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Here, we report a convergent synthetic strategy employing a gold-catalyzed cyclization to construct

novel π-extended dipyrrolopyrazine (EDPP) derivatives in a modular fashion. The robust design of EDPPs

ensures high thermal stability, excellent oxidation resistance, and adaptability for integration into organic

thin-film transistors and photoluminescent devices. Systematic exploration of substitution patterns

revealed insights into structure–property relationships, particularly the influence of isosteric CH/N

exchange. These findings establish EDPPs as a versatile platform for multifunctional materials, offering

pathways for innovations in organic electronics.

Introduction

In recent years the structural motif of 5-6-5-fused nitrogen-rich
organic materials gained increasing attention due to their
wide range of applications in materials science and medicinal
chemistry.14,19 The Gong group pioneered the synthesis of
dipyrrolopyrazines (Scheme 1a),3,5 of which further works
included the application in dye-sensitized solar cells,4 revers-
ible acid base sensors6 and push–pull chromophores.1,2

Further investigations by our group enabled a three-step
approach towards dipyrrolopyrazines (DPPs) and dipyrroloben-
zenes (DPBs) by utilizing Au(I)-catalysts, which proved success-
ful for various complex transformations,20,21 for the crucial
cyclization step.12 Our latest strategy targeted the synthesis of
N-unsubstituted dipyrrolopyrazines allowing multiple post-
functionalizations and therefore enabling a broader range of
applications in materials science.11 As a structural analogue
also chalcogen-containing variants were obtained by nucleo-
philic substitution of pyrazine-halides with sulfur and sel-
enium, of which the dithienopyrazines exhibited acidochromic
behaviour (Scheme 1a).7–10,13 As an extension of already intro-
duced synthetic methods for π-extended indolocarbazoles

(ICZs) (Scheme 1b),15,16,22–24,25,26 we later employed the
cascade cyclization by Ohno et al.27 to obtain ICZ-materials
with charge-carrier mobilities of up to 1.00 cm2 V−1 s−1 in
organic TFTs.17 Advances in π-extended systems include Liu’s
pyrazinodiindolizines (Scheme 1c), which were incorporated in
ultralow band gap polymers and successfully used in photo-
thermal therapy experiments.14 As a first variant of π-extended
dipyrrolopyrazines, the Plietker group (Scheme 1d) recently

Scheme 1 Literature overview of selected examples for 5-6-5-fused &
larger nitrogen-containing compounds (a),1–13 (b),15–17 (c)14 and (d).18 (e)
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published an Fe-catalyzed nitrene transfer to indoles which furn-
ished the targeted DPPs by in situ dimerization of the corres-
ponding zwitterionic indolines.18 Their obtained structures
exhibit quantum yields of up to 24.5%, further an overall stability
increase is suggested through the isosteric CH/N exchange of the
central unit.18,28–35 In order to further expand the methodology
of our previously published modular synthetic strategies for
dipyrrolopyrazines11 and indolocarbazoles,17 we combined both
building blocks to access a broad scope of novel π-extended var-
iants (EDPPs). The utilization of gold catalysis proves as an
effective tool for creating extended π-systems in a modular and
convergent fashion. A systematic analysis of the effects of substi-
tution patterns and isosteric CH/N exchange on the material pro-
perties offers a deep understanding of the newly created EDPP
scaffold. Furthermore, first applications in organic TFTs allow an
insight into their charge-carrier mobilities while also exhibiting
photoluminescence properties.

Synthesis
Scope of EDPPs by direct cyclization of tetraynes TA

To construct the isosteric variants of indolocarbazoles we
employed our bidirectional Sonogashira approach for the
coupling of various 1,5-diynes (see SI) to our recently pub-
lished DBC-pyrazine core (Scheme 2).11

Maintaining the temperature at 60 °C and the CuI loading
at 4 mol% resulted in moderate to high yields of 31–90% of

TAs overnight. Mostly trace amounts of less than 5% of the
corresponding DPP was formed (Scheme 2).

Increasing the CuI loading, temperature, or reaction time
resulted in the direct formation of Boc-protected dipyrrolopyra-
zines (DPPB) (Scheme 3), necessitating a more complicated
separation of the product mixture, reducing the yield of the
target tetraalkyne precursor (TA).

Typically, yields ranged from 65–80%, but exceptions for
TA3 and TA9 were obtained showing moderate yields of
31–36%. This is likely due to the electron-deficient CF3-substi-
tution in TA3. For TA9, despite low CuI catalyst loadings, a sig-
nificant amount of DPPB9 was detected, reducing the yield of
purified TA9. To obtain the pure product, further purification
by centrifugation was necessary to remove the corresponding
DPPB9.

Combining the findings from the cascade-cyclization for
indolocarbazoles ICZ17 and the Au(I)-catalyzed formation of
dipyrrolopyrazines DPPs,11 we performed the crucial cycliza-
tion step with 20 mol% IPrAuNTf2 in 1,2-dichloroethane at
60 °C. To our delight, the Au(I)-catalyst furnished the desired
extended dipyrrolopyrazines (EDPPs), by forming six new
bonds in a single step while additionally deprotecting the Boc-
group.27 The in situ deprotection is attributed to the isolobal
analogy between LAu+ and a proton, in conjunction with the
use of non-anhydrous solvents.17,36,37 The exceptionally low
solubility of EDPPs led to precipitation of the product from
solution but also prevented from the work-up via flash-column
chromatography. For all variants, centrifugation with mixtures

Scheme 2 Scope of TAs & EDPPs via bidirectional Sonogashira (TA) and cascade cyclization with in situ Boc-deprotection (EDPP). Sonogashira
reactions have been carried out in 0.42–184 µmol scale after A (GP1). All yields constitute isolated yields after flash-column chromatography and
additional centrifugation if necessary. Syntheses for EDPPs have been carried out in an 8.00–42.0 µmol scale after B at 60 °C (GP6). All yields for
EDPPs constitute isolated yields after direct centrifugation. a TA6 & TA13 have been obtained by desilylation. b EDPP6 & EDPP13 were obtained by
cyclization at 160 °C for 6 h in o-DCB. For General Procedures (GP) see SI. *Trace found after B at 60 °C (GP6).
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of pentane and MeOH proved sufficient to effectively remove
the catalyst and traces of impurities.

Comparing the R1-aryl-substituted derivates shows no clear
trend for the influence on the cyclization yield. While the para-
substitution of trifluoromethyl-substituted EDPP3 (94%) did
not significantly change the yield compared to EDPP1 (91%),
the methoxy-substituted EDPP2 only led to traces of product
(<5%) or mixtures, which was also observed for EDPP4 and
EDPP8. This observation likely originates from different regio-
selectivities during the formation of the vinyl gold species,
facilitated by the enhanced stabilization provided by the elec-
tron-rich methoxy and thiophene substituents. Furthermore,
the increased nucleophilicity of the electron-rich alkyne allows
it to compete with the nitrogen atom as a nucleophile, poten-
tially triggering alternative pathways that lead to the observed
degradation. For R1-alkyl-substituted variants the yields are
satisfying to excellent with 80–97% (Scheme 2) most likely
linked to their improved solubility.

It is further noteworthy that, for R1 = H (EDPP6), only trace
amounts of product were observed at 60 °C, even if substituted
with R2 = C6H13 (EDPP13). For the synthesis of these derivates,
an increased temperature to 160 °C in 1,2-dichlorobenzene
(o-DCB) was required to obtain the products in a moderate
60–69% yield.

Stepwise approach towards EDPPs

For the three unsuccessful substrates EDPP2, EDPP4 and
EDPP8 we tried to investigate the possibly formed byproducts
on the example for EDPP8 to optimize the procedure, circum-
venting the formation of mixtures.

We used our Cu(I)-catalyzed cyclization method to selec-
tively convert the ortho-aminoalkyne substituents into the

corresponding Boc-protected indole intermediates (DPPBs,
Scheme 3).11 These cyclizations generally gave high yields
between 70–88%, with no clear influence of the R1 substituent
on the outcome.

For DPPB2 and DPPB4, the following gold-catalyzed step
provided the desired EDPPs with clearly improved yields and
shorter reaction times compared to the corresponding tetraalk-
yne precursors TA2 and TA4, making this route more efficient
and selective overall.

In contrast, DPPB8 showed a different reactivity, with a sig-
nificantly altered selectivity profile under otherwise similar
conditions.

By addition of IPrAuNTf2 to the tBu-substituted variant
DPPB8, we observed product mixtures like for its corres-
ponding tetrayne TA8 with multiple NH-protons visible by
1H NMR at 60 °C and 80 °C reaction temperature, which
contradicts the idea of a more selective reaction using DPPBs
as starting materials.

The increase of gold-catalyst up to 40 mol% at 60 °C only
facilitates the deprotection of the Boc-group to yield DPP8 in a
good yield of 71% (for structure see SI). We then decided to
use DPP8 as a starting material and drastically increase the
reaction temperature to 130 °C, which allowed us to identify
trace amounts of products from the crude spectra (see SI),
while additionally crystallizing unsymmetrical side products
from the mixture (Fig. 1).

The formation of the highly unusual product is not
immediately apparent due to the different connectivity
observed initially. Instead of a 6-endo–dig cyclization from the
C3-position of the indole unit, a nucleophilic attack by the
NH-atom onto the carbon–carbon triple bond occurs.38,39

Only the further increase to 160 °C eventually led to a selec-
tive hydroarylation to isolate the desired EDPP8 in a 58% yield.

N-Alkylation & oxidation

To improve the solubility for drop-casting and zone-casting
processes, a series of alkylated substrates were synthesized
using an optimized alkylation protocol in DMF at room temp-
erature, achieving high yields of 82–92%.11 Hexyl chains, used
in A6EDPP1 and A6EDPP6, promoted good solubility and
uniform crystallization patterns, while the longer dodecyl

Scheme 3 Stepwise cyclization approach towards EDPPs. Cyclizations
have been carried out in 25–97 µmol scale after A (GP5) and sub-
sequently B (GP6). All yields constitute isolated yields after flash-column
chromatography. For General Procedures (GP) see SI.

Fig. 1 Single crystal-structures of monocyclized (52% abundance, left)
& fully cyclized product (EDPP8S) (48% abundance, right) crystallized
from reaction mixture at 130 °C in o-DCB. See SI for crude 1H-NMR.
CCDC 2536998.53
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chains in A12EDPP1 enhanced the solubility even further, but
introduced torsional variability (for single-crystal structures
see SI). To further explore the electronic modification of
EDPPs, oxidation of this compound class was attempted.
Bridging within the structure was expected to increase the aro-
matic character of the oxidized species, enhancing their stabi-
lity and potentially improving oxidizability compared to
DPPs.40 Several oxidation protocols were tested, but none
yielded the desired target structure (see SI). Using a known
protocol by Shinokubo et al., oxidation with excess PbO2 (15.0
eq.) in dry EtOAc at 70 °C for two days showed no reaction pro-
gress, as confirmed by TLC and MALDI+ analysis.41 Similarly,
protocols involving DDQ in dry toluene at 100 °C resulted in
recovery of the starting material.28 More recent methods invol-
ving tBuLi, with or without DDQ, also failed to produce any
conversion.42 Consistent with prior results on DPPs, no oxi-
dation of the EDPP class could be achieved.

Structural discussion
Optical properties

As substituent variation did not fundamentally change the
optical properties within each substrate class, we focus our dis-
cussion on the absorption and emission spectra of the phenyl-
substituted tetrayne TA1, its cyclized derivative EDPP1, and the
alkylated analogue A6EDPP1 as representation of the other
derivatives (Fig. 2). Spectra for all other synthesized com-
pounds are provided in the SI. It is to note that the EDPP
derivatives were measured in DMSO due to low solubility,
potentially resulting in slight solvent effects in respect to
absorption and emission wavelengths, as well as quantum
yields. Tetrayne TA1 displays a broad, featureless absorption
band centered at 405 nm. In contrast, the emission band is
sharp and strongly redshifted, with a Stokes shift of 3000 cm−1

(centered at 461 nm) and a shoulder at 503 nm. Such dispar-
ities between absorption and emission spectra are typical for

oligo (arylene ethynylene)s.43 The exceptionally low energy
barrier for alkyne–aryl bond rotations generates multiple ener-
getically close ground-state configurations with varying
π-system delocalization, explaining the broad and featureless
absorption band. In contrast, upon excitation, the molecule
adopts a more planar configuration, enhancing π-system delo-
calization and causing the observed redshift. A steeper energy
hypersurface for alkyne–aryl bond rotations in the excited state
restricts the molecule to mostly planar configurations, result-
ing in sharper emission bands.43,44

These behaviors were consistent across all TA derivatives.
While substituent variations slightly influenced the spectral
positions, they significantly impacted excited-state dynamics
which is reflected in the photoluminescence quantum yields
(PLQY) in solution ranging from 23% to 90% (Table 1; TA1:
PLQY = 49%). After cyclization to EDPP1, instead of a broad
featureless absorption band, multiple bands, visible as
shoulders, emerge, with the lowest-energy transition red-
shifted to 460 nm. The peak positions of hidden peaks in
absorption band shoulders were determined via the 2nd deri-
vation of the absorption spectra. The redshift after cyclization
aligns with the planarization and extended π-conjugation of
EDPP1. Additionally, cyclization reduced the Stokes shift to
∼500 cm−1 which we attribute to the more restricted geome-
tries in both ground and excited states. However, cyclization
decreased PLQYs of all derivatives (Table 1, PLQY of EDPP1:
20%) and transformed the emission profile to two bands of
equal intensity at 472 nm and 496 nm. Alkylation to A6EDPP1
caused a minor redshift in the lowest-energy transition to
465 nm, reflecting the minimal impact of alkyl chains on
HOMO and LUMO levels. However, alkylation notably altered
the relative intensities of absorption band shoulders, poten-
tially due to changes in vibrational coupling. This shift in
vibrational landscape also contributed to a reduced PLQY of
11%, indicating modifications in the internal conversion rate.
Interestingly, dodecyl-chain alkylation (A12EDPP1) improved
the PLQY to 32%, demonstrating the pronounced influence of
substituents on excited-state dynamics despite their limited
effect on the S0–S1 energy difference.

Experimental properties & calculations

To complement our experimental studies, we calculated the
frontier orbitals of the synthesized EDPPs, revealing an overall
good agreement with experimentally determined values (see SI
& Table 1). A comparison of the frontier orbitals of the syn-
thesized EDPP derivatives reveals no significant influence on
HOMO and LUMO energy levels, indicating that the electronic
properties are relatively robust to structural modifications
(Table 1).

The frontier orbital energies fluctuate only by 0.16 eV (for
LUMOs) and 0.32 eV (for HOMOs), which aligns with the
minor variance observed in the experimentally determined
optical properties (Table 1). As expected, only the unsymmetri-
cally nitrogen-bridged EDPP8S shows significant deviations,
with a further narrowed bandgap of 3.13 eV, consistent with
the red-shifted emission at 533 nm (Table 1).

Fig. 2 Normalized absorption (bold) emission (dashed). TA1 (yellow),
EDPP1 (purple) and A6EDPP1 (green). TA1 & A6EDPP1 measured in
DCM. EDPP1 measured in DMSO due to low solubility in DCM.
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While substitution within this class does not enable precise
tuning of frontier orbital levels, the robustness of the
π-extended core allows for peripheral modifications without
compromising the optoelectronic properties. This stability
facilitates tailoring of crystallization behaviour and molecular
packing to meet specific application requirements, offering
flexibility for customized material design.

To investigate the influence of π-extension, further calcu-
lations for the unsubstituted EDPP6 show that π-extension of
the dipyrrolopyrazine class reduces both the HOMO level to
−5.52 eV (compared to −5.37 eV for DPP4) and the LUMO level
to −2.12 eV (compared to −1.58 eV for DPP4) (Fig. 3 & Table 1).

This results in a narrower band gap of 3.40 eV (3.79 eV for
DPP4). The HOMO level is fully delocalized across the mole-
cule, while the LUMO level shows localized electron density at
the dipyrrolopyrazine core, extending to the naphthyl periph-
ery due to π-extension. Additionally, NICS and ACID calcu-
lations confirm the aromaticity of EDPP6, supporting electron
delocalization across the entire molecule, which is expected to
enhance charge transport properties (Fig. 3 & see SI for
NICS-values).

We further compared the redox potentials of the shorter
analogue DPP4 with the extended EDPP6, using their respect-
ive N-alkylated derivatives due to the poor solubility of the
parent compounds. The Differential pulse voltammetry (DPV)
measurements of the soluble N-alkylated derivative A6EDPP6,
like A6DPP4, revealed no observable reduction potential. The
oxidation potentials EOx,1 and EOx,2 of A6EDPP6 were slightly
elevated at 0.65 eV and 1.13 eV, respectively (A6DPP4: EOx,1 =
0.54 eV, EOx,2 = 1.08 eV). This increase in oxidation potentials,
attributed to the bridging of the dipyrrolopyrazine core,
suggests enhanced electronic stability and greater electron
delocalization (for structures and measurements see SI).

Table 1 Optical properties of the synthesized TAs, DPPBs, EDPPs, and AEDPPs. TAs, DPPBs, and AEDPPs (measured in DCM), and EDPPs (measured
in DMSO)

λmax,abs: wavelength of highest absorption maximum. λmax,em: wavelength of highest emission maximum. Eg(opt) was derived from λ0–0. QY: fluo-
rescence quantum yield measured via an integrating sphere (c = 0.01 mg ml−1; measured in DCM; measured in DMSO for EDPPs; λex = λmax,abs).
a The peak positions of hidden peaks in absorption band shoulders were determined via the 2nd derivation of the absorption spectra.
Calculations were performed using Orca 5.0.4.45 Level of theory for calculations: B3LYP-D3 46/def2-TZVP.47,48

Fig. 3 Comparison of the calculated ACID-plots for π-extension. Left:
DPP4,11 Right: EDPP6.45

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2026 Org. Chem. Front., 2026, 13, 3717–3727 | 3721

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
by

 M
ax

 P
la

nc
k 

In
st

itu
te

 f
or

 S
ol

id
 S

ta
te

 R
es

ea
rc

h 
on

 6
/1

6/
20

26
 2

:4
6:

20
 P

M
. 

View Article Online

https://doi.org/10.1039/d6qo00350h


Crystal structures & transport parameters

As a representative of a N-unsubstituted derivative, the single-
crystal X-ray structure of EDPP10 was obtained from single-crys-
tals grown via vapor diffusion from a THF/pentane mixture. The
molecular packing reveals a cofacial π–π stacking arrangement,
which is expected to facilitate efficient charge transport. The π–π
stacking distance is measured at 3.543–3.566 Å, with no hydrogen
bonding interactions observed (Fig. 4).

A slight torsion of 3–5° is present in the naphthyl units relative
to the central dipyrrolopyrazine core, resulting in a deviation from
complete planarity. Additionally, the molecules exhibit a lateral
displacement, causing π–π interactions to occur predominantly
between the naphthyl units rather than the core. Based on the
obtained single-crystal structures, reorganization energies and
charge transport properties were evaluated. Furthermore, trans-
port parameters were also computed for all structurally character-
ized derivatives, including A12EDPP1, which was crystallized from
chloroform and yielded two distinct crystal polymorphs (see SI).

Among the investigated compounds, EDPP10 exhibits the
lowest reorganization energy (201 meV), leading to enhanced
hole transport properties. Additionally, the transfer integral of
36.2 meV is by far the largest due to a perfect orbital overlap
for the stacked naphthyl units.

Consequently, EDPP10 demonstrates the highest theoretical
hole mobility of 2.37 × 10−2 cm2 V−1 s−1, making it the most
promising candidate for transistor applications.49

In contrast, the N-alkylated variants show significantly
lower transport performance, with a higher reorganization
energy of 228 meV and a markedly reduced transfer integral of
only 9.15 meV, resulting in theoretical hole mobilities as low
as 1.08 × 10−3 cm2 V−1 s−1. A key structural difference contri-
buting to this decline is the relative molecular displacement in
A12EDPP1, where the LUMO maximum of one molecule aligns
with a LUMO nodal plane of its neighbour, potentially disrupt-
ing charge delocalization.

The pronounced sensitivity of transport parameters to even
slight modifications in substitution patterns highlights the
potential of modular tuning strategies for optimizing charge
transport properties.

Device fabrication
Methods

To investigate the material properties of the synthesized
EDPPs, their crystallization behavior was studied on various
surfaces. The low solubility of N-unsubstituted EDPPs hin-
dered film formation via drop- or zone-casting, resulting exclu-
sively in amorphous films (see SI). However, their high
thermal stability allowed the formation of uniform thin layers
via vacuum sublimation (see SI). For a direct comparison with
our previous work on indolocarbazoles,17 we selected the fully
unsubstituted EDPP6, as previous studies demonstrated that a
low degree of substitution led to optimal charge transport,
with values reaching up to 1.00 cm2 V−1 s−1 in the analogous
indolocarbazole system.17 Despite achieving uniform depo-
sition, no measurable field-effect was observed for EDPP6,
likely due to the exceptionally small crystallite sizes (see SI)
and correspondingly high density of grain boundaries and
potentially poor orbital overlap, both impeding charge
transport.

Due to these problems, we also attempted to integrate
N-alkylated derivatives into thin-film devices. The alkylated
AEDPP variants exhibited significantly enhanced solubility,
enabling the deposition via drop-casting and zone-casting (see
SI). However, while all tested alkylated derivatives formed
larger crystallites when deposited via these methods, large con-
tinuous films suitable for field-effect transistor could only be
deposited for derivatives with aryl-substituents (Fig. 5).
Notably, both A12EDPP1 and A6EDPP1 successfully formed
polycrystalline layers, despite A6EDPP1 having remained
uncharacterized by crystal-structure analysis due to the
difficulties of growing single-crystals of it.

While A12EDPP1 did not exhibit a measurable field effect,
presumably due to poor orbital overlap, A6EDPP1 on the other
hand displayed a detectable field effect. Given its high crystalli-
nity and promising preliminary results, A6EDPP1 was selected
for in-depth charge-carrier mobility and photophysical studies.

Characterization of thin film optical properties and transistors

Zone-casting enables controlled and aligned thin film for-
mation by directional spreading of a solution with a fixed
molecular concentration over a substrate.50,51 Zone-casting
A6EDPP1 yielded a polycrystalline film with crystalline areas of
the same-crystal growth direction mostly larger than 1 mm2

with preferential orientation of the transition dipole moment
of the transitions observed in absorption and photo-
luminescence along the zone-casting direction (see SI).
Comparing the optical properties of A6EDPP1 in the zone-cast
thin film and in solution (Fig. 6), a small redshift of ∼10 nm
and a change of the relative intensities of the absorption
bands as well as the emission bands is visible. The more
drastic differences can be observed for the PL, where in con-
trast to the solution spectrum, the relative band intensities are
mirroring the relative absorption band intensities of the lowest
energy transitions. An additional new broad band at ∼600 nm
appeared in the PL of the zone-cast film. Its broad featureless

Fig. 4 Crystal packing motif with co-planar alignment for EDPP10.
Hydrogen atoms omitted for clarity. CDCC 2536997.53
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shape and the far redshift compared to the other PL bands
indicate that it might be the emission of an excimer species.
The changed relative intensities of absorption and emission
bands and the emergence of a potential excimer band are all
signs of intermolecular excitonic coupling and as such indi-
cations of close molecular stacking. Bottom-gate/top-contact
transistors based on zone-cast A6EDPP1 films and gold
contact electrodes were build (SI). To reduce gate leakage cur-
rents, the semiconductor A6EDPP1 layer was mechanically
removed around the transistor structures.

While the threshold voltages of the transistors exhibited
bias-stress instability, they were stable enough after the initial
measurement of each transistor to yield reproducible results.
The transistor measurements were performed in air in the
dark. Fig. 6 shows the transfer characteristics and the charge-
carrier mobility as a function of gate-source voltage of an
exemplary transistor measured in the saturation regime with a
charge-carrier mobility of 0.01 cm2 V−1 s−1. For all measured
devices, the charge-carrier mobilities were extracted from the
mobility plateaus observed at higher gate voltages (∼45–50 V).
Portions of the transistor channel where the zone-cast
A6EDPP1 film did not establish continuity between the source
and drain electrodes due to cracks or discontinuities were
excluded from the nominal channel width for mobility value
calculations. The effective-width corrected mobility of the
p-type OFETs in the saturation region only reached values
between 0.002 and 0.012 cm2 V−1 s−1 (see SI). Threshold vol-
tages varied similarly strong between different transistors of

the same film from −25 V to −62 V. We attribute both vari-
ations to varying numbers of cracks and discontinuities in the
A6EDPP1 film giving rise to different trap densities. As a
strong absorber in the blue spectral range and as a sole p-type
semiconductor, the performance of the A6EDPP1 based tran-
sistors were expected to be relatively sensitive to light. Hence,
we also investigated the photoelectric response of the
A6EDPP1 OFET under illumination. When the transistor was
exposed to flashlight, a shift of the threshold voltage toward
more positive values was observed (see SI). This behavior is
characteristic of trapped negative charges and is often used for
photodetectors based on organic semiconductors.52 Upon
absorbing a photon, the molecule forms an exciton, which dis-
sociates into a hole and an electron under an applied voltage.
Due to the low/non-measurable electron mobility of the
A6EDPP1 film, this leads to electron accumulation. This
accumulation results in a change of the electric field in the

Fig. 6 Top: Normalized absorption (solid lines) and PL (dotted lines)
spectra of A6EDPP1 as zone-cast film and in DCM solution; Bottom:
representative transfer characteristics (red) of bottom-gate/top-contact
FETs based on zone-cast A6EDPP1 film in the saturation regime (VD =
−50 V) and calculated gate voltage dependent hole mobilities (black).

Fig. 5 Chemical structures of A6EDPP6 and A6EDPP1 and cross-polar-
ized optical microscope images of their zone-casted films (scale bar
250 µm; white cross indicates relative position of polarizers) demon-
strating the importance of the additional phenyl-group for continuous
crystal formation via zone-casting.
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semiconductor film which is effectively the same as more posi-
tive gate voltages during the measurements. To summarize,
while the low mobility of A6EPP1 excludes its use as a material
for high-performance OFETs, A6EDPP1 and the material class
in general might still be useful materials for optoelectronic
devices such as photodetectors in the blue spectral range.

Influence of isosteric CH/N exchange

The comparative analysis of ICZ and EDPP materials reveals
distinct advantages and limitations inherent to each class,
rooted in their structural and electronic properties.

ICZ derivatives exhibit significantly higher charge-carrier
mobilities in organic thin-film transistors, with values up to
1.0 cm2 V−1 s−1, compared to the 1.2 × 10−2 cm2 V−1 s−1

achieved by alkylated EDPPs. This superior performance can
be attributed to the lower reorganization energies of ICZ and
improved orbital overlap, which facilitate more efficient charge
transport (Table 2). In contrast, EDPP materials suffer from
increased reorganization energies due to the isosteric
exchange, which adversely impact charge transport. Despite
their lower mobilities, EDPPs exhibit several unique strengths
that make them particularly attractive for multifunctional
applications. A key advantage is their solid-state fluorescence,
which enables integration into optoelectronic devices.
Moreover, EDPP derivatives demonstrate exceptional oxidation
stability, as reflected in their higher oxidation potentials.
Unlike ICZ, which is prone to oxidation into quinones under
ambient conditions, EDPP maintains its structural integrity,
allowing for sustained transistor performance even after weeks
of operation. This robustness positions EDPP as a promising
candidate for durable electronic applications where environ-
mental stability is critical.

Both ICZ and EDPP materials exhibit reduction potentials that
are not accessible via CV or DPV measurements, indicating com-
parable electronic behavior under reductive conditions.

Conclusion

In this study, we demonstrated the versatility and robustness
of π-extended dipyrrolopyrazines EDPPs as multifunctional
materials for optoelectronic applications. Our convergent syn-
thetic strategy, leveraging gold-catalyzed cyclization, enabled
the creation of a diverse range of EDPP derivatives with tailor-
able optical, electronic, and structural properties. The robust-
ness of these materials was evident in their exceptional oxi-
dation resistance, and consistent optoelectronic performance.
Notably, the combination of solid-state fluorescence and
charge-transport properties positions EDPPs as promising can-
didates for applications in organic field-effect transistors and
optoelectronic devices. This work underscores the potential of
gold-catalyzed modular methodologies in advancing multi-
functional materials for next-generation technologies. Besides
their application in organic electronics, the notable photoche-
mical activity of the presented compounds suggests their
potential as photosensitizers in organic transformations for
future research.
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Abbreviations

ACID Anisotropy of induced current density
ADPP Alkylated dipyrrolopyrazine
AEDPP Alkylated extended dipyrrolopyrazine
CV Cyclic voltammetry
DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DPB Dipyrrolobenzenes
DPV Differential pulse voltammetry
DPP Dipyrrolopyrazine
DPPB Boc-protected dipyrrolopyrazine
EDPP Extended dipyrrolopyrazine
HOMO Highest occupied molecular orbital
ICZ Indolocarbazole
LUMO Lowest unoccupied molecular orbital
NICS Nucleus-independent chemical shift
PL Photoluminescence
PLQY Photoluminescence quantum yield
TA Tetrayne

Data availability

The authors declare that all the data used for this manuscript
can be found in its supplementary information (SI).
Supplementary information: general experimental infor-
mation, optimization studies, detailed experimental pro-
cedures, compound characterization data, computational
investigation, calculated mobilities, device fabrication by

Table 2 Comparison of key properties between ICZ and EDPP
derivatives

Properties ICZc EDPP

Solid-state fluorescence ✗ ✓
Oxidation stability ✗ ✓
Fabrication method Vacuum sublimation Zone-casting
EOx1 [meV] 11.0–333 639–666
Reduction potentials [meV] N.A. N.A.
λReorg [meV] 84.0–116 201–228
Eopt [eV] 2.82–3.06 2.55–2.82
QY [%] 15–58 11–46
µcalc

a [cm2 V−1 s−1] —b Up to 10−2

µexp [cm
2 V−1 s−1] Up to 1.0 Up to 1.2 × 10−2

a Calculations were performed using Orca 5.0.4.45 Level of theory for
calculations: B3LYP-D346/def2-TZVP.47,48 bNot calculated. cData
obtained from former publication.17
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vacuum sublimation, drop-casting and zone-casting, UV/Vis,
DPV and NMR spectra of new compounds. See DOI: https://
doi.org/10.1039/d6qo00350h.

CCDC 2536996 (TA1), 2536997 (EDPP10), 2536998
(EDPP8S), and 2536999 (A12EDPP1) contain the supplemen-
tary crystallographic data for this paper.53a–d

Acknowledgements

The authors acknowledge support by the State of Baden-
Württemberg through bwHPC and the German Research
Foundation (DFG) through grant no INST 40/467-1 FUGG
(JUSTUS cluster). The authors are grateful for funding by the
DFG (SFB 1249 N-Heteropolyzyklen als Funktionsmaterialien).

References

1 P. Meti and Y.-D. Gong, 2,6-Di(thiophenyl)-1,5-dihydrodi-
pyrrolopyrazine (DT-DPP) structural isomers as donor–
acceptor–donor molecules and their optoelectronic investi-
gation, RSC Adv., 2017, 7, 39228–39236.

2 P. Meti and Y.-D. Gong, Unveiling the photophysical and
morphological properties of an acidochromic thiophene
flanked dipyrrolopyrazine-based chromophore for opto-
electronic application, RSC Adv., 2018, 8, 2004–2014.

3 P. Meti, E.-S. Lee, J.-W. Yang and Y.-D. Gong, Regioselective
synthesis of dipyrrolopyrazine (DPP) derivatives via, metal
free and metal catalyzed amination and investigation of
their optical and thermal properties, RSC Adv., 2017, 7,
18120–18131.

4 P. Meti, G. Nagaraju, J.-W. Yang, S. H. Jung and Y.-D. Gong,
Synthesis of dipyrrolopyrazine-based sensitizers with a new
π-bridge end-capped donor–acceptor framework for DSSCs:
a combined experimental and theoretical investigation,
New J. Chem., 2019, 43, 3017–3025.

5 P. Meti, J.-W. Yang and Y.-D. Gong, Self-assembled organic
microfibers and nanofibers of 2,6-diphenyl dihydrodipyrro-
lopyrazine (DP-DPP) derivatives for optoelectronic appli-
cations, Tetrahedron, 2017, 73, 5268–5279.

6 P. Meti, J.-W. Yang and Y.-D. Gong, Structure property
relationships of tunable donor-acceptor functionalized
dipyrrolopyrazine derivative as selective reversible acid
base sensor, Dyes Pigm., 2018, 156, 233–242.

7 F. Kreuzer, E. Mena-Osteritz and P. Bäuerle, Functional
Dithienopyrazines: Structure–Property Relationships,
Eur. J. Org. Chem., 2023, e202300358.

8 F. Kreuzer, A. Aubele, E. Mena-Osteritz and P. Bäuerle,
Synthesis and Reactivity of Dithienopyrazines, Eur. J. Org.
Chem., 2023, e202300023.

9 C. Hüßler, M. C. Dietl, J. Kahle, E. F. Lopes, M. Kawamura,
P. Krämer, F. Rominger, M. Rudolph, I. Hachiya and
A. S. K. Hashmi, Synthesis and structural properties of
para-diselenopyrazines, Chem. Commun., 2024, 60, 3786–
3789.

10 C. Hüßler, J. Kahle, M. C. Dietl, P. Krämer, F. Rominger,
M. Rudolph and A. S. K. Hashmi, Facile two-step synthesis
of para-dithienopyrazines, Org. Chem. Front., 2023, 10,
3726–3731.

11 J. Kahle, A. V. Mackenroth, C. Hüßler, P. D. Römgens,
P. Schimanski, P. Krämer, M. Brückner, T. Oeser,
F. Rominger, M. Rudolph and A. S. K. Hashmi, Modular
synthetic strategies for dipyrrolopyrazines, Org. Chem.
Front., 2024, 11, 2996–3003.

12 R. Heckershoff, T. Schnitzer, T. Diederich, L. Eberle,
P. Krämer, F. Rominger, M. Rudolph and A. S. K. Hashmi,
Efficient Synthesis of Dipyrrolobenzenes and
Dipyrrolopyrazines via, Bidirectional Gold Catalysis: a
Combined Synthetic and Photophysical Study, J. Am. Chem.
Soc., 2022, 144, 8306–8316.

13 C. Hüßler, M. C. Dietl, M. Scherr, E. Butigan,
R. Heckershoff, E. F. Lopes, J. Kahle, P. Krämer,
F. Rominger, M. Rudolph and A. S. K. Hashmi,
Benzobischalcogeno[3,2-c]quinolines: tuning electronic
and structural properties with group 16 elements, Org.
Chem. Front., 2025, 12, 1099–1107.

14 C. L. Anderson, T. Zhang, M. Qi, Z. Chen, C. Yang,
S. J. Teat, N. S. Settineri, E. A. Dailing, A. Garzón-Ruiz,
A. Navarro, Y. Lv and Y. Liu, Exceptional Electron-Rich
Heteroaromatic Pentacycle for Ultralow Band Gap
Conjugated Polymers and Photothermal Therapy, J. Am.
Chem. Soc., 2023, 145, 5474–5485.

15 K. S. Park, S. M. Salunkhe, I. Lim, C.-G. Cho, S.-H. Han and
M. M. Sung, High-performance air-stable single-crystal
organic nanowires based on a new indolocarbazole deriva-
tive for field-effect transistors, Adv. Mater., 2013, 25, 3351–
3356.

16 J. Bintinger, S. Yang, P. Fruhmann, B. Holzer, B. Stöger,
A. Svirkova, M. Marchetti-Deschmann, E. Horkel,
C. Hametner, J. Fröhlich, I. Kymissis and H. Mikula,
Synthesis, characterization and printing application of alkyl-
ated indolo[3,2-b]carbazoles, Synth. Met., 2017, 228, 9–17.

17 C. M. Hendrich, L. M. Bongartz, M. T. Hoffmann,
U. Zschieschang, J. W. Borchert, D. Sauter, P. Krämer,
F. Rominger, F. F. Mulks, M. Rudolph, A. Dreuw, H. Klauk
and A. S. K. Hashmi, Gold Catalysis Meets Materials
Science – A New Approach to π–Extended Indolocarbazoles,
Adv. Synth. Catal., 2021, 363, 549–557.

18 J. Li, X. Sun, E. Dmitrieva, N. Israel, F. Wu, L. Yang, R. Liu,
X. Feng and B. Plietker, Tosylazide as N1-Synthon: Iron-
Catalyzed Nitrogenative Dimerization of Indoles to
p-Bisindolopyrazine Derivatives, Org. Lett., 2024, 26, 1046–1050.

19 C. M. Hendrich, K. Sekine, T. Koshikawa, K. Tanaka and
A. S. K. Hashmi, Homogeneous and Heterogeneous Gold
Catalysis for Materials Science, Chem. Rev., 2021, 121,
9113–9163.

20 J. Li, X. Zhai, C.-L. Ji, W. Li and J. Xie, Dinuclear-gold-cata-
lyzed cyclization of 1,7-enynes with alkyl bromides, Chem.
Commun., 2023, 59, 7943–7946.

21 W. Wang, M. Ding, C.-G. Zhao, S. Chen, C. Zhu, J. Han,
W. Li and J. Xie, Unlocking Migratory Insertion in Gold

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2026 Org. Chem. Front., 2026, 13, 3717–3727 | 3725

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
by

 M
ax

 P
la

nc
k 

In
st

itu
te

 f
or

 S
ol

id
 S

ta
te

 R
es

ea
rc

h 
on

 6
/1

6/
20

26
 2

:4
6:

20
 P

M
. 

View Article Online

https://doi.org/10.1039/d6qo00350h
https://doi.org/10.1039/d6qo00350h
https://doi.org/10.1039/d6qo00350h
https://doi.org/10.1039/d6qo00350h


Redox Catalysis, Angew. Chem., Int. Ed., 2023, 62,
e202304019.

22 M. Zhao, B. Zhang and Q. Miao, Revisiting Indolo[3,2-b]car-
bazole: Synthesis, Structures, Properties, and Applications,
Angew. Chem., Int. Ed., 2020, 59, 9678–9683.

23 M. Vlasselaer and W. Dehaen, Synthesis of Linearly Fused
Benzodipyrrole Based Organic Materials, Molecules, 2016,
21, 785.

24 T. Janosik, N. Wahlström and J. Bergman, Recent progress
in the chemistry and applications of indolocarbazoles,
Tetrahedron, 2008, 64, 9159–9180.

25 H. Shi, J. Dai, X. Wu, L. Shi, J. Yuan, L. Fang, Y. Miao,
X. Du, H. Wang and C. Dong, A novel dimesitylboron-sub-
stituted indolo[3,2-b]carbazole derivative: Synthesis,
electrochemical, photoluminescent and electroluminescent
properties, Org. Electron., 2013, 14, 868–874.

26 C. Hüßler, M. C. Dietl, M. Scherr, I. E. Blaum,
H. Stuntebeck, L. Trogemann, S. Schmidt, J. Kahle,
P. Krämer, F. Rominger, M. Rudolph and A. S. K. Hashmi,
Gold-Catalyzed Access to Pyrrolo- and (Aryl)Indolo-Fused
Phenazines, Chem. – Eur. J., 2025, 31, e202404184.

27 K. Hirano, Y. Inaba, N. Takahashi, M. Shimano, S. Oishi,
N. Fujii and H. Ohno, Direct synthesis of fused indoles by
gold-catalyzed cascade cyclization of diynes, J. Org. Chem.,
2011, 76, 1212–1227.

28 V. Brosius, S. Weigold, N. Hippchen, F. Rominger,
J. Freudenberg and U. H. F. Bunz, Diindenopyrazines:
Electron-Deficient Arenes, Chem. – Eur. J., 2021, 27, 10001–
10005.

29 Z.-Y. Wang, Y.-Z. Dai, L. Ding, B.-W. Dong, S.-D. Jiang,
J.-Y. Wang and J. Pei, A Stable Triplet-Ground-State
Conjugated Diradical Based on a Diindenopyrazine
Skeleton, Angew. Chem., Int. Ed., 2021, 60, 4594–4598.

30 C. P. Yu, S. Kumagai, T. Kushida, M. Mitani, C. Mitsui,
H. Ishii, J. Takeya and T. Okamoto, Mixed-Orbital Charge
Transport in N-Shaped Benzene- and Pyrazine-Fused
Organic Semiconductors, J. Am. Chem. Soc., 2022, 144,
11159–11167.

31 Z. Liang, Q. Tang, R. Mao, D. Liu, J. Xu and Q. Miao, The
position of nitrogen in N-heteropentacenes matters, Adv.
Mater., 2011, 23, 5514–5518.

32 U. H. F. Bunz, J. U. Engelhart, B. D. Lindner and
M. Schaffroth, Large N-heteroacenes: new tricks for very old
dogs?, Angew. Chem., Int. Ed., 2013, 52, 3810–3821.

33 U. H. F. Bunz and J. Freudenberg, N-Heteroacenes and
N-Heteroarenes as N-Nanocarbon Segments, Acc. Chem.
Res., 2019, 52, 1575–1587.

34 C. Wang, H. Dong, W. Hu, Y. Liu and D. Zhu,
Semiconducting π-conjugated systems in field-effect tran-
sistors: a material odyssey of organic electronics, Chem.
Rev., 2012, 112, 2208–2267.

35 Y. Zhao, Y. Guo and Y. Liu, 25th anniversary article: recent
advances in n-type and ambipolar organic field-effect tran-
sistors, Adv. Mater., 2013, 25, 5372–5391.

36 A. S. K. Hashmi and G. J. Hutchings, Gold catalysis, Angew.
Chem., Int. Ed., 2006, 45, 7896–7936.

37 A. S. K. Hashmi, Gold-catalyzed organic reactions, Chem.
Rev., 2007, 107, 3180–3211.

38 X. Zhang, Y. Zhou, H. Wang, D. Guo, D. Ye, Y. Xu, H. Jiang
and H. Liu, Silver-catalyzed intramolecular hydroamination
of alkynes in aqueous media: efficient and regioselective
synthesis for fused benzimidazoles, Green Chem., 2011, 13,
397–405.

39 F. Pohlki and S. Doye, The catalytic hydroamination of
alkynes, Chem. Soc. Rev., 2003, 32, 104–114.

40 L. Qiu, X. Zhuang, N. Zhao, X. Wang, Z. An, Z. Lan and
X. Wan, Benzo[f ]benzo[5,6]indolo[3,2-b]indole: a stable
unsubstituted 4nπ-electron acene with an antiaromatic 1,4-
diazapentalene core, Chem. Commun., 2014, 50, 3324–3327.

41 K. Hanida, J. Kim, N. Fukui, Y. Tsutsui, S. Seki, D. Kim and
H. Shinokubo, Antiaromatic 1,5-Diaza-s-indacenes, Angew.
Chem., Int. Ed., 2021, 60, 20765–20770.

42 R. Gu, K. Robeyns, L. van Meervelt, S. Toppet and
W. Dehaen, Facile synthesis of novel indolo[3,2-b]carbazole
derivatives and a chromogenic-sensing 5,12-dihydroindolo
[3,2-b]carbazole, Org. Biomol. Chem., 2008, 6, 2484–
2487.

43 P. V. James, P. K. Sudeep, C. H. Suresh and K. G. Thomas,
Photophysical and theoretical investigations of oligo(p-phe-
nyleneethynylene)s: effect of alkoxy substitution and
alkyne-aryl bond rotations, J. Phys. Chem. A, 2006, 110,
4329–4337.

44 N. Li, K. Jia, S. Wang and A. Xia, Theoretical study of spec-
troscopic properties of dimethoxy-p-phenylene-ethynylene
oligomers: planarization of the conjugated backbone,
J. Phys. Chem. A, 2007, 111, 9393–9398.

45 F. Neese, Software update: The ORCA program system—

Version 5.0, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2022,
12, e1606.

46 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, A consistent
and accurate ab initio parametrization of density func-
tional dispersion correction (DFT-D) for the 94 elements
H-Pu, J. Chem. Phys., 2010, 132, 154104.

47 F. Weigend and R. Ahlrichs, Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy,
Phys. Chem. Chem. Phys., 2005, 7, 3297–3305.

48 F. Weigend, Accurate Coulomb-fitting basis sets for H to
Rn, Phys. Chem. Chem. Phys., 2006, 8, 1057–1065.

49 S. Maier, R. Heckershoff, N. Hippchen, K. Brödner,
F. Rominger, J. Freudenberg, A. S. K. Hashmi and
U. H. F. Bunz, Substituted Cyclopentannulated
Tetraazapentacenes, Chem. – Eur. J., 2022, 28, e202201842.

50 K. P. Goetz, K. Sekine, F. Paulus, Y. Zhong, D. Roth,
D. Becker-Koch, Y. J. Hofstetter, E. Michel, L. Reichert,
F. Rominger, M. Rudolph, S. Huettner, Y. Vaynzof,
E. M. Herzig, A. S. K. Hashmi and J. Zaumseil, The effect of
side-chain length on the microstructure and processing
window of zone-cast naphthalene-based bispentalenes,
J. Mater. Chem. C, 2019, 7, 13493–13501.

51 N. J. Herrmann, N. von Coelln, R. M. Teichgreber,
S. Höfener, C. Huck, F. Ghalami, S. Settele, M. Hertzog,

Research Article Organic Chemistry Frontiers

3726 | Org. Chem. Front., 2026, 13, 3717–3727 This journal is © the Partner Organisations 2026

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
by

 M
ax

 P
la

nc
k 

In
st

itu
te

 f
or

 S
ol

id
 S

ta
te

 R
es

ea
rc

h 
on

 6
/1

6/
20

26
 2

:4
6:

20
 P

M
. 

View Article Online

https://doi.org/10.1039/d6qo00350h


M. Elstner, P. Tegeder, E. M. Herzig and J. Zaumseil,
Optical and electronic properties of different thin-film
polymorphs of PDIF-CN 2 controlled by zone-casting con-
ditions, J. Mater. Chem. C, 2023, 11, 10185–10197.

52 X. Huang, D. Ji, H. Fuchs, W. Hu and T. Li, Recent Progress
in Organic Phototransistors: Semiconductor Materials,
Device Structures and Optoelectronic Applications,
ChemPhotoChem, 2020, 4, 9–38.

53 (a) CCDC 2536996: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2r4ylg;
(b) CCDC 2536997: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2r4ymh;
(c) CCDC 2536998: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2r4ynj;
(d) CCDC 2536999: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2r4ypk.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2026 Org. Chem. Front., 2026, 13, 3717–3727 | 3727

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
by

 M
ax

 P
la

nc
k 

In
st

itu
te

 f
or

 S
ol

id
 S

ta
te

 R
es

ea
rc

h 
on

 6
/1

6/
20

26
 2

:4
6:

20
 P

M
. 

View Article Online

https://doi.org/10.5517/ccdc.csd.cc2r4ylg
https://doi.org/10.5517/ccdc.csd.cc2r4ymh
https://doi.org/10.5517/ccdc.csd.cc2r4ynj
https://doi.org/10.5517/ccdc.csd.cc2r4ypk
https://doi.org/10.1039/d6qo00350h


 

 

1 
 

Supporting Information 

 

𝝅-Extended Dipyrrolopyrazines as Multifunctional Materials 

Justin Kahle,a Niklas J. Herrmann,‡,b Martin C. Dietl,‡,a Patrick D. Römgens,‡,a Kim J. Warth,a 

Christopher Hüßler,a Alexandra V. Mackenroth,a Fabian Baier,a Ute Zschieschang,c Petra 

Krämer,a Frank Rominger,a Matthias Rudolph,a Hagen Klauk,c Jana Zaumseilb and A. Stephen 

K. Hashmi*,a 

 

[a] Organisch-Chemisches Institut (OCI), Heidelberg University, Im Neuenheimer Feld 270, 

69120 Heidelberg, Germany. E-Mail: hashmi@hashmi.de 

[b] Institute for Physical Chemistry, Heidelberg University, Im Neuenheimer Feld 253, 69120 

Heidelberg, Germany. E-Mail: zaumseil@pci.uni-heidelberg.de 

[c] Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany. 

E-Mail: h.klauk@fkf.mpg.de 

[‡] These authors contributed equally to this work. 

 

Table of Contents 

General Information ............................................................................................................... 2 

General Procedures .............................................................................................................. 4 

Screenings, Optimizations & Precursor Routes ..................................................................... 6 

Synthesis of Compounds ......................................................................................................13 

NMR Spectra ........................................................................................................................64 

Crystallographic Data ......................................................................................................... 115 

UV/Vis & Fluorescence Spectra ......................................................................................... 120 

Computational Investigation ............................................................................................... 123 

Calculated Mobilities .......................................................................................................... 164 

Device Fabrication by Vacuum Sublimation ........................................................................ 165 

SEM-Measurements ........................................................................................................... 167 

Drop-Casting Experiments ................................................................................................. 168 

Device Fabrication by Zone-Casting ................................................................................... 169 

References ......................................................................................................................... 177 

 

Supplementary Information (SI) for Organic Chemistry Frontiers.
This journal is © the Partner Organisations 2026

mailto:hashmi@hashmi.de
mailto:h.klauk@fkf.mpg.de


 

 

2 
 

General Information 

Chemicals were purchased from commercial suppliers and used without further purification or 

synthesized by members of the Hashmi group using known literature procedures. Solvents 

were bought from commercial suppliers (abcr, Acros, Alfa Aesar, BLDPharm, Carbolution, 

Chempur, Fluka, Merck, Sigma Aldrich and TCI) and used without further purification. Dry 

solvents were dispensed from a Braun MB SPS-800 solvent purification system and used 

directly. Deuterated solvent for NMR spectroscopy were bought from Eurisotop and Sigma 

Aldrich. Reactions excluding oxygen and moisture were performed using standard air-free 

techniques under an atmosphere of dry nitrogen with a rotary oil pump. 

 

Melting points (m.p.) were measured in open glass capillaries on a Stuart SMP10 melting 

point apparatus and are uncorrected. 

 

Rf-values were determined by analytical thin layer chromatography (TLC) on aluminium 

sheets coated with silica gel produced by Macherey-Nagel (ALUGRAM® Xtra SIL G/25 

UV254). Detection is accomplished using UV-light (254 and 365 nm). 

 

Nuclear magnetic resonance spectroscopy (NMR) was performed at the department of 

organic chemistry under supervision of Dr. J. Graf. If not stated otherwise, all spectra were 

recorded at room temperature. As measuring devices, the BRUKER AVANCE DRX-300, 

BRUKER AVANCE III 400, BRUKER AVANCE III 500, BRUKER AVANCE III 600 and Bruker 

Avance Neo 700 were used. Spectra were internally referenced to residual deuterated solvent 

according to Fulmer et al.1 Chemical shifts are given in ppm and coupling constants are given 

in Hz. 

 

In 1H-NMR spectra the following abbreviations are used to describe the observed multiplicities: 

“s” (singlet), “d” (doublet), “t” (triplet), “q” (quartet), “qui” (quintet), “m” (multiplet), “dd” (doublet 

of a doublet). 13C-NMR spectra are proton decoupled and were interpreted with the help of 

DEPT- and/or 2D-spectra. The following abbreviations are used to describe the observed 

carbon multiplicities: “s” quaternary carbon, “d” CH carbon “t” CH2 carbon and “q” CH3 carbon. 

All spectra were analyzed using MestReNova 14.2. 
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Mass spectrometry (MS) and high-resolution mass spectrometry (HR/MS) were recorded 

at the mass spectrometry facility of the department of organic chemistry under supervision of 

Dr. J. Gross on the following spectrometers JEOL AccuTOF GCx (EI), Bruker ApexQe hybrid 

9.4 T FT-ICR (ESI, MALDI, DART), Finnigan LCQ (ESI), Bruker AutoFlex Speed (MALDI) and 

Bruker timsTOFfleX (ESI, MALDI). 

 

For flash column chromatography silica gel (Sigma-Aldrich, pore size 60 Å, 70-230 mesh, 

63-200 µm) was used as stationary phase. As eluents different mixtures of petroleum ether 

(PE), ethyl acetate (EA) or dichloromethane (DCM) were used. 

 

Infrared spectroscopy (IR) was performed using a FT-IR Bruker LUMOS with a Germanium 

ATR-crystal. The most significant bands are reported in wavenumbers (cm-1) and solvent or 

matrix are mentioned in brackets. 

 

Ultraviolet/Vis (UV/VIS) absorption spectra were measured on a JASCO V-670 spectrometer. 

 

Fluorescence (F) spectra were recorded on a JASCO FP-6500 spectrofluorometer. Φ =s (QY) 

were recorded on a Jasco FP-8600 fluorescence spectrometer equipped with a ILF-835 100 

mm dia. integrating sphere. 

 

X-ray crystallography was carried out at the chemistry department of Heidelberg University 

under the supervision of Dr. F. Rominger on the following instruments: Bruker Smart APEX II 

Quazar (with Momicrosource) and Stoe Stradivari (with Co-microsource and Pilatus detector). 

The structures were processed with Mercury 4.3.0.3. 

 

TGA/DSC were conducted with the Mettler Toledo TGA/DSC1 STARe System in 40-μl Al 

crucibles for the temperature range 30 – 400 °C. 

 

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) analyses were 

conducted using an Autolab PGSTAT101 potentiostat from METROHM AG or a Princeton 

Applied Research VersaSTAT 3. The setup included a platinum-tip working electrode, a 

platinum-titanium counter electrode, and a silver reference electrode. These measurements 

were carried out at room temperature in a single-compartment cell. Dichloromethane served 

as the solvent with nitrogen used for purging. Tetrabutylammonium hexafluorophosphate at a 

concentration of 0.1 M was the electrolyte, and ferrocene acted as the internal standard. DPV 

parameters included a step size of 0.005 V, modulation amplitude of 0.025 V, modulation time 

of 0.05 s, interval time of 0.5 s, measuring from negative to positive potential.  
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General Procedures 

GP1: Sonogashira cross coupling 

A flame dried Schlenk flask was evacuated and backfilled with nitrogen three times. The aryl 

halide (1.00 eq.) was dissolved in a degassed solution of THF/Et3N (1:1), and 1-10 mol% of 

PdCl2(PPh3)2 was added. The mixture was stirred at room temperature for 5 minutes before 

adding 1.10-3.00 equivalents of the corresponding alkyne and 1-4 mol% of CuI. Stirring 

continued at the given temperature for the required duration until full conversion. The progress 

was monitored via TLC. After completion, solvents were evaporated under reduced pressure, 

and the residue was absorbed onto Silica. The crude product was then purified by flash column 

chromatography. 

 

GP2: Corey-Fuchs reaction 

In a baked-out Schlenk flask, 2.00 equivalents of carbon tetrabromide was added to a solution 

of 4.00 equivalents of triphenylphosphine in anhydrous DCM at 0 °C. The resulting mixture 

was stirred at 0 °C for 30 min until completely dissolved. In another flame dried Schlenk flask, 

1.00 equivalent of aldehyde was dissolved in anhydrous DCM. This solution was then 

transferred to the first Schlenk flask via a Teflon cannula. The combined reaction mixture was 

stirred at 0 °C for 30 minutes and then at room temperature for an additional 3 h. The reaction 

was quenched with a saturated solution of NaHCO3. The resulting phases were separated, 

and the aqueous layer was extracted with DCM. The combined organic layers were dried with 

MgSO4, and the solvent was removed under reduced pressure. The crude product was then 

purified via flash-column chromatography. 

 

GP3: Fritsch-Buttenberg-Wiechell-rearrangement 

In a baked-out Schlenk flask 1.00 equivalent of dibromovinyl was dissolved in anhydrous THF 

and cooled to 0 °C. To this cold solution, 3.00 equivalents of MeMgBr were added dropwise. 

The mixture was stirred for 10 min at 0 °C, then allowed to warm to room temperature and 

stirred for an additional 2 hours. The reaction was quenched with a cold, saturated NH4Cl 

solution. The layers were separated, and the aqueous phase was extracted with DCM. The 

combined organic phases were dried over MgSO4. The solvent was removed under reduced 

pressure, and the crude product was purified by filtration over a short silica gel plug. 
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GP4: Seyferth‐Gilbert homologation with the Bestmann‐Ohira reagent 

In a flame-dried Schlenk flask, 1.00 equivalent of the aldehyde was dissolved in anhydrous 

MeOH/DCM (1:1) under nitrogen atmosphere. Subsequently, 2.00-3.00 equivalents of either 

Cs2CO3 were added, followed by 1.20-2.00 equivalents of the Bestmann-Ohira reagent. Once 

full conversion was confirmed by TLC, the reaction mixture was quenched with H2O and 

extracted with DCM. The organic layers were then combined and dried over MgSO4. The 

solvent was evaporated under reduced pressure, and the residue was absorbed onto Silica. 

The crude product was purified using flash column chromatography. 

 

GP5: Copper catalysis 

1.00 equivalent of tetraalkyne was cyclized with 20 mol% CuI in a 1:1 mixture of THF/Et3N 

mixture at 70 °C overnight. The progress was monitored via TLC. After completion, the solvents 

were removed under reduced pressure and the crude product was purified via flash-column 

chromatography. 

 

GP6: Gold catalysis 

The tetraalkyne or bisalkyne (1.00 eq.) was dissolved in DCE or o-DCB and 10 – 20 mol% of 

IPrAuNTf2 was added to the solution. Stirring continued at the given temperature for the 

required duration until full conversion. The progress was monitored via TLC. After completion, 

solvents were removed under reduced pressure. The crude product was centrifuged 3 – 5 

times with pentane and/or MeOH depending on the solubility of the product. 
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Screenings, Optimizations & Precursor Routes  

Precursor Routes 

Route Overview for DBC 

 

Scheme 1: Overview of three-step route for di-tert-butyl (3,6-dichloropyrazine-2,5-
diyl)dicarbamate.2  
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Route Overview for 1,5-diynes 

 

 

Scheme 2: Overview of methods for bisalkynes 

Table 1: Methods and Yields for Synthesis of Bisalkynes.1-ethynyl-2-(oct-1-yn-1-yl)benzene 
(Entry 6., row 8) from stock. 2-(2,2-dibromovinyl)-4-fluoro-1-(phenylethynyl)benzene from stock 
(Entry 10., row 5). 2-(2,2-dibromovinyl)-4-methoxy-1-(phenylethynyl)benzene from stock (Entry 
11., row 5). Combined Overall Yield for Entry 13. includes Buchwald-Hartwig coupling of 4-chloro-
2-((trimethylsilyl)ethynyl)benzaldehyde with hexylboronic acid (95%)  to TMS-2-BA. All yields 
constitute isolated yields. 

Entry Starting 

Material 

Alkyne for GP1 GP1 

Yield 

(%) 

GP2 

Yield 

(%) 

GP3 

Yield 

(%) 

GP4 

Yield 

(%) 

Overall 

Yield 

(%) 

1 2-BBA ethynylbenzene 90 68 92 - 56 

2 2-BBA 1-ethynyl-4-

methoxybenzene 

92  81 67 - 58 

3 2-BBA 1-ethynyl-4-

(trifluoromethyl)benze

ne 

64 - - 75 48 

4 2-BBA 3-ethynylthiophene 89 - - 81 72 

5 2-BBA ethynyltrimethylsilane 91 78 97 - 69 

6 2-BBA oct-1-yne - - - - stock 

7 2-BBA 3,3-dimethylbut-1-yne 98 - - 51 50 

8 2-BBA 3-methylbut-1-yne 91  84 70 76 54 / 69 

9 2-BBA ethynylcyclopentane 73  71 46 - 24 

10 F-2-BBA ethynylbenzene - stock 87 - - 

11 M-2-BBA ethynylbenzene - stock 86 - - 

12 Cl-2-

BBA 

ethynyltrimethylsilane 85 - - - - 

13 TMS-2-

BBA 

- - 78 92 - 58* 
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Gold-Catalysis for TAs 

 

Scheme 3: Cyclization Optimization of TA1 to EEDPP1 with IPrAuNTf2. 

Table 2: Optimization Screening for Au-catalyzed Cascade Cyclization with in-situ Boc-
deprotection. All reactions have been carried out in 14 µmol scale.  All yields constitute isolated 
yields after GP6 purification protocol. 

Entry Substrate Catalyst Solvent T [°C] time Conc. Yield 

1 TA 5 mol% IPrAuNTf2 DCE 60 1 d 0.014 M 21% 

2 TA1 5 mol% IPrAuNTf2 DCE 60 2 d 0.014 M 40% 

3 TA1 10 mol% IPrAuNTf2 DCE 60 2 d 0.014 M 46% 

4 TA1 10 mol% IPrAuNTf2 DCE 60 2 d 0.028 M 35% 

5 TA1 20 mol% 

IPrAuNTf2 

DCE 60 2 d 0.014 M 91% 

6 TA1 20 mol% IPrAuNTf2 DCE 60 2 d 0.028 M 87% 

 

 

Figure 1: Example picture of purification by centrifugation of Scale-up experiment for 
EDPP1:(100 mg, 140 µmol, 1 eq., TA1) with (24 mg, 28 µmol, 20 mol%, IPrAuNTf2) at 60 °C in 

DCE for 2 d yielded (59 mg, 116 µmol, 83%) of EDPP1. 
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Cylization for terminal TAs 

 

Scheme 4: Cyclization for terminal Bisalkynes with IPrAuNTf2. 

Table 3: Optimization Screening for Au-catalyzed Cyclization with in-situ Boc-deprotection for 
terminal alkynes. All reactions have been carried out in 14 µmol scale (concentration: 0.014 M). 
All yields constitute isolated yields after GP6 purification protocol.  

Entry Substrate Catalyst Solvent T [°C] time Yield 

1 TA5 20 mol% IPrAuNTf2 DCE 60 2 d - 

2 TA5 20 mol% IPrAuNTf2 DCE 90 2 d - 

3 TA6 20 mol% IPrAuNTf2 DCE 60 2 d Trace 

4 TA6 20 mol% IPrAuNTf2 DCE 90 2 d Trace 

5 TA6 20 mol% IPrAuNTf2 o-DCB 130 1 d < 5% 

6 TA5 20 mol% IPrAuNTf2 o-DCB 160 1 d 34% 

7 TA6 20 mol% IPrAuNTf2 o-DCB 160 6 h 69% 

8 TA12 20 mol% IPrAuNTf2 DCE 60 2 d Trace 

9 TA13 20 mol% IPrAuNTf2 DCE 60 2 d Trace 

10 TA12 20 mol% IPrAuNTf2 o-DCB 160 1 d 30% 

11 TA13 20 mol% IPrAuNTf2 o-DCB 160 6 h 61% 
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tButyl-Shift 

 

Figure 2: Stacked NMRs (500 MHz, THF) of Table 4, entry 9, entry 10 & starting material LHTA8. 
Crystal-structures of EDPP8S obtained from reaction mixture at 130 °C (CCDC: 2536998). 

  

EDPP8 

LHTA8 

EDPP8S 
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Table 4: Experiments for tButyl-Shift. All reactions have been carried out in 14 µmol scale. All 
yields constitute isolated yields after GP6 purification protocol.  

Entry Substrate Catalyst Solvent T [°C] time Conc. Yield 

1 TA8 20 mol% 

IPrAuNTf2 

DCE 60 2 d 0.015 

M 

Trace 

2 TA8 10 mol% 

IPrAuNTf2 

DCE 60 3 d 0.015 

M 

Trace 

3 DPPB8 5 mol% IPrAuNTf2 DCE 60 1 d 0.015 

M 

DPP8 Trace 

4 DPPB8 5 mol% IPrAuNTf2 DCE 60 4 d 0.015 

M 

DPP8 15% 

5 DPPB8 20 mol% 

IPrAuNTf2 

DCE 60 2 d 0.015 

M 

DPP8 22% 

6 DPPB8 40 mol% 

IPrAuNTf2 

DCE 60 4 d 0.015 

M 

DPP8 71% 

7 DPPB8 100 mol% 

IPrAuNTf2 

DCE 60 1 d 0.015 

M 

Decomp. 

8 DPP8 20 mol% 

IPrAuNTf2 

o-DCB 130 1 d 0.021 

M 

Mixture with 

EDPP8S 

9 DPP8 20 mol% 

IPrAuNTf2 

o-DCB 160  5 h 0.021 

M 

58% EDPP8 
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Oxidation  

 

Table 5: Oxidation experiments with EDPP1. All reactions have been carried out in 14 µmol scale. 
All yields constitute isolated yields after aqueous work up and filtration. 

Entry Oxidation 

agent 

Eq. LM Temp. 

[°C] 

time [h] Conv. 

1 PbO2 15.0 EtOAc 70 48 h None 

2 DDQ 2.50 Toluol 100 24 h None 

3 tBuLi 2.20 THF 0 - RT 6 h None 

4 tBuLi/DDQ 3.90/2.50 THF 0 - RT 2 h + 20 h None 
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Synthesis of Compounds 

Catalysts & Building Blocks 

IPrAuCl 

 

 

 

 

According to Grela et al., [AuCl(DMS)] (1.00 g, 2.36 mmol, 1.00 eq.), IPrHCl (746 mg, 

2.59 mmol, 1.10 eq.) and K2CO3 (488 mg, 3.54 mmol, 1.50 eq.) were suspended in 75 mL 

acetone and stirred at rt overnight. The solvent was evaporated in vacuo and then absorbed 

onto Celite®. After purification via flash column chromatography (DCM) 80% of a colorless 

solid were obtained (1.17 g, 1.89 mmol). 

1H NMR (301 MHz, CD2Cl2) δ 7.56 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 7.8 Hz, 4H), 7.23 (s, 2H), 

2.56 (d, J = 6.5 Hz, 4H), 1.33 (d, J = 6.9 Hz, 12H), 1.22 (d, J = 6.9 Hz, 12H). 

The spectroscopic data correspond to those previously reported in the literature.3 

 

IPrAuNTf2 

 

 

 

 

According to Grela et al., [IPrAuCl] (1.00 g, 1.61 mmol, 1.00 eq.) was dissolved in 20 mL DCM 

at rt in the absence of light. Then 1.05 eq. of AgNTf2 (656 µmol, 1.05 eq.) were added and the 

mixture was stirred under ultra-sonification for 15 min. The excess AgCl was removed via a 

short filtration over Celite ® to yield 1.21 g of the catalyst (1.40 mmol, 87%). 

1H NMR (301 MHz, CDCl3) δ 7.54 (t, J = 7.8 Hz, 2H), 7.36 – 7.25 (m, 6H), 2.47 (hept., J = 6.8 

Hz, 4H), 1.31 (d, J = 6.9 Hz, 12H), 1.23 (d, J = 6.9 Hz, 12H) 

19F NMR (283 MHz, CDCl3) δ -75.99 (s, 6F). 

The spectroscopic data correspond to those previously reported in the literature.3 
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5-Bromo-3,6-dichloropyrazine 2-amine 

 

5-Bromo-3-chloropyrazine 2-amine (10.1 g, 48.7 mmol, 1.00 eq.) was dissolved in dry 

methanol (300 mL). NCS (7.21 g, 54.0 mmol, 1.10 eq.) was added to the mixture and the 

reaction was stirred at 50 °C for 24 h. The mixture was cooled to room temperature and distilled 

water (200 mL) was added, the precipitate was filtered off and washed with distilled water 

(300 mL) and petrol ether (150 mL). The product was dried under vacuum. The product was 

obtained as an off-white solid (10.2 g, 41.8 mmol, 86 %). 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 5.12 (s, 2H). 

Analytics confirm to previously reported data.2  

Tert-butyl (5-bromo-3,6-dichloropyrazin-2-yl)carbamate 

 

In a round-bottom flask, 1.00 equivalent of 5-bromo-3,6-dichloropyrazin-2-amine (8.00 g, 

32.9 mmol) was dissolved in a mixture of THF/Et3N (200 mL/40 mL). To this solution were 

added 3.5 equivalents of Boc2O (25.2 g, 115 mmol) and 0.10 equivalents of 4-DMAP (402 mg, 

3.29 mmol). The resulting reaction mixture was stirred at rt overnight. After completion of the 

reaction, the solvent was removed in vacuo. The crude product was washed with water and 

the aqueous layer was extracted with ethyl acetate and then purified via flash-column 

chromatography (PE/DCM 50:1) to yield 96% of tert-butyl (5-bromo-3,6-dichloropyrazin-2-

yl)carbamate (10.85 g, 31.6 mmol) 

Rf (DCM) = 0.78 

1H NMR (500 MHz, CDCl3) δ [ppm] = 1.43 (s, 9H).  

Analytics confirm to previously reported data.2 
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Di-tert-butyl (3,6-dichloropyrazine-2,5-diyl) dicarbamate (DBC) 

 

Tert-butyl (5-bromo-3,6-dichloropyrazin-2-yl)carbamate (3.00 g, 8.75 mmol, 1.00 eq) was 

dissolved in dry, degassed toluene (36 mL) under nitrogen atmosphere. Then tert-butyl 

carbamate (1.74 g, 14.8 mmol, 1.70 eq.), KOtBu (2.06 g, 18.4 mmol, 2.10 eq.), Pd(OAc)2 

(117 mg, 524 µmol, 6 mol-%) and Xantphos (404 mg, 699 µmol, 8 mol-%) were added and the 

mixture was stirred for 48 h at 60 °C under a N2-atmosphere. The mixture was filtered over 

silica gel and the filter washed with EA and DCM. The solvent of the filtrate was removed under 

vacuum, the crude product was adsorbed onto silica gel and purified using flash column 

chromatography (SIO2, PE/EA 10:1). The solvent was removed under reduced pressure and 

the tert-butyl carbamate remaining in the product was sublimated off (50 °C, 10-2 mbar). The 

product was obtained as an off-white solid (1.86 g, 4.90 mmol, 56 %). 

Rf (PE/EA 5:1) = 0.40 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 7.11 (s, 2H), 1.53 (s, 18H). 

Analytics confirm to previously reported data.2 

Hexylboronic acid 

 

According to Prati et al.4: In a 250 mL baked-out Schlenk flask, 1.00 equivalent of trimethyl 

borate (4.00 g, 4.29 mL, 38.5 mmol) was dissolved in 25 mL of dry Et2O and cooled to -78 °C. 

To this solution, 1.00 eq. of hexylmagnesium bromide (2 M solution in THF, 19.3 mL, 38.5 

mmol) was added dropwise, followed by an additional 20 mL of THF. The reaction mixture was 

stirred for 1 hour at -78 °C, then allowed to warm to room temperature and stirred overnight. 

The reaction was diluted with 30 mL of Et2O and neutralized with 30 mL of a 10% H2SO4, 

stirring at room temperature for 2 hours until the colourless precipitate dissolved. The layers 

were separated, and the aqueous phase was extracted with Et2O. The combined organic 

phases were washed with water and brine, then dried over MgSO4. After removing the solvent 

under reduced pressure, the product was obtained as a colourless, highly viscous oil (2.28 g, 

17.5 mmol, 46% yield). 

No further analytics were carried out. 



 

 

16 
 

Synthesis of Aldehydes 

2-(Phenylethynyl)benzaldehyde 

 

According to GP1: A mixture of 80 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyd (5.00 g, 3.16 mL, 27.0 mmol, 1.00 eq), PdCl2(PPh3)2 

(189 mg, 270 µmol, 0.01 eq) and phenylacetylene (3.59 g, 3.86 mL, 35.1 mmol, 1.30 eq) were 

subsequently added. After stirring for 5 min, CuI (51.5 mg, 270 µmol, 0.01 eq) was added last. 

After stirring for 24 h at 50 °C, the reaction was treated according to GP1. Purification via flash-

column chromatography (PE/EA 30:1) obtained 5.02 g (24.3 mmol, 90%) of a beige solid. 

Rf: (PE/EA 5:1) = 0.66. 

1H NMR (300 MHz, CDCl3) δ 10.66 (d, J = 0.8 Hz, 1H), 7.96 (ddd, J = 7.8, 1.5, 0.6 Hz, 1H), 

7.80 – 7.54 (m, 4H), 7.46 (dddd, J = 7.9, 7.2, 1.5, 0.8 Hz, 1H), 7.41 – 7.37 (m, 4H). 

Analytics confirm to previously reported data.5 
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2-((4-methoxyphenyl)ethynyl)benzaldehyde 

 

According to GP1: A mixture of 80 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyd (3.00 g, 1.89 mL, 16.2 mmol, 1.00 eq), PdCl2(PPh3)2 

(114 mg, 162 µmol, 0.01 eq) and 1-ethynyl-4-methoxybenzene (2.79 g, 2.73 mL, 21.1 mmol, 

1.30 eq) were subsequently added. After stirring for 5 min, CuI (30.8 mg, 162 µmol, 0.01 eq) 

was added last. After stirring for 24 h at 50 °C, the reaction was treated according to GP1. 

Purification via flash-column chromatography (PE/EA 50:1) obtained 3.52 g (14.9 mmol, 92%) 

of a yellow liquid. 

Rf: (PE/EA 5:1) = 0.59. 

1H NMR (301 MHz, CDCl3) δ 10.65 s, 1H), 7.94 (dd, J = 7.9 Hz, 1H), 7.65 – 7.56 (m, 2H), 7.51 

(d, J = 8.9 Hz, 2H), 7.42 (dddd, J = 7.8, 7.0, 1.6, 0.8 Hz, 1H), 7.03 – 6.84 (m, 2H), 3.84 (s, 3H).  

Analytics confirm to previously reported data.6 

2-((4-(trifluoromethyl)phenyl)ethynyl)benzaldehyde 

 

According to GP1: A mixture of 80 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyd (2.00 g, 1.27 mL, 10.8 mmol, 1.00 eq), PdCl2(PPh3)2 

(227 mg, 324 µmol, 0.03 eq) and 1-ethynyl-4-(trifluormethyl)benzene (2.21 g, 2.12 mL, 13.0 

mmol, 1.20 eq) were subsequently added. After stirring for 5 min, CuI (61.8 mg, 324 µmol, 0.03 

eq) was added last. After stirring for 24 h at 50 °C, the reaction was treated according to GP1. 

Purification via flash-column chromatography (PE/EA 50:1) obtained 1.90 g (6.92 mmol, 64%) 

of a yellow solid. 

Rf: (PE/EA 5:1) = 0.55. 

1H-NMR (300 MHz, CDCl3) δ 10.63 (s, 1H), 7.97 (d, J = 7.8 Hz, 1H), 7.64 (dd, J = 13.6, 1.9 Hz, 

6H), 7.50 (d, J = 7.4 Hz, 1H). 

Analytics confirm to previously reported data.6 
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2-(thiophen-3-ylethynyl)benzaldehyde 

 

According to GP1: A mixture of 80 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyd (2.00 g, 1.27 mL, 10.8 mmol, 1.00 eq), PdCl2(PPh3)2 

(227 mg, 324 µmol, 0.03 eq) and 3-ethynylthiophene (1.40 g, 1.28 mL, 13.0 mmol, 1.20 eq) 

were subsequently added. After stirring for 5 min, CuI (61.8 mg, 324 µmol, 0.03 eq) was added 

last. After stirring for 24 h at 50 °C, the reaction was treated according to GP1. Purification via 

flash-column chromatography (PE/EA 50:1) obtained 2.05 g (9.66 mmol, 89%) of a yellow 

liquid. 

Rf: (PE/EA 5:1) = 0.60. 

1H-NMR (300 MHz, CDCl3) δ 10.65 (s, 1H), 7.97 (dd, J = 7.9, 1.3 Hz, 1H), 7.62 (pd, J = 7.6, 

1.5 Hz, 3H), 7.47 (t, J = 7.7 Hz, 1H), 7.37 (dd, J = 5.0, 3.0 Hz, 1H), 7.30 – 7.20 (m, 1H). 

Analytics confirm to previously reported data.6 

 

2-((Trimethylsilyl)ethynyl)benzaldehyde 

 

According to GP1: A mixture of 80 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyd (5.00 g, 3.16 mL, 27.0 mmol, 1.0 eq), PdCl2(PPh3)2 (189 

mg, 270 µmol, 0.01 eq) and trimethylsilylacetylene (3.45 g, 5.00 mL, 35.1 mmol, 1.3 eq) were 

subsequently added. After stirring for 5 min, CuI (51.5 mg, 270 µmol, 0.01 eq) was added last. 

After stirring for 24 h at room temperature, the reaction was treated according to GP1. 

Purification via flash-column chromatography (PE/EA 50:1 -> 30:1) obtained 4.98 g (24.6 

mmol, 91%) of a yellow solid. 

Rf: (PE/EA 30:1) = 0.59. 

1H NMR (301 MHz, CDCl3) δ 10.56 (d, J = 0.9 Hz, 1H), 7.91 (ddd, J = 7.7, 1.3, 0.7 Hz, 1H), 

7.64 – 7.49 (m, 2H), 7.43 (dddd, J = 7.6, 6.7, 2.0, 0.9 Hz, 1H), 0.28 (s, 9H).  

Analytics confirm to previously reported data.7 
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2-(3,3-Dimethylbut-1-yn-1-yl)benzaldehyde 

 

According to GP1: A mixture of 60 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyde (3.00 g, 1.88 mL, 16.2 mmol, 1.0 eq), PdCl2(PPh3)2 

(114 mg, 162 µmol, 0.01 eq), and 3,3-dimethylbut-1-yne (1.73 g, 1.89 mL, 21.1 mmol, 1.3 eq) 

were subsequently added. After stirring for 5 min, CuI (30.9 mg, 162 µmol, 0.01 eq) was added 

last. After stirring for 24 h at 40 °C, the reaction was treated according to GP1. Purification via 

flash-column chromatography (PE/EA 20:1) obtained 2.96 g (15.9 mmol, 98%) of a yellow oil. 

Rf: (PE/EA 20:1) = 0.50. 

1H-NMR (301 MHz, CDCl3) δ 10.54 (d, J = 0.9 Hz, 1H), 7.93 – 7.83 (m, 1H), 7.57 – 7.44 (m, 

2H), 7.37 (dddd, J = 7.8, 6.2, 2.4, 0.9 Hz, 1H), 1.35 (s, 10H). 

Analytics confirm to previously reported data.8 

2-(3-Methylbut-1-yn-1-yl)benzaldehyde 

 

According to GP1: A mixture of 80 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyd (5.00 g, 3.16 mL, 27.0 mmol, 1.0 eq), PdCl2(PPh3)2 (189 

mg, 270 µmol, 0.01 eq) and 3-Methylbut-1-yne (4.37 g, 35.1 mL, 35.1 mmol, 1.3 eq) were 

subsequently added. After stirring for 5 min, CuI (51.5 mg, 270 µmol, 0.01 eq) was added last. 

After stirring for 24 h at room temperature, the reaction was treated according to GP1. 

Purification via flash-column chromatography (PE/EA 50:1) obtained 4.24 g (24.6 mmol, 91%) 

of a yellow oil. 

Rf: (PE/EA 10:1) = 0.56 

1H-NMR (301 MHz, CDCl3) δ 10.54 (d, J = 0.8 Hz, 1H), 7.88 (dt, J = 7.8, 0.9 Hz, 1H), 7.58 – 

7.42 (m, 2H), 7.37 (m, 1H), 2.85 (hept, J = 6.9 Hz, 1H), 1.30 (d, J = 6.9 Hz, 7H). 

Analytics confirm to previously reported data.9 
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2-(Cyclopentylethynyl)benzaldehyde  

 

According to GP1: A mixture of 60 mL THF/Et3N (1:1) was degassed in a baked-out Schlenk 

flask for 20 min. 2-bromobenzaldehyde (2.40 g, 12.9 mmol, 1.00 eq), PdCl2(PPh3)2 (455 mg, 

649 µmol, 0.05 eq), and ethynylcyclopentane (90wt%, 1.76 g, 16.9 mmol, 1.30 eq) were 

subsequently added. After stirring for 5 min, CuI (49.4 mg, 259 µmol, 0.02 eq) was added last. 

After stirring for 24 h at room temperature, the reaction was treated according to GP1. 

Purification via flash-column chromatography (PE/EA = 50:1 -> 30:1) obtained 1.88 g (9.47 

mmol, 73%) of a beige solid. 

Rf: (PE/EA 100:1) = 0.20 

1H-NMR (301 MHz, CDCl3) δ 10.53 (s, 1H), 7.88 (dd, J = 7.8, 1.1 Hz, 1H), 7.69 – 7.41 (m, 2H), 

7.43 – 7.30 (m, 1H), 2.90 (p, J = 7.1 Hz, 1H), 2.22 – 1.91 (m, 2H), 1.90 – 1.55 (m, 6H).  

Analytics confirm to previously reported data.9 

4-Chloro-2-((trimethylsilyl)ethynyl)benzaldehyde 

 

 

According to GP1: A mixture of 60 mL of solvent was degassed in a baked-out Schlenk flask 

for 20 minutes. 2-Bromo-4-chlorobenzaldehyde (2.00 g, 9.11 mmol, 1.00 eq), PdCl2(PPh3)2 

(255 mg, 364 µmol, 0.01 eq), and trimethylsilylacetylene (1.03 g, 1.49 mL, 10.5 mmol, 1.15 eq) 

were subsequently added. After stirring for 5 minutes, CuI (26.0 mg, 137 µmol, 0.01 eq) was 

added last. After stirring for 24 hours at room temperature, the reaction was treated according 

to GP1. Purification via flash-column chromatography (PE/EA 100:1 -> 50:1) yielded 1.82 g 

(7.68 mmol, 85%) of a yellow oil. 

Rf:(PE/EA 5:1) = 0.79. 

1H-NMR (301 MHz, CDCl3) δ 10.48 (d, J = 0.8 Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.56 (d, J = 

2.0 Hz, 1H), 7.40 (ddd, J = 8.4, 2.0, 0.8 Hz, 1H), 0.28 (s, 9H).  

Analytics confirm to previously reported data.9 
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4-Hexyl-2-((trimethylsilyl)ethynyl)benzaldehyde 

 

According to Dichtel et al.10: 1.00 eq 4-chloro-2-((trimethylsilyl)ethynyl)benzaldehyde (887 g, 

3.75 mmol), 1.50 eq of frozen hexylboronic acid (973 g, 7.49 mmol), 1.50 eq K2CO3 (776 mg, 

5.62 mmol), 0.05 eq Pd(OAc)2 (42.0 mg, 187 µmol) and 0.1 eq SPhos (154 mg, 374 µmol) 

were dissolved in a degassed mixture of toluene/water (10:1). The mixture was stirred over 

night at 100 °C and quenched with 50 mL of a 2 M HCl solution. The product was extracted 

with DCM and the combined organic layers were dried over MgSO4. The solvent was 

evaporated under reduced pressure and the crude product was purified by flash-column 

chromatography (silica gel, PE/EA = 50:1). A yellow oil was obtained (901 mg, 3.14 mmol, 

95%). 

Rf:(PE/EA 20:1) = 0.35. 

1H-NMR (301 MHz, CDCl3) δ 10.50 (d, J = 0.9 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.57 – 7.32 

(m, 1H), 7.24 – 7.07 (m, 2H), 2.73 – 2.55 (m, 2H), 1.62 (t, J = 7.5 Hz, 2H), 1.43 – 1.24 (m, 8H), 

1.06 – 0.72 (m, 3H), 0.28 (s, 9H).  

Analytics confirm to previously reported data.9 
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Synthesis of Dibromovinyls  

1-(2,2-dibromovinyl)-2-(phenylethynyl)benzene 

 

According to GP2: Carbon tetrabromide (10.6 g, 32.1 mmol, 2.00 eq.) was added to a solution 

of 4.00 equivalents of triphenylphosphine (16.8 g, 64.2 mmol) in 80 mL of anhydrous DCM at 

0 °C. 1.00 equivalent of 2-(phenylethynyl)benzaldehyde (4.60 g, 16.1 mmol) in 30 mL of 

anhydrous DCM was then transferred to the first Schlenk flask via a Teflon cannula. The 

mixture was treated according to GP2. The crude product was then purified via flash-column 

chromatography (PE/EA = 100:1) to afford 4.83 g (10.9 mmol, 68%) of a brownish oil. 

Rf:(PE) = 0.45. 

1H NMR (300 MHz, CDCl3) δ 7.87 (d, J = 0.7 Hz, 1H), 7.81 – 7.74 (m, 1H), 7.61 – 7.50 (m, 3H), 

7.44 – 7.31 (m, 5H). 

Analytics confirm to previously reported data.11 

 

1-(2,2-dibromovinyl)-2-((4-methoxyphenyl)ethynyl)benzene 

 

According to GP2: Carbon tetrabromide (8.42 g, 25.4 mmol, 2.00 eq.) was added to a solution 

of 4.00 equivalents of triphenylphosphine (13.3 g, 50.8 mmol) in 70 mL of anhydrous DCM at 

0 °C. 1.00 equivalent of 2-((4-methoxyphenyl)ethynyl)benzaldehyde (3.00 g, 12.7 mmol) in 

25 mL of anhydrous DCM was then transferred to the first Schlenk flask via a Teflon cannula. 

The mixture was treated according to GP2. The crude product was then purified via flash-

column chromatography (PE/EA = 100:1) to afford 4.03 g (10.3 mmol, 81%) of a yellow/orange 

solid. 

Rf: (PE) = 0.19. 

1H NMR (301 MHz, CDCl3) δ 7.87 (d, J = 0.7 Hz, 1H), 7.80 – 7.72 (m, 1H), 7.50 (m, 3H), 7.38 

– 7.29 (m, 2H), 6.91 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H). 

Analytics confirm to previously reported data.12 
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((2-(2,2-dibromovinyl)phenyl)ethynyl)trimethylsilane 

 

According to GP2: Carbon tetrabromide (11.2 g, 33.9 mmol, 2.00 eq.) was added to a solution 

of 4.00 equivalents of triphenylphosphine (17.8 g, 67.7 mmol) in 100 mL of anhydrous DCM at 

0 °C. 1.00 equivalent of 2-((trimethylsilyl)ethynyl)benzaldehyde (4.00 g, 16.9 mmol) in 40 mL 

of anhydrous DCM was then transferred to the first Schlenk flask via a Teflon cannula. The 

mixture was treated according to GP2. The crude product was then purified via flash-column 

chromatography (PE) to afford 5.18 g (13.2 mmol, 78%) of a dark orange oil. 

Rf: (PE) = 0.55.9 

The product was used directly without further characterization. 

1-(cyclopentylethynyl)-2-(2,2-dibromovinyl)benzene 

 

According to GP2: Carbon tetrabromide (5.02 g, 15.1 mmol, 2.00 eq.) was added to a solution 

of 4.00 equivalents of triphenylphosphine (7.94 g, 30.3 mmol) in 60 mL of anhydrous DCM at 

0 °C. 1.00 equivalent of 2-(cyclopentylethynyl)benzaldehyde (1.50 g, 7.57 mmol) in 20 mL of 

anhydrous DCM was then transferred to the first Schlenk flask via a Teflon cannula. The 

mixture was treated according to GP2. The crude product was then purified via flash-column 

chromatography (PE) to afford 2.25 g (6.36 mmol, 84%) of a dark orange oil. 

Rf: (PE/EA 10:1) = 0.71. 

1H NMR (301 MHz, CDCl3) δ 7.79 (s, 1H), 7.77 – 7.73 (m, 1H), 7.48 – 7.40 (m, 1H), 7.36 – 

7.24 (m, 2H), 2.92 (p, J = 7.3 Hz, 1H), 2.11 – 1.93 (m, 2H), 1.90 – 1.61 (m, 6H). 

Analytics confirm to previously reported data.9 
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((5-Hexyl-2-(2,2-dibromovinyl)phenyl)ethynyl)trimethylsilane 

 

According to GP2: Carbon tetrabromide (2.09 g, 6.29 mmol, 2.00 eq.) was added to a solution 

of triphenylphosphine (3.30 g, 12.6 mmol, 4.00 eq.) in 20 mL of anhydrous DCM at 0 °C. In a 

separate Schlenk flask, 4-Hexyl-2-((trimethylsilyl)ethynyl)benzaldehyde (901 mg, 3.14 mmol, 

1.00 eq.) was dissolved in 10 mL of anhydrous DCM and then transferred to the first Schlenk 

flask via a Teflon cannula. The mixture was treated according to GP2. The crude product was 

purified via flash-column chromatography (PE/EA = 200:1) to yield 1.08 g (2.44 mmol, 78%) of 

a colorless solid. 

Rf: (PE/EA 5:1) = 0.87 

1H-NMR (301 MHz, CDCl3) δ 7.77 (s, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.30 (d, J = 1.9 Hz, 1H), 

7.14 (dd, J = 8.0, 1.9 Hz, 1H), 1.58 (q, J = 6.8 Hz, 4H), 1.35 – 1.23 (m, 8H), 0.88 (q, J = 4.7, 

3.0 Hz, 4H), 0.28 (s, 9H). 

Analytics confirm to previously reported data.9 
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Synthesis of 1,5-diynes 

1-Ethynyl-2-(phenylethynyl)benzene 

 

According to GP3: 1.00 equivalent of 1-(2,2-dibromovinyl)-2-(phenylethynyl)benzene (4.50 g, 

12.4 mmol) was dissolved in 100 mL THF and cooled to 0 °C. To this cold solution, 3.00 

equivalents of MeMgBr (3 M in Et2O, 12.4 mL, 37.3 mmol) were added dropwise. The mixture 

was treated according to GP3. The crude product was purified by filtration over a short silica 

plug (PE -> PE/EA 20:1). The product was isolated as a brown oil (2.31 g, 11.4 mmol, 92%). 

Rf: (PE/EA 5:1) = 0.75. 

1H-NMR (301 MHz, CDCl3) δ 7.57 – 7.41 (m, 4H), 7.31 – 7.11 (m, 5H), 3.28 (s, 1H). 

Analytics confirm to previously reported data.13 

1-ethynyl-2-((4-methoxyphenyl)ethynyl)benzene 

 

According to GP3: 1.00 equivalent of 1-(2,2-dibromovinyl)-2-((4-

methoxyphenyl)ethynyl)benzene (3.00 g, 7.65 mmol) was dissolved in 80 mL THF and cooled 

to 0 °C. To this cold solution, 3.00 equivalents of MeMgBr (3 M in Et2O, 7.65 mL, 22.9 mmol) 

were added dropwise. The mixture was treated according to GP3. The crude product was 

purified by filtration over a short silica plug (PE -> PE/EA = 30:1). The product was isolated as 

an off-white solid (1.19 g, 5.13 mmol, 67%). 

Rf: (PE/EA 5:1) = 0.65. 

1H NMR (301 MHz, CDCl3) δ 7.51 (d, J = 8.9 Hz, 4H), 7.38 – 7.16 (m, 2H), 6.89 (d, J = 8.9 Hz, 

2H), 3.83 (s, 3H). 

Analytics confirm to previously reported data.13 
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1-ethynyl-2-((4-(trifluoromethyl)phenyl)ethynyl)benzene 

 

According to GP3: 1.00 equivalent of 1-(2,2-dibromovinyl)-2-((4-

methoxyphenyl)ethynyl)benzene (3.00 g, 7.65 mmol) was dissolved in 80 mL THF and cooled 

to 0 °C. To this cold solution, 3.00 equivalents of MeMgBr (3 M in Et2O, 7.65 mL, 22.9 mmol) 

were added dropwise. The mixture was treated according to GP3. The crude product was 

purified by filtration over a short silica plug (PE -> PE/EA = 30:1). The product was isolated as 

an off-white solid (1.19 g, 5.13 mmol, 67%). 

Rf: (PE/EA 5:1) = 0.70. 

1H-NMR (300 MHz, CDCl3) δ 7.64 (q, J = 8.3 Hz, 4H), 7.58 – 7.53 (m, 2H), 7.39 – 7.30 (m, 

2H), 3.37 (s, 1H). 

Analytics confirm to previously reported data.13 

3-((2-ethynylphenyl)ethynyl)thiophene 

 

According to GP4: 1.00 eq 2-(thiophen-3-ylethynyl)benzaldehyde (2.50 g, 12.1 mmol) was 

dissolved in 50 mL methanol. 2.00 eq potassium carbonate (1.30 g, 9.41 mmol) and later 

1.50 eq of the Bestmann-Ohira reagent (1.36 g, 7.05 mmol) were added. After stirring over 

night at room temperature, the reaction mixture was treated according to GP3 (silica gel, PE). 

A yellowish oil was obtained (1.19 g, 5.72 mmol, 81%). 

Rf: (PE/EA 10:1) = 0.69. 

1H-NMR (300 MHz, CDCl3) δ 7.68 – 7.39 (m, 3H), 7.36 – 6.98 (m, 4H), 3.30 (s, 1H).  

Analytics confirm to previously reported data.14 
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((2-Ethynylphenyl)ethynyl)trimethylsilane 

 

According to GP3: 1.00 equivalent of ((2-(2,2-dibromovinyl)phenyl)ethynyl)trimethylsilane 

(5.75 g, 16.0 mmol) was dissolved in 100 mL THF and cooled to 0 °C. To this cold solution, 

3.00 equivalents of MeMgBr (3 M in Et2O, 16.0 mL, 48.1 mmol) were added dropwise. The 

mixture was treated according to GP3. The crude product was filtered through a short silica 

plug (PE/EA = 20:1). The product was obtained as a brown oil (3.08 g, 15.5 mmol, 97%) 

Rf: (PE) = 0.50. 

1H-NMR (301 MHz, CDCl3) δ 7.61 – 7.44 (m, 2H), 7.34 – 7.18 (m, 2H), 3.31 (s, 1H), 0.27 (s, 

8H). 

Analytics confirm to previously reported data.15 

1-(3,3-Dimethylbut-1-yn-1-yl)-2-ethynylbenzene  

 

According to GP4: 2-(3,3-dimethylbut-1-yn-1-yl)benzaldehyd (2.89 g, 16.8 mmol, 1.00 eq.) was 

dissolved in 150 mL of anhydrous methanol. Then Cs2CO3 (16.7 g, 50.3 mmol, 3.30 eq.) and 

later Bestmann-Ohira reagent (2.90 g, 17.0 mmol, 0.90 eq.) were added. The mixture was 

stirred overnight at room temperature and then treated according to GP4 and purified via flash-

column chromatograph (PE). The product was obtained as a colorless oil (1.30 g, 7.73 mmol, 

51%). 

Rf: (PE) = 0.58. 

1H NMR (301 MHz, CDCl3) δ 7.47 (dd, J = 7.7, 1.6 Hz, 1H), 7.42 – 7.37 (m, 1H), 7.31 – 7.14 

(m, 2H), 3.26 (s, 1H), 1.35 (s, 9H). 

Analytics confirm to previously reported data.8 
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NICS-Values and ACID Plots 

 

Figure 108: Aromaticity Analysis via NICS and Electron Density Visualizations  for DPP4 (left) 
and EDPP6 (right).  
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Calculated Mobilities 

The reorganization energy λ is defined as follows:20 

𝜆 = 𝜆1 + 𝜆2 

𝜆1 = 𝐸(𝑀 −) − 𝐸(𝑀) 

𝜆2 = 𝐸(𝑀) − 𝐸(𝑀−) 

The reorganization energies and transfer integrals were used to calculate the electron transfer 

rate based on Marcus theory. The formula for the transfer rate is given as:20 

𝑘𝐸𝑇 =
4𝜋

ℎ

𝜈2

√4𝜋𝜆𝑘𝐵𝑇 
 𝑒

−
𝜆

𝑘𝐵𝑇
 
 

Subsequently, the theoretical mobility was calculated under the assumption of charge carrier 

diffusion in the crystal. The diffusion coefficient D was determined as follows:20 

𝐷 ≈
1

2𝑛
∑ 𝑟𝑖

2𝑘𝐸𝑇𝑖
𝑃𝑖 

𝑃𝑖 =
𝑘𝐸𝑇𝑖

∑ 𝑘𝐸𝑇𝑖𝑖
 

µ =
𝑒

𝑘𝐵𝑇
𝐷 

 

Figure 109: Molecular structures, packing arrangements, and charge transport parameters of 
EDPP10, A12EDPP1a, and A12EDPP1b.  
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Device Fabrication by Vacuum Sublimation 

 

Figure 110: Schematic cross-section of organic TFTs fabricated on silicon substrates. 

 

 

Figure 111: Schematic cross-section of organic TFTs fabricated on polyethylene naphthalate 
(PEN) substrates. 

 

Organic thin-film transistors (TFTs) were fabricated in the inverted staggered (bottom-gate, 

top-contact) architecture on two different types of substrate: (1) heavily doped silicon wafers, 

and (2) flexible polyethylene naphthalate (PEN) sheets with a thickness of 125 µm. 

For the TFTs on silicon, the substrate also serves as the gate electrode, and the gate dielectric 

is a combination of a 100-nm-thick film of silicon dioxide (grown by thermal oxidation in dry 

oxygen), an 8-nm-thick film of aluminum oxide (deposited by atomic layer deposition), and a 

self-assembled monolayer of 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-pentadeca-

fluorooctadecylphosphonic acid (provided by Matthias Schlörholz). The SAMs were formed by 

immersing the substrate into a dilute 2-propanol solution of the phosphonic acid, followed by 

rinsing with pure 2-propanol. These SiO2/Al2O3/SAM gate dielectrics have a total thickness of 

about 110 nm and a unit-area capacitance of about 34 nF/cm2. 

For the TFTs on PEN, aluminum gate electrodes with a thickness of 30 nm were deposited 

onto the PEN by thermal evaporation in vacuum and patterned using a shadow mask. The 

surface of the aluminum was then briefly exposed to oxygen plasma to form an aluminum-

oxide film with a thickness of about 7 nm, followed by the formation of a 

pentadecafluorooctadecylphosphonic acid SAM on the aluminum-oxide surface from solution, 

as described above. These AlOx/SAM gate dielectrics have a total thickness of about 9 nm and 

a unit-area capacitance of about 0.7 µF/cm2. 

 
Surface treatment (Al2O3/SAM) 

Au source Au drain 

Heavily doped silicon substrate 

Thermally grown SiO2 

Organic semiconductor 

 

Flexible PEN substrate 

Source Drain 

Al gate electrode 

AlOx/SAM gate dielectric Organic semiconductor 
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For both types of TFT, a 30-nm-thick film of the organic semiconductor was then deposited by 

thermal sublimation in vacuum (10-6 mbar). During the deposition of the organic 

semiconductor, the substrate was held at a temperature of 20 °C. Gold source and drain 

contacts were deposited onto the surface of the organic-semiconductor film by thermal 

evaporation in vacuum through a shadow mask. The TFTs have a channel length (L) of either 

20 or 100 µm and a channel width (W) of either 100 or 200 µm. The current-voltage 

characteristics of the TFTs were measured in ambient air at room temperature. 
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SEM-Measurements  

 

Figure 112: AFM images of the topography (left) and amplitude (right) of a 30 nm thick EDPP6 
film, deposited at a substrate temperature of 60 °C on a Si/SiO₂/Al₂O₃/F₁₅C₁₈H₂₂PO(OH)₂ SAM 
substrate (MPI-2873). The scale bar is 1.0 µm, with additional zoomed-in insets (scale: 200 nm 
left, 200 nm right). No field-effect was observed in this sample. 

 

Figure 113: AFM images of the topography (left) and amplitude (right) of a 30 nm thick EDPP6 
film, deposited at a substrate temperature of 60 °C on a Si/SiO₂/Al₂O₃/C₁₄H₂₉PO(OH)₂ SAM 
substrate (MPI-2874). The scale bar is 1.0 µm, with additional zoomed-in insets (scale: 200 nm 
left, 200 nm right). No field-effect was observed in this sample. 
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Drop-Casting Experiments 

 

Figure 114: SiO₂ wafers were cut, cleaned with Caro’s acid at 100 °C, and subsequently coated 
with an ethanolic Al(NO₃)₃ solution. This was followed by a heat treatment at 300 °C. The surface 
was then modified by immersion in a 15 mM SAM solution for 16 hours, allowing the formation of 
a self-assembled monolayer (SAM). For the application of EDPP1 and EDPP10, homogeneous 
solutions in THF were prepared by filtration through a syringe filter. A single drop of the respective 
solution was deposited onto the substrates and left  to evaporate either under ambient conditions 
or in a controlled chamber. EDPP10: a) C18-SAM, BF b) Aryl-SAM, C-Pol c) Aryl-SAM, BF; 
EDPP1: d) Aryl-SAM, C-Pol e) Aryl-SAM, BF f) C18-SAM, C-Pol. 

 

Figure 115: Aryl-SAM & C18-SAM. 
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Device Fabrication by Zone-Casting 

 

Figure 116: Schematic layout of investigated devices. 

 

Glass or p-doped Si/SiO₂ substrates (20 × 25 × 0.5 mm) were cleaned by ultrasonication for 

10 minutes in each of the following solvents: acetone, isopropanol, and deionized (DI) water. 

After cleaning, the substrates were dried under a flow of dry nitrogen. For spin-coating, a 4:1 

mixture of BCB-precursor and mesitylene was prepared and applied in a dry nitrogen 

atmosphere. The spin-coating process involved an initial rotation at 500 rpm for 6 seconds, 

followed by a high-speed rotation at 8000 rpm for 60 seconds. The coated substrates were 

then annealed at 300 °C for 2 minutes. Zone-casting of the active material was performed with 

varying casting speeds to achieve the desired thin-film properties. 

For the fabrication of field-effect transistors (FETs), gold electrodes were thermally evaporated 

onto the prepared substrates. The devices were thermally annealed at 80 °C for 2.5 days. 

Finally, the semiconductor films were manually patterned to minimize gate leakage currents, 

ensuring optimal device performance. 
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Characterization of Zone-Cast Thin Films 

Concentration: 2.8 mg/mL Cross-polarized image Fluorescence image 

   

Figure 117: Visualization of the zone casting results for A6EDPP6 at a concentration of 2.8 mg 
mL⁻¹ in toluene. Cross-polarized and fluorescence images are presented, with alignment along 
the casting direction. Zone casting parameters include a stage temperature of 80 °C, nozzle and 
solution temperatures of 60°C, and an optimized casting speed of 0.1 mm s⁻¹ 

 

Structural and optical properties of A6EDPP6 processed via zone casting. The cross-polarized 

image reveals aligned domains along the casting direction but lacks evidence of continuous 

crystal growth despite the higher concentration used. The fluorescence image indicates weak 

emission intensity. These findings suggest that the material is unsuitable for solution-grown 

OFETs fabricated by zone casting under the given conditions. 

 

Concentration: 0.5 mg/mL Cross-polarized image Fluorescence image 

   

Figure 118: Visualization of the zone casting results for A6EDPP1 at a concentration of 0.5 mg 
mL⁻¹ in toluene. Cross-polarized and fluorescence images are presented, highlighting the 
alignment along the casting direction. Zone casting parameters include a stage temperature of 
80°C, nozzle and solution temperatures of 60°C, and an optimized casting speed of 0.1 mm s⁻¹. 

 

Structural and optical properties of A6EDPP1 processed via zone casting. The cross-polarized 

image reveals good crystallinity (indicating suitability for solution-grown OFETs fabricated by 

zone casting under the given conditions) with a polycrystalline structure and only a weak 

preference for crystal growth along the casting direction. In addition, the fluorescence image 

indicates strong emission intensity. 
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Concentration: 0.5 mg/mL Cross-polarized image Fluorescence image 

 

  

Figure 119: Visualization of the zone casting results for A12EDPP1 at a concentration of 0.5 mg 
mL⁻¹ in toluene. Cross-polarized and fluorescence images are shown, highlighting alignment and 
optical properties along the casting direction. Zone casting parameters include a stage 
temperature of 80°C, nozzle and solution temperatures of 60°C, and an optimized casting speed 
of 0.1 mm s⁻¹. 

 

Structural and optical properties of A12EDPP1 processed via zone casting. The cross-

polarized image indicates clear birefringence with good crystallinity, although the material is 

polycrystalline. There is a medium preference for crystal growth along the casting direction. In 

addition, the fluorescence image shows strong emission intensity. However, transistor 

measurements using this film revealed no charge transport. 
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Figure 120: Polarized fluorescence microscopy images of A6EDPP1, showing polarization-
dependent photoluminescence (PL) intensity. Four images, each corresponding to a different 
polarization orientation (indicated by arrows). 
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