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We dedicate this contribution to Klaus Millen on the occasion of his 75th birthday. He advanced the
synthesis and application of organic electronic compounds in an internationally leading position for
many years and always challenged theory to provide a better understanding.

The field of organic semiconductors is multifaceted and the potentially
suitable molecular compounds are very diverse. Representative examples
include discotic liquid crystals, dye-sensitized solar cells, conjugated
polymers, and graphene-based low-dimensional materials. This huge variety

is the representative example here. Ben-
zene's stability and rich electronic struc-
ture enable the synthesis of other aromatic
compounds, such as polycyclic aromatic hy-
drocarbons (PAHs)!? and graphene.®! Con-

not only represents enormous challenges for synthesis but also for theory,
which aims at a comprehensive understanding and structuring of the plethora
of possible compounds. Eventually computational methods should point to
new, better materials, which have not yet been synthesized. In this
perspective, it is shown that the answer to this question rests upon the
delicate balance between computational efficiency and accuracy of the
methods used in the virtual screening. To illustrate the fundamentals of
virtual screening, chemical design of non-fullerene acceptors, thermally
activated delayed fluorescence emitters, and nanographenes are discussed.

1. Introduction

Carbon is not only fundamental for life on our planet but also
plays an important role in shaping the human economy, tech-
nology and society. Arguably, the key property that makes carbon
a versatile building block is its ability to form up to four cova-
lent bonds, whose energy is approximately two orders of magni-
tude larger than k, T with kj the Boltzmann constant and T the
(room) temperature. As a result, carbon forms a wide variety of
stable structures, such as graphite, diamond, carbon nanotubes,
and fullerenes as well as all commodity polymers.

Out of this wealth of structures, conjugated molecules are of
particular interest: the aromaticity of benzene, where delocalized
# orbitals contribute to both stability and spectroscopic activity!]
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ductive polymers represent another impor-
tant type of conjugated systems. The dis-
covery of polyacetylene, the first electrically
conductive conjugated polymer,“l opened
perspectives for novel printed electronic
devices.’] The rapid expansion of the field
of organic semiconductors was soon ac-
knowledged by the Nobel Prize in chem-
istry, awarded jointly to Alan J. Heeger, Alan
G. MacDiarmid, and Hideki Shirakawa “for
the discovery and development of conduc-
tive polymers.”16-8]

The current progress in the field is largely
driven by the expansion of the database
of conjugated molecules, which are constantly scrutinized for
applications in solar cells, field effect transistors, light emit-
ting diodes, and electrodes. The emerging trend is a ratio-
nal, application-driven design of this database. Here, com-
putational high-throughput screening methods are starting to
guide the discovery of new materials. First, by helping to
pre-screen virtual databases for structures with predefined
properties. Second, by establishing clear structure-property
relationships.

The term “structure-property relationship” is, to a certain ex-
tent, self-explainable: it refers to a link between the chemical
structure and the physical property of an organic semiconduct-
ing material. A representative example of a structure-property
relationship is a link between the molecular structure and the
ionization energy (IE) or electron affinity (EA) of a film of such
molecules, which are the relevant energy levels for transport of
holes and electrons, respectively.

Predicting material properties, such as IE or EA, has two inter-
related aspects: computational cost and accuracy. Hypothetically,
we could provide an exact distribution of IE or EA (density of
states) by solving the Schrédinger equation for the entire film,
provided that local packing and morphology are exactly known.
This is practically impossible: first, the material morphology de-
pends on the processing conditions, which are difficult to mimic
in computer simulations; second, we are limited by computa-
tional resources and prohibitive scaling of computational cost

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202200825&domain=pdf&date_stamp=2022-04-22

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

.

o]
S HN,
o]

I

www.advancedscience.com

.00 1.25

structure
generation

1.50

D =« A

Figure 1. Funnel-like virtual screening workflow. The database of compounds is generated according to a predefined molecular template, for example,
the donor-bridge—acceptor architecture. Computed molecular properties are then used to select a subset of molecules, for which computationally-

demanding multiscale simulations are further performed.

with the system size. Therefore, we have to resort to approximate
models. A perturbative scheme, for example, treats one molecule
quantum mechanically, while the environment is treated classi-
cally, using, for example, a polarizable force-field.*1% In other
words, we are balancing the computational cost and accuracy of
the prediction by devising a simplified model with a suitable com-
putational overhead.

In fact, it is useful to have a hierarchy of such models, as illus-
trated in Figure 1. The less accurate models prefilter the database
of compounds, and the computationally demanding ones refine
the prefiltered database. For example, the first approximation of
IE of a solid film can be obtained by calculating the energy of the
highest molecular orbital of a molecule. This is a crude approx-
imation, for several reasons: Koopman’s theorem, that is, IE is
equal to the negative of the highest occupied molecular orbital
(HOMO) energy, does not hold for approximate density func-
tional theory (DFT) functionals,['"!?] as well as we are approxi-
mating the solid state with the gas-phase ionization energy. As a
consequence, first prescreening should allow for a larger range
of HOMO variations, say +1 eV, which would account for the er-
ror introduced by the neglect of stabilization energies in a dielec-
tric media. In the next step, energies of a cation and an anion
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can be refined, for example using the omega-tuning procedurel!3!
and implicit solvent. Finally, for a few selected compounds, one
can parameterize the atomistic force-field, simulate atomistically-
resolved morphologies, and perform perturbative calculations of
IE and EA.

The funnel-like approach described above is still impractical in
most cases, because the number of organic molecules in virtual
databases exceeds—by far—available computational resources.
To further reduce the size of the trial database, we need to se-
lect a certain class of chemical structures, which is suitable for
the properties that we need for our calculations. For example, one
can prescreen only donors in the donor—acceptor type molecules,
in which the acceptor block is fixed and which then sets the ion-
ization energy.

Predefining the prototype of the molecular architecture re-
quires a fairly deep understanding of the problem. In this respect,
machine learning (ML) techniques are becoming more and more
popular.l'*1¢] In fact, ML models have already defeated the world
champions in chess and go!'’! as well as brought us forward in
predicting protein folding!'®l and even electron densities.!*"! It re-
mains to be seen how successful these methods will be in the
coming years in the present context.
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Figure 2. The device architecture of state-of-the-art OLED devices. Each layer has its own function to achieve high device efficiency: Electron/hole
injection layer is to reduce the injection barrier of electron/hole from the electrode to the emission layer; Electron/hole transport layer is to balance the
electron and hole transport and to restrict the electron/hole recombination at the emission layer; Emission layer is to convert injected electrons and
holes into photons of a specific wavelength. It is often a guest-host structure, where organic emitters (guest) are doped into an inactive host material

to prevent concentration quenching.
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Figure 3. a) Key processes taking place in a TADF emitter. kg is the fluorescence rate, k,, is the nonradiative decay rate, k(ysc is the (reverse) intersystem
crossing rate, and kp is the phosphorescence rate. b) Design strategies for efficient TADF emitter.

In the next sections we illustrate computer-aided design of
thermally activated delayed fluorescent dyes, non-fullerene ac-
ceptors, and nanographenes.

2. Design of Thermally-Activated Delayed
Fluorescence Emitters

An interesting example of an application-driven molecular de-
sign is the optimization of compounds in an organic light emit-
ting diode (OLED).[2*21] A modern state-of-the-art OLED in gen-
eral possesses a multilayer device architecture, which is com-
posed of two electrodes, electron/hole injection layers,[??] elec-
tron/hole transport layers and emission layers, as shown in Fig-
ure 2. Injection of electrons and holes in such a device leads to
both singlet (25%) and triplet (75%) excited states. To reach 100%
internal quantum efficiency (IQE), several design strategies of
emitters have been proposed to harvest triplet states.[2*-2%] Here,
we focus on a class of emitters called thermally activated delayed
fluorescence (TADF) emitters.[?’]

A TADF emitter has relatively small, on the order of 0.01 eV,
energy gap between its singlet S, and triplet T, states. The re-
verse intersystem crossing (rISC) can therefore occur at room
temperature. As a result, OLEDs with a TADF emitter can har-
vest triplet states.

Apart from rISC, OLED efficiency depends on the fluores-
cence rate, non-radiative decay rate, and the phosphorescence
rate. These processes are illustrated in Figure 3. In general, the
requirements of a high-performance TADF emitter are high kg,
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high ks, low kp, and low k.. Therefore, it is important to de-
velop models that help to evaluate these rates from the under-
lying molecular structures, providing insights for the molecular
design.[?®] For instance, the fluorescence rate can be estimated
using the Einstein’s spontaneous emission equation,? k; =
fs,s, AEéO 5, /1499 cm™? s, wheref;  is the oscillator strength and
Eéo 5, (in cm™!) is the energy difference between the S, and S,
states. For TADF emitters with a fixed target color, high oscillator
strength of the emitter is therefore a relevant figure of merit.

Similarly, the phosphorescence rate can be estimated
using the same form as the fluorescence rate,*”) k, =
foor, AES 1 /1499 cm™ s, where AE{ . is the energy differ-
ence between T, and S, states. Note that the oscillator strength
fs,r, between pure S, and T, states is zero. Therefore, allowing
So/T; to gain admixtures from states with triplet/singlet states
in the framework of perturbation theory is crucial to get nonzero
For

For the (reverse) intersystem crossing rate a computationally
efficient approach is to adopt the Marcus rate expression(!]

L e

Here, three parameters determine the transmon rate between the
S, and T;: the spin-orbit coupling HSO , the reorganization en-
ergy A and the energy difference between the two states, AEq;

51T1

1)

krISC

(AEg + ,1)
44k, T
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(the sign is opposite for rISC and ISC). Overall, large spin-orbit
coupling and small AEg; + 4 is favorable.

Finally, within the Franck—Condon approximation, the rate of
nonradiative decay via internal conversion (IC) from S, to S, can
be written as*?]

nr

R
k= %ﬁ %‘4 Z_lk e ﬁ;ﬁ&(% +E, - Ef”f) &

w %

where Z,, is the partition function, Rﬁc = (¢f~|f’ﬂ|¢i)(®ilpﬂ|®f~),
f’ﬂ is the mass weighted normal momentum operator, Pﬂ =
—ihd/0Qy is the Ilth normal mode coordinate of the final state,
ch = (G)fvfﬁ’ﬂl@ivl)(@w( |I3fk|®fvf), Qy is the Ith normal mode co-
ordinate of the final state, ®; rand ©, ; are the electronic and vi-
brational mode wavefunctions of the final states, respectively,

The evaluation of k,, using Equation (2) involves computations
of non-adiabatic coupling matrix elements, which is computa-
tionally demanding. Alternatively, the cost-efficient descriptor, re-
organization energy A; s , can be used to measure the feasibility
of IC between S, and S, where large reorganization energy gen-
erally leads to large nonradiative decay rates.**]

From the computational materials science perspective, many
parameters appearing in the rate equations can be obtained from
first principles, providing a direct link between the molecular
conformation and the rate. Indeed, a number of molecular de-
sign strategies which help to tune the ingredients of these rates
have been proposed, as summarized in Figure 3.

To begin with, the conventional TADF design relies on the re-
duction AEg; due to the decrease of the spatial overlap of the
HOMO and the lowest unoccupied molecular orbital (LUMO).
In a donor-acceptor (D-A) TADF molecule, this is achieved by
making the donor and the acceptor orthogonal to each other.[?’]
Despite the favorable small A Eq, a perfect orthogonal D-A com-
pound has fs 5 = 0 due to the CT character of S;, leading to k.
= 0. The nonradiative condition is resolved with the help of vi-
brational motions and the conformational disorder in the solid
state, bringing the molecule away from orthogonality.**! In other
words, a flexible dihedral angle between donor and acceptor (¢p,)
is responsible for broad emission spectra and large k,..[?®! There-
fore, tailoring the molecular design and the choice of the host ma-
terial is crucial to reach the sophisticated balance between rates
of different processes.!*!

Space-confined charge-transfer (SCCT) is another concept that
can be used to boost the efficiency of a TADF emitter. Here, a
molecule consists of cofacially arranged donors and acceptors
that are connected by a rigid linker.[*®) In fact, two design philoso-
phies can lead to the SCCT molecular architecture. From the per-
spective of refining the conventional TADF emitters, Chen et al.
showed that the noncovalent interaction between the donor and
the acceptor in a sterically congested molecular geometry lead
to the hybridization of the CT and LE states in S; and T,. This
enhances the fg ¢ and H:g‘, increasing ki and k;sc. In addi-
tion, the ortho substitution of the donor and acceptor gives it a
“locked” character, resulting in small 4 5, and therefore slow k..

From the perspective of improving the conventional TADF ex-
ciplex, Tang et al. arrived at the same idea of SCCT.*’] The exci-
plex emission is dominated by the distance between the donor
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Figure 4. The device architecture of single-layer OLED devices.

and the acceptor compounds, where large donor—acceptor sepa-
ration leads to negligible exciplex emission. The attempt of con-
fining the D-A distance by linking the donor and acceptor with
a spacer (D-o-A), the so-called through-space charge-transfer
(TSCT), was not very successful. It turned out that the control
of the relative orientation (coupling) between the donor and the
acceptor is essential, and can be achieved via the SCCT design.[8!

Another strategy utilizing the intramolecular noncovalent in-
teractions is the mechanically interlocked molecular design. The
idea is to modify the conformational dynamics and hence the
rate of critical photophysical process. Rajamalli et al. demon-
strated that the carbazole-benzophenone-based rotaxanes ex-
hibit better performance as compared to their noninterlocked
counterpart.*?! In this particular case, the introduction of the me-
chanical bond leads to increased PL quantum yield and photo-
stability, reduced AEg;, shallower HOMO, and red-shift in the
emission spectrum.

One of the drawbacks of conventional D-A TADF emitters is
that the desirable small A Egy correlates with small f ¢ . To over-
come this limitation, the multiresonant (MR) TADF emitter has
been proposed.[***!]l MR-TADF has a planar fused aromatic ring
with electron donating atoms and electron deficient atoms ar-
ranged in para positions to each other, as shown in Figure 3. Per-
shin et al. showed that the MR-TADF emitters can exhibit both
small AEg; and high f; ¢ *?/ which opens the possibility to in-
crease the device performance. However, the MR-TADF emitters
are rare, and most of them are nanographenes doped with both
donor and acceptor atoms, such as O, B, and N.[*!l Recently pro-
posed DilCzMes4 is the first acceptor-free MR-TADF that con-
tains only nitrogen as donor,[*}! showing an unexplored frontier
in MR-TADF design.

From the viewpoint of computational design, linear response
time-dependent (TD) DFT with popular functionals such as
B3LYP, PBEO, or LC-wPBE significantly overestimates the AEq;
of MR-TADF compounds. The poor prediction of TD-DFT is as-
cribed to the lack of double excitations, since the methods that
include double excitations such as SCS-CC2 successfully predict
AEg *2*1 SCS-CC2 is a reliable but computationally demand-
ing method, rendering it impractical for computational high-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. The estimated EL spectrum maximum (in eV) of 49 A-z—D-z—A candidates of single-layer OLED emitters. The molecular structures of the 14
selected compounds are depicted. Reproduced with permission.[¢] Copyright 2021, Frontiers.

throughput screening. Therefore, a reliable and cost-effective
method for prediction for MR-TADF compounds is desirable, for
example, the double-hybrid functionals, as revealed in the recent
benchmark study on Hund’s-rule-violating molecules.[**]

Most compounds obey Hund’s multiplicity rule, where their T}
states lie below their S; states. Up to now, only few compounds
violate Hund’s rule,[*°! showing a negative A Eg;. The existence of
TADF compounds with negative AEg; verifies the prediction by
de Silva et al. based on a four-state model.*”) Despite the highly
desirable inverted S; and T, states, only heptazine-based com-
pounds have been used so far in OLED devices.[*¥] The design
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rule for novel Hund’s-rule-violating molecules remains unclear.
In addition, the prediction of negative A Egr, a phenomenon that
can only be described beyond single excitations, is not achiev-
able with TD-DFT using common density functionals. Therefore,
wavefunction methods including double excitations are usually
required to obtain inverted T, and S,.[* Fortunately, a recent
benchmark study by Sancho-Garcia et al. showed that TD-DFT
with double-hybrid functionals can give the correct negative fea-
ture of AEg.[*] These methods can thus be used in computa-
tional high-throughput screening to further increase the number
of Hund’s-rule-violating molecules.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Sketch of the energy level diagram at the donor—acceptor interface illustrating the concepts of the energy level bending and (positive) interfacial
bias potential. The electron is more stable in the phase with lower electron affinity (larger negative energy values) and the hole is more stable in the
material with the higher ionization energy. The direction of the energy level bending corresponds to the A-D—A molecular architecture and long molecular
axes oriented parallel to the donor-acceptor interface. Positive interfacial bias destabilizes the charge transfer state, helping to dissociate it into the charge
separated state. Chemical structures of typical NFA compounds illustrate the A~-D—-A molecular architecture. Adapted with permission.[63] Copyright

2021, Wiley-VCH.

The discussion above is based on TADF emitters in multilayer
OLEDs. A different strategy is to simplify the OLED architecture
and use a single-layer OLED,[*] where the device is composed of
only a pristine TADF film and electrodes, as shown in Figure 4.
The design strategy for this concept is far from trivial. In addition
to triplet harvesting, a strategy of injecting electrons and holes
into wide-gap semiconductors is required®® as well as balanced
electron and hole transport in a semiconducting film.

CzDBA is an example of such a compound.l*’! This compound
is truly unique in a way of how many design principles it com-
bines. First, its IE and EA lie within the recently-identified “trap-
free” window,">!! leading to a trap-free transport. Second, high
electron/hole mobility is achieved due to zero molecular dipole
moment, resulting in small energetic disorder for electron and
hole transport.l’?°] It is also a TADF emitter: it has small AEg;
(0.016 V), achieved by making the donor and the acceptor
orthogonal to each other via the m-xylene bridge. Large Hgg‘
is achieved by exhibiting large differences between excited-state
characters of S; and triplet states lying close to S;.

In a solid film, it avoids, at least partially, concentration
quenching. The latter is often caused by the formation of ex-
cimers in (nearly) cofacially arranged dimers (chromophores)
with strong intermolecular interactions. In CzDBA this is re-
solved by introducing bulky groups (m-xylene bridges) as shield-
ing units. Similar strategies have also been used to design
quenching-resistant MR-TADF emitter.[>]

Searching for molecules simultaneously fulfilling all these re-
quirements is challenging and virtual screening is a must. In
our recent work, we constructed 1000 CzDBA-like compounds
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(441 A—7n—D-7—-A and 504 D—-z—A-7z-D) with prescreened “trap-
free” donors and acceptors.>®! Overall, we obtained ~100 poten-
tial TADF emitters for single-layer OLEDs with various EL spec-
trum maximum, as shown in Figure 5, ranging from infrared
(0.716 eV) to blue color (2.660 eV), which paves the way for fu-
ture development of single-layer OLED devices.

3. Non-Fullerene Acceptors

Another representative example of virtual design of organic semi-
conductors is the development of the donor—acceptor combina-
tions for organic solar cells (OSCs). The chemical design of OSC
donors and acceptors was initially focusing mostly on the donors,
where both small molecules and polymers were scrutinized(>®>°!
The acceptors were limited to a few structures, such as C60,
C70,[%%) and their soluble version, PCBM.[%162] It has soon been
realized that the used acceptor molecules do not generate ex-
citons and therefore free charges, because of their moderate
light absorption.

The search of alternative, light-absorbing, acceptors was not
very successful for almost a decade, and the power conversion ef-
ficiencies (PCEs) of organic solar cells stagnated around 109.[%)
Eventually, a novel class of molecules, coined as non-fullerene
acceptors (NFAs), have been designed, leading to a twofold in-
crease of PCE of OSCs.[®%8] At present, OSCs based on small
molecule non-fullerene acceptors have power conversion effi-
ciencies up to 17.4% for single junctions!®7?l and 18.6% for
all-organic solution-processed tandem cells,[”*>7# while fullerene-
based OSCs are only 10% efficient.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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In an organic solar cell, a photogenerated exciton dissociates
at the donor-acceptor interface into an interfacial charge transfer
state. The ionization energy or electron affinity energy offset at
the heterojunction provides the driving force for the excited state
dissociation that proceeds via a hole or an electron transfer. This
offset should exceed a certain value, ~0.5 eV, in order to enable ef-
ficient dissociation of the excited state.[”>~77] For the small optical
gap materials, such as NFAs, only the ionization energy offsets
are relevant, because of the fast energy transfer from the donor
to acceptor.”’]

The interfacial CT state further dissociates into a pair of free
charges—an endothermic process. The exact mechanism behind
the driving force for this process is under debate.[”**! It is one of
the key processes in OSCs, since it determines, to a large extent,
the open circuit voltage of organic heterojunctions.[828+-86]

The main difficulty in virtual screening of the donor/acceptor
pairs is that any changes to their chemical structures affect
simultaneously the open-circuit voltage, the short-circuit cur-
rent, and the fill factor of the solar cell.®-2] Without know-
ing how these changes correlate with each other, it is impos-
sible to formulate clear molecular design rules. Some correla-
tions can be established by incorporating, for example, electronic
structure of the donor-acceptor pair into the description, either
phenomenologically,®*°*] or taking into account the underlying
molecular architecture of the acceptor.[*3] For example, rigid elon-
gated planar cores favor the formation of spatially extended, well-
ordered domains, about 10-30 nm in size.[®} Rigid planar cores
and large electronic couplings result in superior exciton diffu-
sion lengths, up to 50 nm.[*®} As a result, the bulk heterojunction
becomes more robust with respect to the domain size variation.
Furthermore, electron affinities lower than —3 eV ensure trap-
free electron transport.[>1%7]

In addition to these generic design rules, the electrostatic po-
tential distribution at the donor—-acceptor interface imposes ad-
ditional constraints onto the molecular architecture of the ac-
ceptor. Donor—acceptor intermixing at the donor—acceptor inter-
face leads to the electrostatic potential bending at the interface,
as shown in Figure 6.9 The resulting electrostatic poten-
tial destabilizes the charge transfer state, driving its dissociation
into free charges. Potential bending in excess of 0.5 eV com-
pensates the electron-hole Coulomb binding energy, leading to
barrier-less dissociation of the CT state in free charges.[®*1%] The
energy level bending reduces the driving force required for hole
transfer into the acceptor to the donor, leading to the formation
of charge transfer states. As aresult, 0.5 eV offset between ioniza-
tion energies of the donor and acceptor is required for efficient
hole transfer reactions.!”’]

The energy level bending at the donor—acceptor interface can
be traced backed to the molecular crystal field.[399101:102] Since
the latter is related to the molecular quadrupole, the magnitude
of energy level bending at the interface correlates with the molec-
ular quadrupole moment. As a rule of thumb, Q, ~ 100ea} (75
Debye A) provides a balance between efficient exciton dissocia-
tion and open circuit voltage losses.[®]

Such molecular design rules have been used recently to pre-
screen a computer-generated database of 121 compounds.[%] Asa
result, 12 potential candidates, shown in Figure 7, could be iden-
tified. Eight of these compounds have already been synthesized,
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resulting in 10% to 15% efficient solar cells, confirming the prac-
ticality of the proposed prescreening.

Conjugated bridges between the donor and the acceptor
blocks, as well as side groups offer an extra degree of freedom for
the NFA optimization. Conjugated bridges, for example, increase
the conjugation length of NFAs, leading to a deeper LUMO, a
shallower HOMO and a smaller optical gap. These properties are
closely related to the device characteristics, such as open circuit
voltage, internal quantum efficiency, and light absorption.[%] The
side groups can be used to tune the solubility and crystal struc-
ture of NFAs.[1%%]

4. Nanographenes

In addition to the aforementioned examples, several other
types of conjugated organics molecules emerged recently: poly-
cyclic aromatic hydrocarbons (PAH), nanographenes (NG),
and graphene nanoribbons (GNRs).[>31%4-10] Tynable optical

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 8. Example of molecular precursors and resulting GNRs after in-solution or thermally activated on-surface synthesis. Molecular precursors
are responsible for the width and edge structure of the ribbons, providing control over the band gap by design. a) GNRs synthesized in solution via
Diels—Alder polymerization of small nonsymmetrical monomers, which induces positional isomerism (R=C;,Hos).['""112] b) Combination of precursor
molecules and metal-surfaces result in the same 7-armchair-type GNR (7-AGNR). 10,10'-dichloro-9,9"-bianthryl (DCBA) on Ag(111)[""3] and 10,10’
dibromo-9,9"-bianthryl (DBBA) on Au(111).[""%] The chiral GNR (3,1-cAGNR) was also obtained by DCBA on Ag(111). c) Chevron-like AGNRs.[114115]

gap—literally starting from zero eV for graphene—high elec-
tronic mobilities,['% mechanical strength,'%®! and thermal
conductivity(!%! make them interesting for electronic applica-
tions such as electrodes, sensors, and field effect transistors.[*°]

GNRs’ optical properties, and their semi-conducting and
metallic electronic structures depend on their chemical structure,
width and edge configuration.>!>-18] Potential applications of
GNRs in fields such as nano and optoelectronics, photonics, and
quantum computing motivate the search for new ways to syn-
thesize them with well defined and perfectly controlled chem-
ical structures. Top-down techniques, such as “unzipping” car-
bon nanotubes, provide a straightforward method for GNRs pro-
duction. However, this approach results in rough and chemically
undefined edge shapes, which produce unpredictable electronic
structures, compromising their application in optoelectronic de-

Adv. Sci. 2022, 2200825
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vices. During the last years, bottom-up chemical synthesis, either
in solution®!] or surface assisted!1%11%114] hag been developed
and provides atomically precise GNRs with tunable properties.
Indeed, bottom-up synthesis requires tailored molecular precur-
sors, which after polymerization, graphitization, and planariza-
tion, produce atomically precise GNRs with specific edge shapes
and widths. Figure 8 shows a few representative examples of how
fine-tuning of the electronic bandgap can be achieved through
this structural perfection.[111:112.114.119-123]

The current focus of computational methods is on single
chains, such as polyphenylene precursors.[''2] Here, ab ini-
tio/ZINDO methods are used to predict excitation energies of
short GNRs, molecular dynamics is employed to investigate side-
chain packing,'?*l and density functional theory is used to ex-
amine the effect of GNR width, edge geometry, and functional
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groups on the vibrational spectra of GNRs.['?® More sophisti-
cated methods, such as many-body perturbation GW and Bethe
Salpeter equation (BSE) approaches are used to calculate dielec-
tric functions of GNRs and their polymer precursors,['®] as well
as their fundamental band gaps and Raman spectra.!12¢]

The rational design of these macromolecular materials so
far has only found a few applications, but they find rapidly in-
creasing attention: for example, GNR-based hetero-junctions!!%’]
have been reported. Doped with heteroatoms, '8l nanographenes
found their use in light emitting diodes as multiresonant ther-
mally activated delayed fluorescent emitters.*”) These com-
pounds have very narrow-band emission, high photolumines-
cence quantum vyield, high chemical and thermal stabilities.[*!]
Here a better theoretical understanding of the design rules is
urgently needed, as well as the exploration of a wider chemi-
cal space.

5. Outlook

Overall, computational screening and testing has made signifi-
cant progress over the last decades and is turning from a retroac-
tive to a predictive tool. Nevertheless, a comprehensive methodol-
ogy is still in far reach. It is clear that virtual screening relies on
a well-defined hierarchy of structure-property relations or even
more elaborate structure-processing-property relations. For poly-
mers, for example, intermolecular and backbone conformation-
dependent contributions to the electronic properties depend on
morphology and local packing, which in turn delicately rely on
well defined and controlled sample preparation.

While precise structure-property relations, for example molec-
ular symmetry, can be readily used when generating the virtual
database, the computationally demanding properties, such as
solid state ionization energy or electron affinity, are useful for
refining the database of potential structures. In fact, without the
hierarchy of structure-property relations, it is practically impossi-
ble to implement the high-throughput screening scheme: the ini-
tial number of potential organic molecules is simply too big. In
other words, a deep insight into the forward problem, that is pre-
dicting properties of interest from the chemical structure, is still
required for designing a practical and useful prescreening proce-
dure.

The prediction of material properties from molecular struc-
tures (forward problem) can be complemented by the machine
learning models (MLs), which help to reduce the cost of quan-
tum mechanical or multiscale simulations. The training set of
ML can be based on experimentally available structures, such as
organic molecules in the Cambridge Structural Databasel'*) or
generated by solving the forward problem for a set of computer-
generated structures.3% ML can also be used to propose struc-
tures with a given set of properties, addressing the inverse design
problem.['31] This process can be further optimized by using ac-
tive machine learning!!*213] or generative models.['**]
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