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Organic electronic device performance is increasingly recognized as an emergent property governed by molecular

organization. This review highlights how noncovalent interactions enable precise control over molecular packing and

nanoscale morphology in organic semiconductors. The key concept is the structure-function relationship, demonstrating

that supramolecular chemistry is a crucial factor in achieving programmable, multifunctional and highly efficient devices. As

design rules continue to mature and understanding of supramolecular order deepens, these strategies are poised to play a

central role in the development of next-generation organic electronic devices with enhanced efficiency, stability, and

functional richness.

Introduction

Electronic devices based on organic semiconductors (OSCs),> have
experienced exponential scientific and technological growth since
the invention of the organic light-emitting diode (OLED) in 1987.6
These materials are composed of molecules featuring m-electrons
delocalized along chains of conjugated double bonds or aromatic
rings. This electronic delocalization not only confers structural
stability but also significantly enhances their optical and electronic
properties, such as light absorption and electrical conductivity,
making m-functional systems key components in a wide range of
technological applications.” & In contrast to traditional inorganic
semiconductors, organic devices offer unique competitive
advantages, including mechanical flexibility, low weight,
transparency and most notably, the ability to be processed from
solution at low temperatures.®'! Representative technologies
include OLEDs,217 which currently dominate the display market for
mobile devices; organic photovoltaic devices (OPVs),'®2> which
promise low-cost and sustainable solar energy conversion, organic
field-effect transistors (OFETs),2630 which are essential for the
development of flexible electronic circuits 7-2° and organic
thermoelectric devices.3! Furthermore, the versatility of organic
synthesis enables the design of materials, allowing fine tuning of
parameters such as the energy gap, frontier orbital levels (HOMO
and LUMO) and solubility through precise molecular modifications.3?
34 Nevertheless, one of the main challenges in organic electronics lies
in the fact that charge-transport properties and device efficiency do
not depend solely on the individual molecular structure,® 3¢ but
rather on how these molecules organize in the solid state.3” Device
performance is often limited by low charge-carrier mobility and the
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instability of active layers, issues that primarily originate from
structural disorder and morphological defects in thin films. Such
defects act as charge traps, hindering electron/charge transport and
negatively impacting key photophysical processes, including exciton
diffusion.3®4* In this context, controlling molecular packing and
nanoscale organization becomes an essential requirement to
optimize both charge injection and transport.3? 4547 The generation
of well-defined donor(D)-acceptor(A) interfaces with nanometric
precision is particularly critical to maximize exciton dissociation
before recombination.*®50 Likewise, the creation of ordered and
well-connected transport pathways constitutes a fundamental pillar
for improving power conversion efficiency in OPVs and switching
frequency in OFETs.3% 37 5156 |n this sense, the integration of
noncovalent interactions into the design of electronic materials has
given rise to the field of supramolecular electronics,”” which aims to
bridge the gap between the electronics of individual molecules and
that of macroscopic thin films.37 38 59 |n organic materials, these
supramolecular interactions, primarily van der Waals forces,®® n-nt
stacking3” 163 and hydrogen bonding (H-bonding),64%7 are
intrinsically weaker than covalent bonds, yet they play a crucial role
in the formation of functional nanostructures.®®  Although their
binding energies are significantly lower than those of covalent bonds,
their reversible and cooperative nature endows materials with
dynamic behavior,’% 7! enabling structural error correction,
responsiveness to external stimuli and, in some cases, self-healing
properties.”2 Through the strategic use of interactions such as H-
bonding, aromatic stacking, solvophobic forces or metal
coordination, it is possible to program the self-assembly of m-
conjugated molecules into well-defined hierarchical architectures,
including one-dimensional nanowires,”® 74 nanotubes’ 7 or two-
dimensional crystalline networks.””-7°
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Figure 1. Schematic representation of the role of supramolecular chemistry in the transition from conventional organic semiconductors (OSCs) to high-
performance electronic devices. (1) OSCs offer advantages such as low weight, mechanical flexibility, solution processability and tuneable properties; however,
they often suffer from structural disorder, which generates charge traps that limit charge transport and device performance. (2) Supramolecular tools such as
n-ru stacking, H-bonding, chirality and halogen bonding enable controlled molecular self-assembly. (3) The resulting supramolecular organization leads to highly
ordered architectures that facilitate efficient charge transport and translate into high-performance devices, including OPVs, OLEDs, and OFETs.

These architectures optimize m-orbital overlap and facilitate charge
transport, thereby overcoming the limitations inherent to
amorphous or highly disordered systems (Figure 1). The formation of
such architectures is governed by thermodynamically controlled self-
assembly processes,?%-83 in which the information encoded within
the building blocks determines the final structure.®* 8> This further
enables the generation of hierarchical superstructures that are
sensitive to external stimuli such as pH, temperature or light,
providing the materials with emergent properties that are absent in
their individual components.®® 70 In this review, we provide a
perspective on how noncovalent interactions can be deliberately
harnessed as design elements to control molecular organization and
device performance in organic electronics. We first discuss m—mn
stacking as the fundamental structural motif governing charge
transport in organic semiconductors, highlighting representative
systems where controlled stacking leads to high mobility and
efficient optoelectronic response. We then examine H-bonding as a
versatile and programmable interaction that enables hierarchical
self-assembly, morphology stabilization, and enhanced charge
separation in devices. Subsequent sections address fluorination
strategies and supramolecular chirality, emphasizing how subtle
noncovalent effects can modulate electronic structure, spin-selective
transport, and emergent functionalities. Finally, we briefly survey
additional noncovalent interactions beyond m-mt stacking and H-
bonding, and conclude with an outlook on future challenges and
opportunities toward predictive supramolecular design of next-
generation organic electronic devices.

More importantly, we show that noncovalent interactions are not
merely low-cost processing strategies, but precision engineering
tools that enable deep control over molecular architecture and
conjugation pathways, paving the way toward programmable,
multifunctional and highly efficient organic electronic devices.® 8687

Noncovalent Interactions as Design Tools in
Organic Electronics

ni-it Stacking in Organic Electronic Devices

Aromatic rt-it stacking interactions are intrinsic to essentially all OSCs
and therefore constitute a common structural motif throughout the
materials discussed in this and the following sections. Accordingly,
when alternative noncovalent interactions are highlighted, n-mnt
stacking should be understood as being inherently present unless
explicitly stated otherwise. Nevertheless, given its central role in
dictating molecular organization and charge-transport behaviour, we
devote this section specifically to m-mt stacking in order to highlight
representative studies that have shaped current design strategies in
organic electronic devices. Aromatic m-mt stacking interactions
constitute a fundamental driving force in the organization of
semiconducting supramolecular systems, as they enable the
formation of architectures with outstanding charge-transport and
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Figure 2. (a) Schematic illustration of the supramolecular organization processes of alkyl-substituted HBC. (b) Schematic representations of molecular structure

and self-assembly of HBC-TNF system and TEM image of nanotubes. (c) Molecular structure of PDI-DPP-PDI (top) and schematic depiction of the self-assembly

of a covalent donor-bridge-acceptor (D-B-A) system designed to control charge separation and generate spatially segregated electron and hole-transport

pathways. Molecular structure of ZnTPP-PDI, (bottom) and schematic representation of the self-assembled architecture. (d) Molecular structures of 1Amphi

and 1Lipo with schematic representations of their preferred molecular orientations in the assembled state. Adapted from Ref. 96, 76, 102, 105 and 97 with

permission from Copyright 2007-American Chemical Society, 2006-AAAS, 2015-Royal Society of Chemistry, 2002 and 2008-American Chemical Society

respectively.

optical response properties.®® 8 Unlike covalent polymers, these
systems rely on the efficient overlap of the m-electron clouds of
planar aromatic cores, which promotes the delocalization of charge
carriers and excitons along self-assembled columns. %© An example
of this strategy is provided by nanographenes and large polycyclic
aromatic hydrocarbons, such as hexa-peri-hexabenzocoronene
(HBC), whose highly symmetric structure favours the formation of
well-defined discotic columnar assemblies.?>%3 Such organization is
crucial for optimizing charge transport in FETs and improving
efficiency in OPVs.?* In this context, the rational design of the
aromatic core, through control of its size, symmetry and topology,
enables precise modulation of the HOMO-LUMO gap and directs
molecular orientation on the substrate, either in edge-on or face-on
configurations, to maximize electronic coupling along the desired
functional direction. Research carried out by Miillen and co-
workers®*2¢ has established nanographenes, particularly HBC
derivatives (Figure 2a), as benchmark materials in organic electronics
due to their strong tendency to self-assemble into highly ordered
columnar nanostructures through n-nt stacking interactions. With
regard to charge transport, exceptional local mobility values
exceeding 1.1 cm? V-1 sTwere found in the crystalline phase of HBC-
Cia, significantly out performing previously reported discotic
systems.?® At the device level, OFETs fabricated with aligned layers
of similar HBCs exhibited hole mobilities on the order of 5-:10-3 cm?
V-1 51 with on/off ratios approaching 10* and their incorporation in
OPV devices enabled external quantum efficiencies of up to 34%,
highlighting the relevance of controlled mn-mt stacking for
optoelectronic performance. Along these lines, further advances
have demonstrated that n-mt stacking can be exploited not only to
form columnar assemblies, but also to engineer more complex

This journal is © The Royal Society of Chemistry 20xx

bicontinuous (D/A) architectures through molecular design. In this
context, research by Aida and co-workers,’® 97100 showed that
amphiphilic molecular design constitutes an effective strategy to
achieve such organization via precise control of n-it stacking, while
suppressing the formation of charge-transfer (CT) complexes that act
as carrier traps. A key milestone of this approach was the
development of coaxial nanotubes of HBC-trinitrofluorenone (TNF)
dyads, in which a densely packed HBC donor wall is coated by an
acceptor TNF layer (Figure 2b).”® These nanostructures exhibited a
rapid photoconductive response, with on/off ratios exceeding 10*
and intratubular charge mobilities of up to 3 cm? V1 110
Complementarily, the use of amphiphilic/lipophilic oligothiophene-
Ceo dyads enabled the spontaneous formation of lamellar liquid-
crystalline phases that provided long-range conductive pathways
and effectively suppress trap sites (Figure 2d). As a result, these
systems achieved photoconductivity values an order of magnitude
higher than those of non-amphiphilic analogues.’’” Research by
Wasielewski and co-workers'9-197 has focused on the design of
highly ordered supramolecular architectures to optimize charge
generation, separation, and transport in photovoltaic systems. A
central element of this strategy is the use of perylenediimide (PDI)
derivatives as acceptors, whose strong propensity for m-m stacking
promotes the formation of segregated electronic channels.
Structural studies using X-ray scattering techniques demonstrated
that supramolecular order is a decisive factor governing electronic
behaviour: in PDI-DPP-PDI thin films (Figure 2c, top), solvent vapor
annealing induces a transition to a highly crystalline phase that
extends the lifetime of free charge carriers to the millisecond regime,
in contrast to the ultrafast recombination observed in disordered
phases.’92 In related systems, such as ZnP-PDI dyads and more

J. Name., 2013, 00, 1-3 | 3
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complex architectures (ZnTPP-PDI,), ordered self-assembly enables
high free-carrier yields and ultrafast electron transfer rates (up to
2.4-10%9 s1),103 demonstrating that charge delocalization along -t
stacked columns is key to overcoming the initial Coulombic attraction
(Figure 2c, bottom).1% Taken together, these studies establish forced
- stacking as an essential structural principle for achieving efficient
charge separation and long-range electronic transport. Collectively,
these studies demonstrate that enforced and directional mt-it stacking
is the primary structural determinant of efficient charge
delocalization and long-range transport in organic semiconductors,
transforming design into device
performance.

molecular macroscopic

Role of Hydrogen-Bonds in Organic Electronic Devices

Within the broad family of noncovalent interactions, H-bonding is
one of the most effective interactions for supramolecular control, as
it enables reversible, highly directional associations with nanometric
precision.108 109 Although individually a weak interaction, its
tunability and specificity make it a key element for enforcing
molecular conformation, planarity and predictable solid-state
packing-features that are difficult to achieve using dispersion forces
or isolated m-m stacking alone.®* 110-114 |n the context of OSCs, H-
bonding has thus evolved from a purely structural motif into a central
strategy for directing the self-assembly of D/A architectures,
simultaneously optimizing morphology, nanometric connectivity,
and charge-transport pathways.11>117 Early studies established H-
bonding as a means of enforcing one-dimensional order and
cooperative self-assembly in m-conjugated systems. Initial illustrative
examples arise from the work of Stupp and co-workers,'8 119 who
demonstrated that hairpin-shaped molecules functionalized with H-
bonding motifs, based on sexithiophene units and a trans-1,2-
diamidocyclohexane (DACH) core, self-assemble into grooved
nanowires with a uniform diameter of approximately 3.0 nm. FT-IR
and variable-temperature NMR studies confirmed that H-bonds
cooperate with m-mt stacking to restrict molecular rotation and
promote long-range hierarchical order. This packing arrangement
enables the coexistence of H- and J-type aggregates, broadening the
optical absorption window and enhancing light harvesting. OFET
measurements revealed that thin films of molecule M1 processed
from solvents that favour H-bond-driven self-assembly exhibit a hole
mobility of 3.46:10° cm? V-1 s, representing an order-of-magnitude
enhancement compared to devices in which this supramolecular
organization is not induced.'® In OPV devices, the hairpin
architecture allows fullerenes to be accommodated within the
grooves of the nanowires in a receptor-ligand-like configuration,
optimizing the heterojunction interface and vyielding a power
conversion efficiency (PCE) outperforming the analogue lacking H-
bonding motifs.1® These foundational examples paved the way for
more systematic investigations into how H-bonding can be used to
engineer morphology and electronic connectivity. Other studies have
been particularly influential in consolidating this interaction as a tool
for morphological and electronic control in organic optoelectronic
devices.120. 121 This research work is coherently built around
derivatives of diketopyrrolopyrrole (DPP), a benchmark
chromophore in the field. Within this framework, a variety of
supramolecular strategies have been introduced to elucidate how H-
bonding governs hierarchical organization, nanometric connectivity
and charge transport.’?2 A foundational result is the design of the
hairpin-shaped molecule DPPHP (Figure 3a),12° which incorporates a
DACH core as a self-assembly motif and two conjugated DPP arms.
The synergistic interplay between H-bonding and m-mt stacking

4| J. Name., 2012, 00, 1-3

enables the formation of long and robust supramolecylar nanowires
(100-700 nm), which act as efficient charge tvansgord jathagays F1is
system demonstrated that device performance depends critically on
the thermodynamic assembly pathway, requiring a stepwise strategy
in which the D molecule is preorganized prior to A addition. AFM and
cryo-TEM confirmed the preservation of the supramolecular
network, resulting in a 45% increase in hole mobility and efficiency
enhancements exceeding 50% relative to H-bond-free controls.
Comparative molecular design provided direct evidence that these
effects originate from H-bonding rather than crystallinity alone.
Subsequent comparative studies, in which an amide was replaced by
an ester at equivalent positions of the DPP scaffold, allowed the
supramolecular contribution of H-bonding to be isolated (Figure 3b).
While ester derivatives exhibited excessive crystallinity and large
domains, H-bonding in the amide analogues effectively competed
with extensive m-mt stacking, promoting short, interconnected fibres
and a more homogeneous nanoscale morphology. These differences
translated into a doubling of hole mobility and PCE improvement of
up to 50% (4.9% vs 2.8%).12! Beyond morphology control in OPVs, H-
bonding has also proven highly effective in tuning charge transport
in field-effect devices. Later studies extended the role of H-bonding
to other optoelectronic devices. Its versatility was demonstrated in
OFETs based on DPP derivatives functionalized with triazatruxene
units (Figure 3c),'2 where the in situ formation of highly robust N-
H---:0=C networks in the solid state led to compact crystalline packing
(m-m = 0.30 nm) and two-orders-of-magnitude increases in hole
mobility. More recently, reports of our group revealed that H-
bonding not only controls morphology but also dramatically extends
charge-carrier lifetimes and modulates the intrinsic electronic nature
of the semiconductor. The topology of the amide groups (C- or N-
centered) dictates the formation of J-type aggregates (Figure 3d),
highly interconnected fibrillar networks, and photoconductivity an
order of magnitude higher, with carrier lifetimes at least ten times
longer and OFET mobilities on the order of 102 cm? V-1 s compared
to inactive controls.'?* Furthermore, direct participation of the DPP
lactam carbonyl in H-bonding favours linear over cross conjugation,
facilitating solid-state redox processes and the generation of stable
charged species.®” Importantly, these studies reveal that not only the
presence but also the strength and dynamics of H-bonding are
decisive. Finally, replacing amides with ureas confirmed that not only
the presence but also the position and dynamic nature of the
supramolecular motif are decisive.?> Ureas anchored to the DPP
core promote more efficient electronic connectivity, whereas
excessively rigid H-bond networks can hinder charge transport, as
evidenced by enhanced photoconductivity upon partial weakening
of the H-bonds. Another relevant study incorporating urea motifs
into DPP-based polymers was reported by Liu and Zhang, who
demonstrated that side-chain engineering through the introduction
of urea groups constitutes a highly effective strategy for enhancing
the semiconducting performance of DPP4T conjugated polymers.126
In this work, a series of polymers was synthesized in which the
fraction of urea-bearing side chains was systematically varied,
confirming the formation of intermolecular H-bonding networks. In
OFET devices, the polymer pDPP4T-3 exhibited a hole mobility of
13.1 cm? V7' 57, a value that remains remarkable even by current
standards and highlights the strong potential of supramolecular side-
chain engineering. In OPV applications, these materials also
delivered substantial performance improvements as D derivatives in
blends with PC74,BM (A), with the pDPP4T-1 system achieving PCE of
6.8%, significantly outperforming reference polymers lacking urea
functionalities. Structural characterization by Grazing Incidence X-

This journal is © The Royal Society of Chemistry 20xx
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Society of Chemistry and 2023-American Chemical Society, respectively.

Ray Diffraction (GIXRD) and Scanning Transmission Electron
Microscopy (STEM) revealed that H-bonding not only reinforces
lamellar ordering of the alkyl side chains, but also promotes more
defined m-m interactions and the formation of interconnected
nanofibers up to 50 nm in width. Importantly, many of these studies
highlight that H-bonding and m-it stacking rarely operate in isolation.
Instead, efficient supramolecular semiconductors often arise from
their concerted action, where directional H-bonding programs the
relative positioning and connectivity of the molecular building
blocks, while m-m stacking ensures strong electronic coupling and
charge delocalization. A complementary example is provided by
Frauenrath et al.,?” who demonstrated that directional H-bonding in
perylene bisimides (PBI) functionalized with oligopeptide side chains
enables precise control over the self-assembly of organic nanowires
(Figure 4a). FT-IR spectroscopy confirmed that L-alanine units induce
parallel B-sheet-type aggregation, which cooperates with m-1
stacking of the aromatic core to generate well-defined one-
dimensional architectures. A key finding was the observation of a
“double” odd-even effect in circular dichroism (CD) spectra, whereby
both the intensity and sign of supramolecular chirality depend on the
number of L-alanine units and the length of the alkyl spacer. This
supramolecular organization had a direct impact on CT in OFETs
based on derivatives with an odd number of alanines exhibited more
constructive m-overlap and achieved electron mobilities an order of
magnitude higher than their even analogues. This study highlights
that the mere formation of 1D aggregates is insufficient; rather, H-
bonding dictates the fine geometry of electronic overlap required for

efficient charge transport. Another major advance in the use of H-
bonding as a supramolecular organizing tool is the ionic co-assembly
system of n/p nanofibers developed by the group of N. Martin.128
This work represents the first example of highly ordered functional
n/p materials obtained via electrostatic co-assembly of preformed
complementary nanofibers. In this hierarchical system, H-bonding
initially directs the individual formation of p- and n-type nanofibers,
while oppositely charged surfaces subsequently induce periodic
alignment at the mesoscale. Organization occurs through two well-
defined stages: a cooperative H-bond network, reinforced by n-n
stacking between exTTF units, yields rigid and uniform p-type
nanofibers bearing negatively charged carboxylate groups, while the
n-type component consists of PBI derivatives functionalized with
ammonium or guanidinium groups, imparting positive charge. Mixing
both systems triggers immediate ionic self-assembly into highly
ordered architectures. Electron microscopy and X-ray scattering
confirmed the formation of segregated and alternating D/A
nanodomains with a well-defined periodicity of approximately 4-5
nm, an optimal length scale for minimizing charge recombination. As
a direct consequence of this high level of supramolecular order,
charge mobility values of up to 0.8 cm? V1 s! were achieved. A
complementary strategy to simultaneously control morphology and
thermal stability in organic solar cells was developed by Qin and co-
workers,1?%131 who introduced a supramolecular recognition system
based on complementary three-point H-bonding. In this approach,
polythiophene block copolymers functionalized with isoorotic acid
(IOA) are combined with fullerene derivatives bearing
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diaminopyridine units, enabling specific anchoring of the A molecule
along the D chains. This molecular programming directs the
formation of core-shell nanofibers, in which the crystalline P3HT core
is surrounded by I0A-and fullerene-rich domains, as confirmed by
microscopy and Nuclear Magnetic Resonance (NMR). Grazing
Incidence Small and Wide Angel X-Ray Scattering (GISAXS and
GIWAXS) further revealed long-range nanometric order (32-41 nm)
absent in conventional bulk heterojunctions (BHJs) (Figure 4c). This
cooperation between polymer crystallization, block-copolymer
phase separation, and H-bond-mediated fullerene aggregation
yielded devices with efficiencies of up to 2.87% in ternary blends and,
notably, markedly enhanced thermal stability. Unlike standard
P3HT/PCBM systems, these devices retained more than 60% of their
initial efficiency after 112 h at 110 °C, demonstrating that H-bonding
can act as an effective morphological stabilizer against thermal
degradation. Kim, Woo, and co-workers!3? investigated how side-
chain engineering in  benzodithiophene-thiophene (BDT-T)
copolymers can dramatically improve OPV performance through the
incorporation of intramolecular H-bonding (Figure 4d). They
designed the polymer BDTCOT, which exhibits a conformational
locking interaction between the carbonyl oxygen and a neighbouring
BDT-hydrogen. Density functional theory (DFT) calculations showed
that this interaction reduces backbone torsion, significantly
enhancing planarity and promoting more efficient intermolecular
organization compared to analogues bearing conventional alkyl side
chains. GIWAXS measurements revealed that BDTCOT exhibits the
shortest m-it stacking distance in the series (3.72 A in blend films),
facilitating more efficient charge transport. In organic solar cells,

BDTCOT:PC7:BM devices achieved a PCE of 4.66%,,substantially
outperforming the 2.52% and 2.68% PCEs mbtainedsfobBDTD=nd
BDTOT, respectively. This improvement was attributed to the
combined enhancement of the open-circuit voltage (Vo) and the
short-circuit current (Js) arising from the improved morphology and
planarity induced by H-bonding. In multicomponent systems, H-
bonding further enables self-sorting strategies, promoting selective
recognition between complementary components and preventing
disordered mixing.33-135 This principle is particularly relevant in BHJs,
where controlled D/A segregation is crucial to minimize charge
recombination and ensure continuous transport pathways.’3¢ A
representative example is the work of Ajayaghosh et al.,’3” who
exploited directional H-bonding to induce self-ordering in organic
devices (Figure 4e). In this system, an amide-functionalized
trithienylenevinylene (TTV) unit acts as a p-type semiconductor with
a strong propensity for one-dimensional H-bond-mediated self-
assembly, while the n-type component, a PBI, predominantly
assembles via m-mt stacking. The coexistence of these assembly odes
leads to molecular self-sorting that suppresses the formation of CT
complexes, which often quench photocurrent, and instead promotes
hierarchical mesoscale organization. The system evolves into aligned
coaxial fibres with well-defined p-n heterojunctions, preserving
independent charge-transport channels. UV/Vis spectra and XRD
patterns confirmed that each component retains its characteristic
packing modes, ruling out CT complex formation. As a direct
consequence of this supramolecular organization, Flash Photolysis
Time-Resolved Microwave Conductivity (FP-TRMC) measurements
revealed up to a twelvefold increase in
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photoconductivity for the bicomponent TTV/PBI system relative to
the isolated donor. The work by Lee, Kim, and co-workers represents
a significant advance in the development of intrinsically OSCs,
demonstrating that large mechanical deformations can be
accommodated without loss of functionality, while maintaining high
photovoltaic performance through the rational use of H-bonding.138
In this study, a family of D polymers, termed PhAmX, was designed
to incorporate a flexible phenylamide spacer capable of establishing
reversible H-bonding interactions between polymer chains. From a
structural standpoint, GIWAXS analyses revealed that the
introduction of the PhAm motif enhances molecular order, leading
to a reduced m-m stacking distance (Figure 4f). This optimized
supramolecular organization translates into a markedly improved
mechanical response, as evidenced by pseudo-free tensile tests, in
which the PhAm5:Y7 blend exhibited an increase in the crack-onset
strain from 1.8% to 13.8% and a toughness up to 28 times higher than
that of the conventional PM6:Y7 system. Notably, these structural
and mechanical enhancements are accompanied by high electronic
performance, with PCEs of 17.45% on rigid substrates and 12.73% in
fully stretchable devices, which retained 86% of their initial efficiency
after 120 stretching cycles. The pioneering work by Diao and co-
workers introduces the repurposing of therapeutic agents such as
ellipticine as an unconventional yet powerful platform for high-
performance, solution-processable OSCs.13° These molecules feature
a highly coplanar n-conjugated backbone decorated with functional
groups capable of forming H-bonding networks, which are crucial not
only for directing polymorphic self-assembly but also for defining
efficient charge-transport pathways. The study demonstrates that H-
bonding contributes to electronic coupling in a dual manner:
indirectly, by reducing intermolecular distances, and directly,
through the delocalization of the electronic wavefunction over the
H-bonding motifs themselves. By employing printing techniques that
allow precise control over crystalline polymorphism and domain
alignment, intrinsic hole mobilities as high as 6.5 cm? V™' s™ along the
n-rt stacking direction and 4.2 cm? V7' s along the H-bonding
network were achieved. These findings provide the first direct
experimental evidence of long-range hole transport through H-bond
networks in solid-state organic devices and further enable the
development of highly sensitive chemical sensors for biomarkers
such as ethyl acetate. This behaviour contrasts sharply with that
observed in OPV/PDI blends lacking H-bonding, where the strong
tendency to form disordered CT complexes leads to unfavourable
supramolecular organization and the absence of detectable mobility
in FETs. In summary, H-bonding emerges as a uniquely powerful
supramolecular tool that programs molecular conformation,
hierarchical self-assembly, and nanoscale connectivity, enabling
simultaneous optimization of morphology, charge transport, and
device stability.

Fluorination effect on organic semiconductors

Beyond supramolecular assembly driven by m-mt stacking and H-
bonding, chemical fluorination has emerged as a powerful and
complementary strategy to modulate molecular conformation,
electronic  structure, and solid-state packing in organic
semiconductors, with profound consequences for charge transport
and device stability.1*® Among them, fluorination strategies are one
of the most widely used modifications because of the intrinsic
properties of fluorine; achieving better co-planarity and extended
conjugation, stronger noncovalent interactions, and adjustable
LUMO and HOMO levels due to its strong electronegativity and
polarized covalent bonds, facilitating electron injection. For instance,
Park and co-workers reported controlling ambipolar charge

ChemEomm

transport in isoindigo (I1G)-based polymer%a:r%l%z\g%@gﬁﬁ%a‘ﬂi

controlling the position of fluorinated moieties placed in bithiophene
linkers.1#! The fluorine atoms were placed either at the outer (PIIG-
oFT2) or the inner site (PIIG-iFT2) of the bithiophene spacers (Figure
5a). The authors reported that the outer modifications have strong
impact in lowering the energy levels and increasing molecular
planarity, increasing electron mobility. The analysis of the
morphology of the thin films fabricated revealed shorter r-rt stacking
distance in the case of the incorporation of fluorine atoms in the
outer positions of the bithiophenes and a more planar backbone.
Gao et al. showed the multifluorination effect on l1G-based polymers
by introducing fluorine atoms into both the IIG unit and the
bithiophene D unit (T2).142 The authors incorporated perfluorinated
T2(4FT2) and TVT(4FTVT) units, and found out that it is an effective
strategy for converting charge polarity from p- to n-type. In this case,
close m-m stacking was observed, resulting in improved electron
transport (ue of P55 = 4.97 cm? V1571 y, of P56 = 1.35cm?V-1571).
Additionally, fluorination is a great tool for promoting noncovalent
halogen interactions with adjacent atoms, such as C-H---F or S
(present in thiophene rings)---F. These interactions largely affected
the electronic structure of conjugated polymer backbones,
increasing co-planarity. Compounds P2DFPE-n and P3DFPE-n,'*3 lead
to different type of intermolecular interactions (Figure 5b). While
P2DFPE-n shows F---H-C conformation locks, exhibiting hole
mobilities of 1.3-1.5 cm? V1 s°1, the analogue P3DFPE-n displays

F---H-C and F---S conformation locks, yielding lower mobilities (0.2-
0.4 cm? V1 s1), The authors observed with AFM and 2D-GRXD that
P2DFPFE-n is predominantly edge-on oriented, facilitating charge
transport and collection, while P3DFPE-n adopts random orientation
in devices, resulting in lower charge mobility. Alternatively, the
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Figure 5. (a) Chemical structures for PIIG-T2, PIIG-iFT2 and PIIG-oFT2 and
molecular design to control 11G-based copolymer polarity by altering fluorine
substitution position. (b) Chemical Structures of P2DFPE and P3DFPE and
schematic noncovalent intramolecular interactions. (c) Molecular structure of
PNDIF-T2 and schematic of molecular packing. Adapted from Ref. 141, 143,
and 144 with permission from Copyright 2019-Wiley-VCH GmbH, 2016, 2015-
American Chemical Society, respectively.
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fluorination of alkyl chains in polymers and small molecules has been
reported to induce crystallinity thanks to supramolecular
interactions among the fluorine atoms, reducing conformational
freedom, while introducing strong C-F dipoles that promote ordered
lamellar packing.'** 4> For example, PNDIF-T2 and PNDIF-TVT
showed electron mobility of up to 6.5 cm? V! s71, very superior to
those of polymers with branched alkyl chains (Figure 5c). This
enhanced side-chain ordering facilitates efficient backbone
segregation and m-mt stacking, ultimately leading to increased
crystallinity. In conclusion, fluorination enables the concurrent
optimization of charge transport, environmental stability, and device
performance, making it a versatile and powerful strategy for the
rational design of high-performance OSCs.

Supramolecular Chirality and Spin-Selective Transport in Organic
Electronic Devices

Chirality represents a fundamental configurational asymmetry in
which an object is not superimposable on its mirror image.146-148 |n
molecular chemistry, chirality typically originates from stereogenic
centers; however, in systems organized through noncovalent
interactions, an additional level of asymmetry emerges in the form
of supramolecular chirality.’*® Recent studies indicate that the
magnitude and functional impact of this effect do not rely solely on
individual molecular chirality, but rather on the global
supramolecular organization attained during self-assembly.14% 150 |n
this hierarchical process, chiral information is transferred and
amplified from the molecular to the supramolecular level, extending
along a preferred axis and giving rise to complex architectures such
as nanohelices, nanotubes or toroidal assemblies.’51153 These
structures display distinctive optical properties, including CD and
circularly polarized luminescence (CPL).1>1 |n 0SCs, the
incorporation of chirality into m-conjugated systems provides an
additional level of structural and functional control, as
supramolecular organization can enhance charge transport, improve
energy conversion efficiency and modulate key photophysical
processes such as charge recombination and chiroptical responses. A
study led by Aida, involves porphyrin-fullerene dyads, in which
molecular chirality was shown to govern both morphology and
charge transport, while racemic mixtures form spherical aggregates
with poor conductivity, enantiopure systems self-assemble into
highly conductive nanofibers, exhibiting markedly enhanced
ambipolar mobilities (pe = 0.14 cm? V' st and pp = 0.10 cm? V-1 stin
the absence of an external field).%® %° Studies led by Wirthner have
demonstrated that precise control over stereochemical
configuration in DPP-based semiconductors constitutes a critical
design parameter for tuning supramolecular organization and
optimizing electronic performance in organic devices. Early
investigations revealed that racemic mixtures of 2-ethylhexyl side
chains promote highly ordered two-dimensional packing, yielding
hole mobilities of up to 0.7 cm? V' s7" in organic thin-film transistors
(OTFTs).1>7 Remarkably, these values exceed those obtained for
polymers bearing linear side chains, despite the isomeric nature of
the racemic system. Subsequent isolation of the pure stereoisomers
uncovered  even more  pronounced  structure-property
relationships.'®8 In particular, the (R/S) isomer exhibits substantially
higher hole mobilities, reaching values as high as 3.4 cm? V7' s in
single-crystal field-effect transistors (SCFETs). This enhanced
performance is attributed to a markedly more coplanar molecular
conformation, which maximizes HOMO orbital overlap and thereby
strengthens electronic coupling along the transport direction. From
a supramolecular perspective, this favourable architecture is
stabilized by a compact network of H-bond interactions, which is
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PCs:BM and configuration of chiral OSCs. Adapted from Ref. 159 and 162 with
permission from Copyright 2025 and 2022-American Chemical Society,
respectively.

absent in the enantiopure counterparts. The latter display increased
structural distortion, less efficient packing, and accelerated
electronic degradation. Research carried out by Osterholm, and co-
workers provides valuable insight into how supramolecular chirality
can spontaneously emerge from intrinsically achiral components
through the strategic use of noncovalent interactions.’™® By
designing thiophene-phenylene copolymers, the study demonstrates
that incorporation of a bithiophene unit into the TPT-2T system
induces, upon thermal annealing, the formation of a helicoidal
conformation, in stark contrast to the planar and highly crystalline
morphology adopted by the TPT-T analogue. This emergent chirality
is stabilized by a cooperative network of weak intramolecular
interactions (S:-O, O--H-C, and S-:-H-C), which restrict backbone
rotation and generate moderate torsional energy barriers (~2.9
kcal-mol™), favouring helical winding over planar conformations. The
resulting chiral packing was confirmed by circular dichroism (CD)
spectrosocopy, evidencing that the structural asymmetry arises as a
collective property of the supramolecular assembly rather than from
molecular stereogenic elements. From an electronic perspective, this
nanomolecular organization has a direct impact on the performance
of OFETs. Although the helicoidal torsion limits charge-carrier
mobility relative to fully planar systems, the chiral polymer exhibits
defect-free and homogeneous charge transport, characterized by a
near-zero threshold voltage, indicative of a highly optimized
semiconductor-dielectric interface. Studies led by Wei and
collaborators have further demonstrated how chiral supramolecular
organization dictates charge transport and optoelectronic
functionality in advanced devices. In an investigation of the fused-
ring electron acceptor BTP-4F, replacing racemic side chains with
enantiopure counterparts was shown to induce a profound
transformation in solid-state packing.’®® Whereas the racemic
material forms interpenetrated 3D networks with microribbon-like
morphology, the enantiopure systems self-assemble into a unique
quasi-2D supramolecular organization, characterized by interwoven
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molecules adopting helicoidal conformations of opposite
handedness. This arrangement results in pronounced electronic
anisotropy, with electron mobilities reaching up to 0.44 cm? V-1 s1
along the preferred growth direction-among the highest values
reported for intrinsically chiral organic semiconductors. In a
subsequent advance, Wei explored bulk heterojunctions composed
of the chiral donor DPP6T and the achiral acceptor PCe¢BM,
demonstrating that the density of chiral centers in the side chains
constitutes a critical parameter for supramolecular organization.6!
This mesoscopically induced chirality enabled efficient detection of
circularly polarized light, yielding photocurrent dissymmetry factors
as high as 0.17 and evidencing significantly enhanced charge
separation and collection. The studies by Amabilino provide a
representative example of how molecular chirality and symmetry act
as key parameters in modulating the supramolecular self-assembly
of DPP-based chromophores.'®2 In bulk heterojunctions composed of
a chiral bis-DPP as D molecule and the achiral ITIC-4F as A derivative,
it was shown that the A strongly perturbs the chiral organization of
the D component in a thickness-dependent manner. Mueller matrix
polarimetry using synchrotron radiation revealed that this
supramolecular reorganization induces changes in both the
magnitude and sign of the optical activity across the active layer.
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Figure 7. (a) Molecular structure of DNTT and geometry of a BGBC device with
ferromagnetic electrodes. Transfer curves (bottom) in saturation regime (Vg =
-4 V) of (R)-DNTT (right) and (S)-DNTT (left) in a parallel or antiparallel
magnetic field. (b) Molecular structure of PII2T. Representation of CISS/ICISS
effect, a flow of charge current. Schematic illustration of the ISHE and ICISS
measurements in the device via the spin-pumping method under microwave
excitation (bottom left). Schematic diagram of helical structure accessed via
blade printing (bottom, right). Adapted from Ref. 169 and 170 with
permission from Copyright 2023-Wiley-VCH GmbH and 2024-Springer Nature,
respectively.

These structural variations directly impact device performance,
leading to an external quantum efficiency (EQE) that is selective

This journal is © The Royal Society of Chemistry 20xx
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toward the handedness of circularly polarized light (LCP/RGP) 263 A
key advance associated with chirality in supramoleceddpsysternsis
the chirality-induced spin selectivity (CISS) effect.’64 165 This
phenomenon describes how electronic transport through chiral
structures becomes intrinsically spin-dependent, such that electrons
with a given spin orientation are preferentially transmitted over their
opposite counterparts. As an electron propagates through the
helicoidal electrostatic potential of a chiral molecule or
supramolecular assembly, an effective coupling between its linear
momentum and spin arises, acting as an internal magnetic field along
the transport pathway.166 The incorporation of the CISS effect into
supramolecular organic semiconductors has opened new
opportunities in organic spintronics and optoelectronics, as chiral
architectures can function as highly efficient spin filters without the
need for ferromagnetic electrodes.’> 167 This spin selectivity
suppresses electronic backscattering and charge recombination,
thereby promoting long-range charge-transfer processes and
improving device performance relative to achiral systems.166 168 The
work led by Geerts and Schweicher represents a major milestone in
the integration of CISS effect into molecular electronics, reporting
the first OFET whose current can be fully and reversibly switched by
inversion of an external magnetic field.®° In this study, enantiopure
semiconductors based on DNTT core were designed and
functionalized with chiral alkyl side chains, inducing an asymmetric
herringbone crystal packing (Figure 7a). In devices employing
conventional gold contacts, both enantiomers exhibit comparable
charge-carrier mobilities, indicating that chirality alone does not
significantly influence charge transport in the absence of spin
polarization. In contrast, the introduction of ferromagnetic Ni/Au
contacts reveals a pronounced dependence of the electrical
response on both molecular handedness and magnetization
direction. Specifically, OFETs based on (S)-DNTT conduct current only
when the magnetic field is parallel to the direction of hole transport,
whereas (R)-DNTT devices display conduction exclusively in the
antiparallel configuration, enabling binary (on/off) control of the
channel current. Research led by Diao and Sun reported the first
observation of the inverse chirality-induced spin selectivity (ICISS)
effect in assemblies of organic polymers.170 In this work, an initially
achiral m-conjugated polymer, PII2T, was employed, which acquires
supramolecular chirality in the form of helicoidal nanofibers through
a solution-based printing process that enables precise control over
the handedness (R or S) and the helical pitch of thin films (Figure 7b).
To probe the ICISS effect, devices based on spin-pumping were
developed, in which a spin current is injected from a ferromagnetic
NisiFeis layer into the chiral polymer and subsequently converted
into a longitudinal charge current. The results showed that the
generated voltage reverses its sign upon inversion of the film
chirality, demonstrating that spin-to-charge conversion is governed
exclusively by the supramolecular chiral structure and by an
unconventional spin-orbit coupling. A particularly noteworthy
outcome was the observation of exceptionally long spin relaxation
times, reaching up to 2.5 ns when spin propagation occurs parallel to
the chiral axis of the nanofibers, far exceeding the values typically
reported for conventional organic systems.’!  Overall,
supramolecular chirality introduces an additional functional
dimension in organic electronics, where chiral self-assembly governs
charge transport anisotropy, chiroptical response, and spin-selective
processes through the CISS effect.

Other noncovalent interactions Beyond H-bonding and nt-mt stacking

Beyond classical interactions such as H-bonding and m-rt stacking,
supramolecular electronics has incorporated a broader repertoire of
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noncovalent forces that enable even finer control over molecular
organization, interfacial properties, and device performance. 58 59 68
Halogen bonding has emerged as a particularly attractive design tool
owing to its high directionality and hydrophobic character.”® 172
Specific N--:I interactions have been shown to generate 2D organic
cocrystals with highly defined morphologies, capable of guiding
directional photon transport and enabling microscale optical logic
functions.”® In thiophene-based semiconductors, halogen-halogen
and halogen-H interactions stabilize ordered monolayers at liquid-
solid interfaces, where halogen-induced ordering correlates directly
with hole mobility in OFET devices.'7* Halogen bonding has also been
exploited to develop piezochromic supramolecular assemblies for
applications in haptic memories and sensors.1’>

Chalcogen bonding has likewise emerged as an effective
noncovalent interaction for modulating both molecular
conformation and solid-state packing in organic semiconductors,
particularly in systems rich in group 16 heteroatoms. Recent studies
demonstrate that nonbonding X:--S interactions (X = O, S, Se) can
induce highly efficient intramolecular conformational locking,
promoting backbone planarization and enhanced charge
transport.1’® In bithiophene derivatives, the incorporation of heavier
chalcogens into side chains proves especially effective, with
selenium-based systems achieving hole mobilities exceeding 4 cm?
V1571, emphasising that conformational control via substituents can
be as impactful as direct modification of the aromatic core.'””
Dipole-dipole interactions has further emerged as a key tool for
modulating the optical and emissive properties of OSCs. Studies on
p-phenylene vinylene oligomers have shown that systematic
modification of terminal groups allows precise tuning of the
molecular dipole moment, directly affecting supramolecular
aggregation and solute-solvent interactions. These effects translate
into extreme solvatochromism and pronounced evolution of
emissive  properties with direct implications for OLED
performance.l’8

Quadrupolar interactions have been identified as a critical factor in
tuning energy levels in OSCs by generating permanent electrostatic
shifts that depend strongly on molecular orientation and
supramolecular packing. In zinc phthalocyanines, the ionization
energy has been shown to vary linearly with the component of the
molecular quadrupole moment perpendicular to the m-plane, with
differences of up to ~0.4 eV observed between edge-on and face-on
orientations. This quadrupolar control enables fine tuning of charge-
transfer state energies and reduction of dissociation barriers in
organic solar cells.1”®

Finally, metal-ligand coordination represents one of the most robust
noncovalent interactions, combining high binding energies with
structural reversibility. This strategy enables hierarchical self-
assembly into well-defined architectures ranging from 2D to 3D
motifs, which can further reorganize into responsive nanofibers or
supramolecular networks. Metal-ligand coordination thus
constitutes a powerful supramolecular tool for modulating charge
transport and photoresponse in organic devices by coupling strong
interactions with precise geometrical control.?2 In optoelectronic
applications, coordinated metal complexes have demonstrated
outstanding performance in OLEDs, as well as advanced
functionalities such as vapochromism arising from environmentally
sensitive metalophilic interactions.’®® A notable example is the
development of flexible organic phototransistors sensitized with
ruthenium complexes, where functionalization of an n-type
semiconductor with a Ru-complex enables highly efficient metal-
ligand charge transfer.8! Less conventional noncovalent
interactions, such as the ones here presented, expand the

10 | J. Name., 2012, 00, 1-3

supramolecular toolbox, enabling precise control oyer molecular
orientation, energy landscapes, and emergentoispiaeiectromnic
functionality.

Outlook, Future Perspectives and Conclusions

The body of work discussed in this review demonstrates that
supramolecular chemistry has transitioned from a descriptive
framework of molecular aggregation to a powerful design tool for
organic electronic devices. Yet, despite impressive demonstrations of
high mobility, enhanced stability, and morphology control, the field
remains largely empirical. The next phase of supramolecular organic
electronics must therefore move beyond incremental performance
gains toward predictive and programmable materials engineering.

A central challenge lies in achieving quantitative and reproducible
control over supramolecular assembly during device processing.
While numerous examples demonstrate improved charge-carrier
mobility or photovoltaic efficiency, the translation of molecular
design into macroscopic device function remains highly sensitive to
processing history, solvent environment, and kinetic trapping. Future
progress will require the development of standardized structural
descriptors, such as stacking coherence length, energetic disorder
parameters, hydrogen-bond density, and domain connectivity
metrics, that directly correlate supramolecular order with device-
level observables. The integration of multiscale modelling, advanced
scattering techniques, and data-driven approaches will be essential
to bridge molecular structure with mesoscale morphology and
electronic function.

In this context, “continued improvement” should be defined not only
qualitatively but quantitatively. Supramolecular strategies should
aim to routinely deliver charge-carrier mobilities exceeding 10 cm? V-
151 under ambient conditions,® certified power conversion
efficiencies surpassing 20% with minimized non-radiative losses,?®
and operational lifetimes beyond 10* hours without morphological
degradation.'®? More importantly, these metrics must be achieved
with  reproducibility and scalability, demonstrating that
supramolecular design offers advantages beyond those accessible
through purely covalent structural modification.

A transformative direction for the field involves shifting from the
elimination of disorder to its rational programming. Rather than
seeking perfectly crystalline order, supramolecular systems offer the
possibility of defect-tolerant and dynamically adaptive networks in
which reversible noncovalent interactions enable self-correction and
morphological stabilization under operational stress. Designing
materials in which hydrogen bonding, m—m stacking, halogen
bonding, and dipolar interactions act cooperatively and hierarchically
may enable three-dimensional electronically  percolated
architectures that overcome the limitations of predominantly one-
dimensional stacking motifs.

Beyond charge transport optimization, supramolecular organization
opens avenues toward emergent functionalities. The incorporation
of chirality, for example, should not be viewed merely as an
additional structural parameter, but as a gateway to spin-selective
transport and quantum-coherent phenomena in organic solids.
Bridging molecular-scale CISS effects with device-scale architectures
operating at room temperature remains an open challenge with
profound implications for organic spintronics. Similarly, dynamic
supramolecular networks capable of adaptive reconfiguration, self-
healing, or stimuli responsiveness may enable mechanically resilient
and multifunctional electronic systems.

Finally, the technological relevance of supramolecular electronics
will depend on its compatibility with scalable manufacturing.

This journal is © The Royal Society of Chemistry 20xx
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Synthetic accessibility, cost-effective building blocks, and robustness
under large-area printing must be considered as integral design
constraints rather than secondary considerations. The maturation of
supramolecular electronics will therefore require convergence
between synthetic chemistry, device physics, computational
modelling, and process engineering.

In summary, noncovalent interactions should no longer be
regarded as auxiliary forces supporting organic semiconductor
performance. They constitute precision engineering tools
capable of programming molecular architecture, mesoscale
morphology, and emergent device functionality. As predictive
design principles become established, supramolecular
chemistry can redefine the conceptual foundation of next-
generation organic electronic technologies.
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