, another set of peaks was observed, further confirming
the metallic behaviour in our material. Save for these regions,
the conductivity was virtually temperature-independent until
173 K, where the supposed phase transition occurred.

The lower absolute value of conductivities of these samples
is possibly caused by larger electrode distances and the poly-
mers inhomogeneity. Optical microscopy on sapphire and gold
surfaces revealed the presence of large, possibly crystalline
structures surrounded by differently organized material (ESI
Fig. Sie and ft). This explains the dramatic change in transport
behaviour with increased electrode distances: there are fewer
conductive channels that effectively span the distance between
the electrodes at larger distances to allow for efficient charge
transport (percolation).

J. Mater. Chem. A, 2025, 13, 25131-25145 | 25133
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Fig. 2 (a) Schematic representation of the synthetic apparatus. Brighter red frame represents the insulation part, where high-conductivity
PTP:sulf is deposited. (b) Deposition zone of PTP (greenish material). (c) Optical microscopy of PTP:sulf with the highlighted AFM measurement
area (red circle). (d) GIWAXS measurement of the "upstream” deposition zone. (e) GIWAXS measurement of PTP:sulf in the deposition zone of
interest. (f) AFM image of PTP:sulf on the Au (111) (deposition zone of interest). (g and h) Inner region of the GIWAXS results shown in (d) and (e). (i)
Interpretation of the GIWAXS results. Two types of assembly are found in the deposition zone of interest: the edge-on (7 polymers chains) and
perpendicular forms. A stacking distance of 3.2 A was determined.
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Measurements on sapphire further support this hypothesis.
The macroscopically transparent, turquoise film consists of
bright-green elliptical features — an archipelago-like structure,
as previously obtained for PEDOT?*** and PEDTT** synthesized
by tube-furnace oCVD (schematic representation of the appa-
ratus is given in Fig. 2a). The “greenish-yellow” colour indicates
the presence of highly-doped PTP.” The turquoise colour
observed by bare-eye (Fig. 2b) results from the mixing of two
colours: green (doped) material and “dark black-blue” (undo-
ped) material, or it may indicate the protonated, lower band-gap
species predicted from computational results.

Mechanically, the obtained films were extremely robust and
exhibited strong adhesion to both glass and sapphire. Even on
thicker films, the exertion of extreme force such as attempted
removal of the films by a metal spatula only resulted in small
scratches. This is quite different from the similarly synthesized
PEDOT and PEDTT, where adhesion to the surfaces was much
weaker. This strong adhesion gives hope for industrial appli-
cations, where mechanical robustness is desirable.

The signature feature of PTP is its low band gap. Therefore,
we considered estimating our material's band gap via the Tauc
plot (Fig. S1c and dt).** For this, we investigated the materials
optical properties by means of Fourier-transform infra-red
(FTIR, Fig. Slat) and ultra-violet visible spectra (UV-vis,
Fig. Sibt). Based on the former approach, the hallmarks of
a highly doped material (absorption peak in the near-IR region)
caused by the presence of polaronic and bipolaronic states are
found (analogous to PEDOT).**** Based on the latter approach
and the assumption of a direct band-gap transition, we arrive at
a band-gap of 1.38 eV, which by far exceeds any expectation.>”"*
We must point out that the absorption peak is blue-shifted by
200 nm as opposed to the alkylated PTP-variety reported by
Pomerantz,” which we will explain in the theoretical part of this
work.

The UV-vis spectra (Fig. S1bt) show a minimum in absorp-
tion at ~2.3 eV (540 nm), which corresponds to the observed
colour of the material. The line shape resembles the previously
reported spectra of PTP, although the minimum is less
pronounced and blue-shifted.” Furthermore, the observed
absorption increases with increasing photon energy and
multiple shoulders are observable, which matches the previ-
ously reported behaviour. Since this was observed even in the
alkylated variety, this is possibly due to the disorder-induced
breakage of planarity and various polymer chain lengths
rather than chemical diversity (i.e., side reactions, branching).

The chemical identity of the material can be deduced from
FTIR and XPS data. The FTIR spectra (Fig. Slat) show strong
IRAV bands in the region up to 0.1 eV, followed by a peak at
0.14 eV, which is typical for the C=N (aromatic) signal and is
observed in the form of two distinct peaks.” Next, at around
0.2 eV, we observe a strong, broad absorption that may indicate
a SO, species interacting with water-complexes®® or species of
H,S0,.*” The presence of water is confirmed by the broad
absorption at around 0.4 eV. However, the identity of the dopant
cannot be concluded from these measurements alone.

Additionally, we electrochemically determine the band gap
of samples deposited on carbon felt (CF, Fig. S27), carbon paper

This journal is © The Royal Society of Chemistry 2025
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(CP, Fig. S31), and an electropolymerized material on platinum
(Fig. S4t), which resulted in band gaps of 1.18, 1.90, and 1.6 €V,
respectively. These results are in good agreement with the
optically determined band gap (ESI, Fig. S1dt). A full discussion
of these results can be found in the ESL{

A new batch of monomer was used for electrochemistry (and
the measurements described below). The purity was confirmed
via NMR (Fig. S5 and S6t). Due to the tanned colour of the
starting material and in the absence of measurable impurities,
we conclude that the onset of oligomer formation has occurred
in the second batch. Polymers obtained from oCVD of both
batches were not distinguishable in terms of their physical
properties. In electropolymerized PTP, these oligomers likely
caused larger band-gaps. The material grown on CF showed the
cleanest deposition pattern and the lowest band gap. Since the
tube furnace-based oCVD brings intrinsic gas chromatographic
properties, we believe that the heavier oligomers were precipi-
tated prior to reaching our deposition zone of interest. Thus,
a band gap of 1.18 eV is realistic.

We conducted measurements via atomic force microscopy
(AFM) on the material deposited on atomically flat gold (111) on
mica (muscovite). A zoomed-out image of the general area can
be seen in the optical microscopy image (Fig. 2c) with the
measurement area in the red circle (AFM image given in Fig. 2f).
The optical microscopy image reveals a very rough, inhomoge-
neous film as the colours result from interference (i.e., they
indicate different thicknesses). Similar changes in thickness
were not observed in samples deposited on bare glass - for
those samples, the bright-green features possibly indicate
highly doped material (Fig. Sief).

Even in the more homogeneous region measured in AFM, we
can see height differences of about 30 nm (Fig. 2f). Given the
overall film thickness of 56 nm, this indicates a very rough
material that is possibly formed via the Stranski-Krastanow
growth mode.*® Elliptical features are observed, which are
organized into two assembly-types: disorganized assemblies or
linear shapes. These are hundreds of nanometres long, growing
roughly in the same direction, which is consistent with the lines
observed in the optical images (top-left to bottom-right, Fig. 2c
and f). Given the observed non-uniform directionality, we
believe that this is not directly caused by epitaxial effects —
which we later observe by GIWAXS. These directional features
are below the diffraction limit of light and were not observed on
bare glass (Fig. S771), where only the spherical type of assembly
was observed. Hence, it is highly possible that like the larger
features, their origin is related to the gold substrate, but not due
to epitaxial effects.

To prove the long-range order hypothesis, we investigate our
material via GIWAXS. We used two samples: one from the
deposition zone of interest (Fig. 2d and g) and another one from
the hotter, “upstream” part of the deposition zone (Fig. 2e and
h).

Since PTP contains nitrogen where oxygen is present in
PEDOT, we expect similarities in the structures observed and
use the established nomenclature thereof.*

Both samples appear to be rather rough, as can be seen from
the signal-broadening and uneven intensity distribution

J. Mater. Chem. A, 2025, 13, 25131-25145 | 25135


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01145k

Open Access Article. Published on 26 June 2025. Downloaded on 12/28/2025 11:38:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

(spottiness) of the outer rings (1.5-2.0 A~"). The signal around
2.0 A7 in the “upstream” sample indicates the presence of an
edge-on oriented material, given the increased intensity of the
ring along the vertical scattering direction (Q = 0),** with a 7-
stacking distance of approximately 3.2 A - this is significantly
denser than what is found for PEDOT and reflects PTP's flat
monomer subunit, similar to poly(isothinaphatelene).*

In both deposition regions, a crystalline material of
hundreds of nanometers in size was formed. The spotted
pattern indicates the presence of crystals larger than 200 nm.
Their orientation is non-uniform in nature since we observe
a ring pattern. Hence, we can rule out conventional epitaxial
effects (1.5-2.0 A™'). These are possibly the linear patterns
observed in AFM and optical microscopy (Fig. 2¢ and f).

In the deposition zone of interest, we observed an additional
phase that was not seen in the “upstream” sample. We observe
a face-on oriented material (inner circles, Fig. 2h). These rings
correspond to crystalline planes with interplanar distances of
12, 24, and 35 A. The first two are different order diffractions of
the same family of planes (24 A) and suggest a variety of less
homogeneously organized edge-on oriented material, ie., 7-
stacks of approximately seven polymers that form a unit cell.
The signal of the innermost ring (35 A) corresponds to the
length expected of a polymer chain of 10 repetitive units —
consequently, we interpret this signal as upright standing
chains, as reported previously for PEDOT.** This indicates an
average chain length of 10 monomer subunits, which is in good
agreement with the experimental and theoretical values for
polythiophenes.*>*3*
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We employed the Scherrer formula® in order to calculate the
exact size of these crystallites, and came up with 24 and 34 nm
for the 35 and 24 A signals, respectively. This is similar to values
found for PEDTT synthesized by the same method.*

The mix of various types of organization found by the
GIWAXS measurements indicates that despite the local order,
the transport across differently oriented crystallites may cause
significant disruptions and decreased measurable conductivi-
ties. This can also manifest as increased scattering at grain
boundaries or temperature-activated phenomena (see the
conductivity maximum at 220-240 K, Fig. 1f). Other sources of
disorder can further contribute to this in the disordered regions
of the material. These regions, including trans- and cis-isomers
and protonation, are investigated in the theoretical part of this
work and are another source for the observed behaviour of
temperature-dependent charge transport.

In comparison to the similarly obtained PEDOT
(4050 S cm™")*® and PEDTT (1050 S cm™"),? only a fraction of
the possible conductivity was achieved (0.5 S cm™"). To improve
these results, we suggest prolonging the deposition zone by
insulation of the deposition zone, so that a more resolved
material can be achieved.** Alternatively, the focus may be
shifted to more “upstream” deposited materials, where a more
face-on oriented material is expected.*® Alternatively, we suggest
the use of functionalized surfaces to alter the materials orga-
nization on the molecular level.*>*

Next, we consider the XPS spectra (Fig. 3). The XPS survey
spectrum (Fig. 3a) reveals carbon, oxygen, sulfur and nitrogen
as the major surface elemental constituents. In addition, very
small amounts of sodium and silicon can be detected, which are
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b) C1s
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Fig. 3 XPS spectra of the PTP-sample on glass, including the (a) survey, (b) carbon, (c) nitrogen, (d) oxygen, and (e) sulphur high-resolution

spectra.
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likely impurities introduced when rinsing the samples after
synthesis.

The elemental composition of the film was determined from
the survey spectra as follows: C (37.1 at%), N (10.0 at%), O (35.5
at%), and S (14.4 at%), and remaining elements with 3 at%.

A detailed analysis of the XPS spectra is given in the ESIT in
the corresponding chapter.

The C 1s spectrum (Fig. 3b) indicates the presence of two
main carbon species, which correspond to the thiophene
(285.0 eV; 16.3 at%) and pyrazine (286.3 eV; 17.4 at%) ring
systems, i.e., carbon bound to sulphur and nitrogen, respec-
tively. Two minor peaks correspond to the positively charged
carbon (287.8 eV; 2.2 at%) and w-7t* satellites (1.2 at%).

The N 1s spectrum (Fig. 3c) reveals three distinct peaks. The
first peak corresponds to pristine nitrogen atoms of the pyr-
azine ring (400.0 eV; 6.0 at%), while the second (401.9 eV; 3.5
at%) corresponds to their protonated form. Traces of over-
oxidation® were found in the form of the last peak (0.5 at%).

From these results, it became apparent that about 40% of all
amines in the topmost layers were protonated. This presents
a valid contribution towards doping, similar to what is observed
in amine-containing conductive polymers such as poly-
guanidine.”® The second conclusion is that we have intrinsic
disorder in the material, i.e., contamination by oximes, which
will have a detrimental effect on the conductivity.

The oxygen spectrum (Fig. 3d) hints at the identity of the
counter-ion present as a consequence of doping. The ratio of 2.7
between the lower energy peak (S=0/S-O) and higher energy
peak (S-OH) is lower than expected for pure hydrogen sulphate
(a ratio of 3:1), which was reported for previous syntheses
based on this method. Consequently, small amounts of sulphur
dioxide or sulphuric acid are possibly present in the material.

The S 2p spectrum (Fig. 3e) indicates the presence of two
sulphur species - sulphur found in thiophene (lower energy, 4.9
at%) and sulphur found in hydrogen sulphate (9.5 at%).
However, it must be noted that any sulphur dioxide signal
would overlap with the signal of thiophene. Given the structure
of PTP, we conclude that 4.4 at% are found in the polymer,
while 0.5 at% come from SO,.

The FTIR and XPS data therefore confirmed the doping
mechanism to be complex in nature and of two kinds: doping by
hydrogen sulphate and by protonation. This is surprising as
avery low pK,'! is expected in pyrazine, and high acidity must be
present in the material. This in turn indicates that PTP has
a strong tendency to retain protons, and is possibly capable of
their conduction and storage. In lieu of a large presence of
experimental data on this polymer, meaningful insights had to
be obtained from computational methods. As such, we resorted
to DFT to gain insights at the molecular level.

Computational results

Initial calculations were performed on various PTP-trimers.
Dimethylated PTP (MePTP) served as a representative of the
alkylated species used in prior studies. Additionally, equivalent
selenophenes (PSP and MePSP) were studied to test the role of
o-holes, with the larger polarizability amplifying any effects

This journal is © The Royal Society of Chemistry 2025
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caused by the emerging chalcogen bonds.” The structures of
these trimers are found in the ESI, Fig. S8.f Optimizations
confirmed the above findings on structural order in PTP:MePTP
showed a second, local energetic minimum in its non-planar,
disordered form (ESI, Fig. S9 and Table S1f}). Thus, conjuga-
tion in methylated PTP variants may be essentially broken
(dihedral angles of 89.5° and 120.1° for MePTP and MePSP,
respectively). These minima are both more than 15 kcal mol
less stable than the planar minimum. However, impurities,
mechanical disorder, and/or heat (kinetic control) may stabilize
this product.

To rule out hetero-atom interactions causing this behaviour,
the distances between the nitrogen and sulphur and the
nitrogen-atoms in adjacent monomer subunits across the
“cleft” were measured (ESI, Table S2}).*°

In all observed trimers, the N-N distance was significantly
larger than the vdW radii (>163%). Hence, their Pauli exclusion
repulsion was not the determining factor. However, they can
still repel electrostatically, resulting in the formation of a non-
planar minimum to minimize this repulsion. In all global
minima, the S-N distance was 10-14% below the vdW radii;
thus, chalcogen bond formation is likely. Since the distances
were smaller in the unsubstituted species than the methylated
ones, the omission of alkyl groups should have a positive effect
on the attraction and conjugation. Hence, this will be reflected
in an improved conductivity. To quantify this effect, we per-
formed angular scans, followed by the characterization of the
electrostatic potential (ESP) molecular surfaces.

Angular scans. This improved attraction should be reflected
in a stronger tendency to form planar structures. Consequently,
more energy should be needed to rotate individual monomer
subunits. We therefore performed rotational scans of the
dihedral angles (Fig. S107).

For reasons of symmetry, only half the rotation was calcu-
lated (0-180°). Like in the PEDOT analogues,* in terms of
energies, a sinusoidal behaviour was detected with a peak at
90°, where conjugation is expected to be the worst. The
maximum repulsion was found in the cis-conformer, where
nitrogen-nitrogen  repulsion would become relevant
(Fig. S10at). Hence, the local minimum at 120° is the result of
this repulsion and stabilization due to improved conjugation
(Fig. S10bt). Most relevant to us, however, is the initial increase
of energy below 90°.

The observed energetic barriers are significantly larger than
those observed in PEDOT (Fig. S10a,t 4 kcal mol™*).* At lower
angles (0-15°), however, all species require only a small amount
of energy to diverge from planarity. In the selenophenes, this
effect is less pronounced and larger energetic barriers are
observed (3-4 kcal mol™ "), which support our hypothesis that
chalcogen bonds do play a significant role in planarization. The
difference between methylated and non-methylated structures
is much smaller (=1 kcal mol™'), yet it is above the accuracy of
the method employed.***> However, it does not explain the
larger S-N distance in MePTP. The attraction between hetero-
atoms in the non-methylated species consequently removes the
kinetic barrier observed in MePTP, and thus prevents the
formation of defects (Fig. S10 and Table S1t).”*° Therefore, the
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larger energetic barriers observed indicate the significant
energy gains achieved by the electronic connection of the large
conjugated monomer subunits.***” This is reflected in the
differences of the band gaps, where alkylation of the respective
trimer leads to an increased difference between the HOMO and
LUMO (Fig. S10b¥). To confirm the role of the chalcogen bonds,
we calculated electrostatic potential (ESP) molecular surfaces in
our trimers and expected a less pronounced o-hole in the
methylated species, an effect enhanced in the more polarisable
polyselenophenes (PSP and MePSP).

ESP. ESP molecular surfaces are given below with one
monomer subunit rotated by 90° to visualize the respective o-
hole (chalcogens) and o-hole acceptors (nitrogen, Fig. 4). We
additionally simulated protonated or branched PTP trimers.
The former was based on experimental results (XPS). The latter
followed our suspicion that the missing alkyl-substituents may
have a dual role as protection groups during polymerization.
This suspicion was supported by visualization of the HOMO-
LUMO orbitals in dodecamers.

The conjugation within each monomer subunit™*® distrib-
utes any substitution effect to all heteroatoms, thus profoundly
affecting the ESP. Hence, the c-hole becomes less electroposi-
tive and almost neutral, weakening the resulting chalcogen
bond. Furthermore, the monomer subunit ESP appears to be
more heterogeneous, possibly affecting the charge transport
and intermolecular interactions. This electron excess will also
lead to more repulsion between nitrogens across the “cleft” and
foster the formation of a local, non-planar minimum in MePTP
(Fig. 4).

Upon protonation of the amines (H,-PTP), the situation is
very similar as in MePTP. Only the region of the protonated
nitrogen becomes electron-positive (Fig. 4), which is reflected in
the relaxation studies, as the trimer readily relaxes into the
planar form. This is relevant to us as the XPS results indicate
a large portion of our material to be protonated.
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While branching is not very likely to occur and has only
a small effect on the chalcogen bond akin to methylation, its
effects might be rather disruptive. On top of spatial effects, the
ESP surface of the branches is significantly changed, which is
particularly true for the hydrogen atoms. This may cause the
formation of traps within the system. Consequently, it explains
why our synthetic route achieves significantly improved
conductivities, which are intrinsically limited by disorder, and
traps in the disordered regions in-between crystallites. Addi-
tionally, chalcogen bond formation between the main chain
and its branch is possible. This may result in the formation of
alternative conduction pathways, and can lead to electron-
scattering. This should be reflected in the distribution of
HOMO and LUMO orbitals, which we calculated for dodeca-
mers, where this should be most pronounced. Conversely, the
branch may distort the matrix in a way to allow the formation of
pores within the material necessary for proton transport.

Since XPS revealed large amounts of SO, species and the
amines of the monomer subunits are known to be easily
deprotonated, all prerequisites for proton transport are present
- we therefore investigated the possibility in a later chapter of
this work.

Dodecamers

While the trimers served us well as models for investigating the
relationship of the chalcogen bonds and substitution, delocal-
ization effects over the polymer chain will only become visible
fully at longer chain lengths.* Herein, we focus entirely on the
effects of the methyl functionalities and protonation, and
optimize three dodecamers from disordered states: PTP with
a central trimer branch, MePTP, and the aforementioned
branched, diprotonated PTP (H,-PTP) at the branching point
and in the peripheral “cleft” (Fig. S117).
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ESP molecular surfaces of the trimers (and branched PTP-tetramer).
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Whether protonated or not, both non-methylated PTP vari-
ants are optimized into a single, global minimum, highlighting
the limited effects of protonation. Conversely, MePTP exhibited
two minima again, just as it was the case in the trimer.

Dihedral angle and bond length alternation (BLA) analysis
revealed similar results for the planar conformer of PTP and
MePTP, and was slightly in favour of the methylated variety (ESI,
Table S31). This is despite the disruptive influence of the branch
on the conformation. In fact, parts of the branched PTP sepa-
rated from it are more in the quinoid form than MePTP.

The energetic difference between the two MePTP conformers
was 38.6 kcal mol " (Table S31), and semi-planar islands were
formed this time. Still, two significant distortions (—53.8 and
—58.5°) were found separating the material from planarity and
discontinuing planarity. In a real material, this would signifi-
cantly impact charge transport.

We now understand one reason why it was possible to
overcome prior transport issues.” However, we need to under-
stand the limitation of our own synthetic method. Therefore, we
repeated angular scans for dodecamers of PTP and MePTP
(Fig. S12a and ct) and protonated H,-PTP (Fig. S12b and df). We
focused on the benzoid, peripheral part (D;) and the central,
quinoid (Djs; in the case of PTP, branched labelled as “subst.“)
part, as revealed by BLA (ESI, Table S37). In the latter case, the
bond was expected to be closer to sp> hybridization and
a steeper increase in energy was expected upon rotation. The
expected sinusoid arrangements occurred in angular scans of
the unprotonated species and the energy penalties for the
quinoid part were always larger (Fig. S12at).

Again, at low angles (0-15°), the investigated bond of all
structures behave quite similarly, and 2 keal mol™" is needed to
disrupt its planarity. Then, the behaviour diverges significantly.
For PTP, 50% more energy is needed for further rotation than
for MePTP. However, they are almost equal at 60°. This illus-
trates how alkylation gives the polymer more leeway in terms of
structural movement. However, it must be noted that these
events occur in energy ranges far exceeding those of PEDOT.*

In protonated H,-PTP, we were surprised to find that the
minima obtained from optimization were not the global
minima (Fig. S12bt). As opposed to the trans conformer, the cis-
variety was the more stable one by 2 and 4 kcal mol " for the
central and peripheral parts, respectively. Since the two amines
were previously shown to be too close in the cis-conformer, the
proton consequently has to be shared and allows for this
surprising structure.

The central region of both PTP and MePTP is highly sensitive
to disorder in terms of the band-gap. Upon rotation, a large
increase is observed (Fig. S12cft). This is much less so in the
peripheral region of PTP. Furthermore, it is utterly absent in the
MePTPs HOMO-LUMO gap, where no change occurs, which is
a testament to the poor conjugation in the latter.

To relate these results to experimental values, we conducted
a qualitative comparison of the HOMO-LUMO gap ratios for the
unsubstituted and alkylated PTP. Computationally, a ratio of
0.73 is observed, i.e., 0.11 and 0.15 eV for PTP MePTP and PTP,
respectively (ESI Fig. S12ct). The ratio of the literature value of
the bandgap of alkylated PTP” and our experimental values is

This journal is © The Royal Society of Chemistry 2025
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0.68 and 0.81 for the optically and electrochemically deter-
mined band gap (Fig. S1d and S2t), respectively. This indicates
that a large blue-shift in the optical absorption is certainly
conceivable.

In H,-PTP, the band gap was insensitive to rotation
(=disruption) in the peripheral region, which was expected
from a benzoid structure, as indicated by BLA (Fig. S12dt).This
indicates either poor conjugation or independence of the
planarity and conjugation. Conversely, the central part close to
the substitution site was highly sensitive to disorder, but in an
inverse manner as the band-gap decreased upon rotation. This
is puzzling, as it suggests improved conjugation. For both
unusual cases, we visualized the HOMO and LUMO orbitals in
the planar and disordered states for all three structures (ESI,
Fig. S13-157).

For PTP (Fig. S13t), disruption of the central part leads to
substantial changes in the HOMO and LUMO distribution,
effectively dissecting the conjugated system in half. When the
peripheral part is changed, however, the branch of the polymer
becomes significantly involved in the LUMO, while the HOMO
remains relatively unaffected.

For MePTP (Fig. S14%), disruption in the central part only
plays a minor role, and does not entirely break the conjugation
in either the HOMO or the LUMO orbitals. The reason for the
observed changes lies in the increased contribution of the pyr-
azine ring to the frontier orbitals, effectively raising the band-
gap. Rotation in the peripheral part plays an even smaller
role. This reflects why optimization was crucial to achieve the
predicted low bandgaps."”*

For H,-PTP (Fig. S147), the angular scans revealed the lowest
HOMO LUMO gap when the central, quinoid bond is rotated by
90°. This is possibly caused by the fact that when the central
bond is rotated, the HOMO and LUMO orbitals sit on the same
atoms with a strong involvement of the branch. No such effect is
observed in the peripheral region.

These distribution patterns reveal that PTP is apparently
much more sensitive to disorder in terms of p-type conduction
than its alkylated versions. Hence, although the energetic cost
of bond rotation is prohibitively expensive even at low angles,
charge transport in PTP is significantly decreased once the
polymer becomes disordered. If the polymerization reaction
occurs in the cis-conformation, the large energetic barrier would
essentially lock the polymer in this position - which is possibly
unsurpassable even by post-processing methods.>?*%4

Future attempts at the synthesis of PTP should therefore
avoid iron and overoxidation.” Furthermore, the avoidance of
a protic environment during synthesis should also be consid-
ered if the ¢rans-conformer is to be achieved, or protic envi-
ronments when the cis-variant is the preferred outcome should
be considered. An alternative might be found by the use of
cleavable substituents,* or a substituent which improves the
strength of the materials chalcogen bonds.

Doping of branched hexamers

Since we now understand the intramolecular and noncovalent
interactions of PTP and their impact on the optical properties of
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the materials, it is time to focus on the doping process. XPS
suggests a combination of hydrogen sulphate and sulphur
dioxide, yet the presence of the latter is surprising. We therefore
set up simulations in order to investigate the composition of the
material using the COSMO method. We created twelve systems
of various doping agent combinations surrounding a single,
branched PTP-hexamer. All of them were constitutional isomers
to each other to make the results comparable. We present the
three most stable geometries in Fig. 5, and include two of the
least stable variants in the ESI (Table S4).7

The COSMO method was involved in order to make these
calculations meaningful, yet it requires knowledge of the
dielectric constant - a property which was never reported for
PTP but was beyond our reach. We therefore estimated it based
off of XPS results. Since high concentrations of sulphuric acid/
hydrogen sulphate were determined, we took the dielectric
constant of (aqueous) sulphuric acid (Table S5t). The resulting
dielectric constant was around 30, much higher than that in
typical conductive polymers.** Therefore, a second calculation
for a more reasonable value of 10 was conducted.

At the lower dielectric constant, protonation was not
possible. At the higher dielectric constant, protonation proved
possible when the sulphur species were HSO,  and SO,. This
indicates that our initial guess was reasonable. Still, multiple
protonations were impossible to achieve under our conditions
and were unfavourable by more than 200 kcal mol™'. For

SO, HSO,”

protonated

AE norm. / kcal mol?

stability

Composition

Fig. 5 Comparison of the constitutional isomers of the branched,
doped hexamers of PTP:sulf. Comparison of the most stable
compositions (x-axis in the plot) and their relative energies calculated
via COSMO and a dielectric function of 10 (orange triangles) and 30
(black squares, corresponds to the high concentration of acid). The
three most stable chemistries obtained indicate that the sulphur
species are most probably a combination of HSO,4~ and SO,, HSO,4~
and HSOz™ (+0.5 kcal mol™) or HSO,~ and SO, in combination with
protonated PTP (+2.5 kcal mol™Y). At lower dielectric constants, PTP
would immediately deprotonate and result in an apparently higher
stability.
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comparison, a similar value was achieved for the extremely
unlikely coexistence of sulphuric acid and sulphate (ESI, Table
S4t).

The most stable chemistry under our conditions was
unprotonated PTP with the sulphur species HSO,  and SO,.
Protonation of PTP under these conditions was unfavourable by
2.5 kcal mol™*. Only 0.5 kcal mol™* above the most stable
chemistry was HSO,  and HSO;, which is close to the limit of
the method employed.***> Consequently, theoretical and
experimental results agree that HSO,~ and SO, are the sulphur
species found in the synthesized PTP.

Interestingly, even in the doped state, all of the polymers had
a strong tendency to form a planar structure (ESI, Table S4 and
Fig. S11t). The only exception is constituted by the tri-
protonated variant, where the attraction between the hetero-
atoms would naturally be the weakest.

Interestingly, the side branch remained rather planar with
respect to the main chain. This indicates that the branch gains
stability through interaction with the main chain. The counter
ions and water are also of interest (Fig. 5). The visualization of
noncovalent contacts revealed many interactions between the
oligomers and the small molecules/ions in all observed cases.
This indicates a similar situation as in PEDTT,>* where the
polymer is thought to form a planar structure due to a strong
interaction with the counter ion.* Consequently, even in PTP,
the sulphur species and water play an active role in improving
the charge transport, and do not merely serve the part of passive
counter ions.

Molecular dynamics

Based on the obtained energetically most stable geometry of
hexamers (HSO,  and SO,), we constructed a matrix of
dodecamers (the branches were removed for simplicity) and
doping agents, including water. These presented the starting
point of our molecular dynamics (MD) simulations.

As DFT calculations showed that PTP had a stronger
tendency towards planarity than PEDOT* (Fig. S11 and S127), we
decided to start with the most adverse conditions, i.e., where
disorder is possibly the strongest and hardest to overcome due
to the disruptive presence of water and dopants. The results can
be seen in ESI Fig. S16.F

This revealed PTP's strong proclivity to overcome disorder
and to form a network of nearly planar structures connected at
hubs where multiple chains formed (staggered) m-stacks (ESI,
Fig. S16at). These are the optimal conditions for delocalization
(based on Fig. S13 and S15tf) and inter-chain transport
(Fig. S16at).”>%

The majority of the chains were found in the expected trans-
conformation, but multiple occasions of the cis-conformer were
found (Fig. S16b-df). Since DFT calculations indicate
a substantial energetic barrier to adapt this conformation
(Fig. S12%), there needs to be an alternative energetically
feasible pathway in order to lead to multiple instances of this
conformer in our simulations. Therefore, we attempted to find
their origin in external influences. Although these structures
were typically in the vicinity of “pores” within the matrix where
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the disruptive influence of water and SO, was most likely to
occur (Fig. S16¢ and df), we were unable to find evidence of
a clear connection.

Since these motifs were rather infrequent and always
embedded within the polymer matrix of ¢rans-conformers,
GIWAXS would be unable to detect their presence. Given the
high degree of doping and the subsequently large amount of
protons, it is highly likely that these motifs are found in our
material too. This would suggest the intrinsic presence of
disorder on which backscattering may occur due to a mismatch
in the wavefunctions.

Transport of pentamer-based geometries

To link these structural anomalies to charge transport, we
picked three pentamers of the most prevalent motifs found in
our MD simulations and calculated their electron-transmission
spectra and pathways: the (almost) planar trans-conformer
(M1), the disordered trans-conformer (M2), and the partial cis-
conformer (M3). The results can be found in Fig. 6. The full
depiction of the geometries of the simulated devices is found in
the ESI, Fig. S17.}

The transmission spectra showed only minor differences
between the two trans-conformers (Fig. 6a and d) with respect to
their @ and w* (or HOMO-LUMO) levels. Both molecules
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showed a ©* at 0.42 eV, yet their transmission differed by an
order of magnitude at 0.955 and 0.099 for M1 and M2,
respectively.

In both molecules, the pyrazine rings were disproportion-
ately involved in transmission, which indicates that a form of
charge-hopping phenomenon is responsible for transport
(Fig. 6b and e).** In M2, additional tunnelling phenomena were
observed between the most disordered monomer subunits. This
was reflected in the transmission coefficient plots (plotted
versus the reciprocal space vectors, k, and k;,). Whereas in M1,
a symmetrical, diamond-shaped distribution transmission in
two dimensions is indicative of a proclivity to low-dimensional
charge transport, M2 showed symmetry along the &, vector.

Since the LUMO was significantly less conductive in M2, we
investigated its HOMO (ESI, Fig. S18a-ct). This gave a trans-
mission of 0.160 or twice the value found for the LUMO (0.099).
This was reflected in the inversion of the spatial distribution of
transmission coefficients (from short to long range).

The charge transport properties of M1 are an intrinsic
property of the molecular geometry (Fig. S18d-ff), and
remained even in an alternative electrode model. Even the

transmission pathway and coefficient remained unchanged
(Fig. S18e and f¥).

0 o04ska

Fig. 6 Transport calculations of the M1-M3 LUMO (rt*, highlighted by the red dot in the transmission spectra). Transmission spectra with the
LUMO level indicated by the red dot (a, d, and g) and the corresponding LUMO transmission pathways (b, e and h). The contribution of the
pathway towards the transmission is weighted from blue to red for the least to greatest charge-transport, respectively. (c, f, and i) The respective
transmission coefficients (M1-M3) plotted against the reciprocal space vectors k, and k.
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The switch from trans- to cis-conformation (M1/M2 to M3)
resulted in a significant change with regards to the obtained
transmission spectrum (Fig. 6g).

What immediately stood out was the presence of states
around the Fermi energy, Er. If confirmed experimentally, the
cis-conformer presents a true synthetic metal.®* This may be
counterintuitive, yet of little surprise once we consider the
remote similarity to polysulphurnitride.***® Furthermore, the
transmission pathway truly indicates a strong role of the
sulphur-atoms in the charge transmission (Fig. 6h, red trans-
mission arrows). The contributions of these states to the
transmission were 0.883 and 0.216 for the HOMO (—0.04 eV
relative to Eg) and the LUMO (+0.02 eV relative to Ey), respec-
tively. This is comparable to the M1 conformer, yet at a minis-
cule HOMO-LUMO gap of <0.1 eV: an energy difference which
would foster charge transport even at room temperature
without the necessity of doping.

Contrary to expectation, the calculated transmission path-
ways in M3-LUMO (Fig. 6h) resembled ballistic transport and
occurred through sulphur, instead of delocalization through
the m-orbitals.?” Upon closer inspection, this resembled parts of
M2-LUMO (Fig. 6e) and was in stark contrast to M1-LUMO
(Fig. 6b), where delocalization through -orbitals dominated.
This might indicate a different mode of charge transport in the
non-planar parts of PTP. Transport in M2-LUMO and M3-LUMO
is thus reminiscent of the situation found in polysulphur-
nitrile.>

Because of the involvement of the sulphur atoms in both M2
and M3, we were interested in their similarities with regards to
charge transport, ie., if the transmission values would be
stronger in the HOMO, and if an inverse behaviour of the
transmission coefficients in relation to k-space would be
revealed (Fig. 61 and S19t). This was confirmed for both HOMO
and LUMO+1 (Fig. S19d and f¥). The transmission value of the
M3-HOMO (0.88) was a multiple of the LUMO and LUMO+1
values (0.22 and 0.18, respectively). Thus, transport through the
HOMO orbitals is preferred in the non-planar and cis-oriented
material over LUMO-based transport.

Since M1 and M3 differ substantially in the atoms involved
in charge transport, observable conductance may suffer greatly
in a hybrid material where both conformers coexist. One
conformer will effectively act as an impurity for the other, and
introduce traps to the material. This will require thermal acti-
vation (hopping)- or worse-it will present deep traps that do not
contribute to charge conduction.”®* As the overlap of their
wavefunctions is diminished by their different nature, scat-
tering phenomena will become more likely.>**

This is particularly visible when we focus on the trans-
mission pathways of M1-LUMO and M3-LUMO (Fig. 6b and h).
Where the latter red and purple arrows indicate strong
conductions between sulphur atoms (ballistic transport), the
transmission pathway occurs along the polymer backbone
(blue, thin arrows) with prolonged stays at the pyrazine rings
(red arrows, akin to weak localization).*>** The wavefunctions of
two such different molecules will vary greatly and will require
additional energy to delocalize.
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In the case of our material, we observe temperature-
independent charge transport down to 173 K(Fig. 1f), and
band-like transport is expected. Thus, if the cis-conformed
material is present, its states are beyond the conduction edge
and do not contribute to charge transport, as they effectively
present traps. The geometric factors observed via GIWAXS
(Fig. 2c-i) indicate the presence of trans-isomers in the crys-
talline part, but high amounts of acidic dopants are observed
via XPS (Fig. 3). Thus, we conclude that we have a hybrid
material. This is further supported by the fact that we have low
conductivities in coexistence with hallmarks of metallic
transport-even under the influence of a strong magnetic field
(Fig. 1f).>** Thus, we likely underestimate our real conductivi-
ties as the macroscopic, spatial dimensions of the measured
thin-film possibly include large swathes of disordered material
which do not participate in charge transport. This does not
discard the potential of the cis-conformer, but rather suggests
that we must focus on the separation of both conformers to
access the full potential of both. The proclivity to form the cis-
conformer could be further enhanced by the use of photo-
chemical methods™ or self-assembled monolayers.*>** In that
way, the extremely low HOMO-LUMO band gap (<0.1 eV vs.
~1 eV in trans) may result in a synthetic (semi-)metal.

Conclusions

The conductivity of polythieno[3,4-b]pyrazine (PTP) has been
greatly improved and a new conductivity record has been
established. However, we fell short of the achievements in
PEDOT and had to search for the reason why this occurred.

We set out with the hypothesis that PEDOT and PTP share
similarities in terms of their heteroatoms, and confirmed that
this is a valid assumption. The low band-gap of PTP gives us
hope that conductivities superior to that of PEDOT are achiev-
able. However, virtually all results indicate that PEDOT's unique
robustness is missing. To achieve great conductivities, the
removal of alkyl substituents is key to success. However, this
also makes the conjugation of the materials extremely depen-
dent on planarity. Still, at 230 K, 240 K, and below 200 K, the
conductivity peaks reveal metallic properties within our semi-
crystalline PTP material. At 173 K, a phase transition occurs,
which requires more attention-including the improvement of
the synthetic method to produce either of the PTP-conformers.
Proton-free environments should be used for the trans-
conformer. Meanwhile, for the cis-conformer, our method may
be adapted, i.e., via photochemistry®® or SAMs.** Acidic envi-
ronments may suffer from the increased prevalence of branched
PTP. However, its presence cannot be confirmed nor discarded
experimentally.

As such, this work suggests that the quest for high-
conductivity PTP is far from over, and this work lays the foun-
dation for future progress and applied research. The complex
character, and the electron- and (possible) proton transport
make it an interesting target to test in the scope of the elec-
trochemical CO, reduction reaction (CO,RR***%); or even
cellular signalling.”®

This journal is © The Royal Society of Chemistry 2025
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