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The Faraday Discussion meeting on ‘challenges and prospects in organic and photonics
and electronics’ was held in Osaka, Japan, after the COVID pandemic and during the
subsequent global difficulties, in the traditional face-to-face and condensed style, with
many discussions, both after the short presentations and in front of the poster
presentations. | would like to take this opportunity to thank the organising members,
particularly Youhei Takeda and local professors, for their efforts in organising this meeting.

I feel privileged to address the concluding remarks of the meeting; however, it is
extremely difficult to describe the discussions that emerged from this meeting,
both in terms of the wide-ranging research fields considered and the depth of the
discussions. Items of the discussions were extended, along the same organic-
based avenue of the previous meeting on this topic in 2014," to include the
frontiers of socially demanded, energy-related applications using organic mole-
cules and polymers, i.e. thermoelectric and battery electrode-active materials. The
label ‘organic’ often included metal complexes and molecular composites with
carbons, and the results were obtained by effectively using other components in
the devices. The specific discussions for the 3 days were recorded; hence, I will
share my perspective on the issues raised in this meeting and suggestions, just as
one of the references.

I went through, in advance, the papers contributed to this meeting, and
generated a keyword cloud (Fig. 1a) to reflect on our active discussions. The most
frequent keywords, p- and n-type, indicate that the discussion was centered on the
traditional properties of p- and n-type, or donor and acceptor, semiconducting
organics throughout all sessions. A molecular structure cloud is shown in Fig. 1b,
wherein polythiophene, polyfluorene, carbazole and bithiophene derivatives were
studied in many papers. These are conventional molecules and there is no
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Fig. 1 Clouds of keywords (a) and structures (b) given in the papers contributed to this
meeting.

surprise there. I am concerned about the framework of Faraday Discussions for
circulating the speakers’ accepted manuscripts in advance. Short oral presenta-
tions were provided with emphasis on the speakers’ concepts and ideas, often
including novel keywords and chemical structures; however, I noticed that the
papers that will be published in the special issue of this meeting may remain
monotonous, despite the active discussions followingly recorded.

Organic-based devices, including photonic and electronic ones, are classified
in Table 1, adding energy-related device systems, and contrasting the general dry
devices with the wet or electrochemical devices, where there is coexisting elec-
trolyte, in the right column. Electrochemical transistors that include electrolyte-
gated organic field-effect transistors were overviewed in this meeting by Luisa
Torsi. Her Spiers Memorial Lecture (https://doi.org/10.1039/D3FD00152K) was very
impressive, in which she discussed powerful applications of transistor systems to
single-molecule biosensing for medical purposes.” Electrochemical light-emitting
cells are considered a substitute for the counterpart organic light-emitting devices
(OLEDs) owing to their simple, active layer structure, composed of a fluorescent
molecule with an electrolyte, and its cost effectiveness.® Electrochromic displays,
typical wet device systems, were not included in this meeting; they have practical
challenges and are still being developed for displays and smart windows on the
market by exploring new chromophore molecules and polymers with reversible
and persistent redox capability in their electrochemical reactions.* The organic

Table 1 Organic-based electronic, photonic, and photovoltaic devices and batteries

Electrochemical devices

Dry devices

(coexistence of electrolytes)

Organic field-effect transistors
Organic light-emitting diodes/displays
(Liquid crystal displays)

Organic photovoltaic cells

(incld., perovskite solar cells)
Dielectric polymer capacitors
Organic thermoelectric generators
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Electrochemical transistors
Light-emitting electrochemical cells
Electrochromic displays
Dye-sensitized solar cells

Organic batteries
Thermo-electrochemical cells
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battery is a newcomer in this meeting,” and its dry counterpart is an ultrahigh
energy-storage capacitor based on novel dielectric polymers.® An organic ther-
moelectric generator is paired with a wet device, which forms a thermo-
electrochemical cell.

Session 1 on organic bioelectronics started with Nako Nakatsuka’s presenta-
tion on the surface chemistry of a polymer/carbon nanotube coating with inte-
grated DNA aptamers upon an electrolyte-gated transistor for biomolecule
sensing (https://doi.org/10.1039/D3FD00123G). As Luisa Torsi touched on in her
talk, an electrochemical understanding of both the electronic-ionic mixed
transport in the organic semiconducting layers and the interface of the
electrolyte with the analyte is critical.

We can expect bioelectronics to provide cutting-edge approaches to shaping
our future chemistry.

From another angle, implementing proteins in optoelectronics represents
a fresh idea toward a new class of sustainable materials with biological functions
that could replace less-environmentally-friendly inorganic components. As one of
the references, a study by Costa et al. is quoted here.” They screened and selected
green fluorescent protein mutants, which increased thermal tolerance and
provided fast folding for protein production. The fluorescent proteins were
genetically-encoded to aggregate with a hydrophilic polymer, so that they became
dehydrated and were integrated into a light-guiding host polymer. The fluores-
cent protein-based diode is expected to achieve a high emitting performance
without thermal quenching, even under high power driving conditions. In addi-
tion to the biological and medical applications of such chromophore proteins,
there is an expectation that bio-optoelectronics may bridge the gap between
organic materials and biological systems.

Our results on the electrical conduction of a material that coexists with elec-
trolyte, but is purely organic, can be considered as another example, which is
expected to stimulate research on currently unknown electric and ionic functions
of soft organic matter, including biological systems. We prepared flexible poly-
mers bearing pendant redox groups, which delivered an electrical conductivity of
107" S em™'.* A macroscopic, huge current density beyond 1 mA cm™> was
observed, even for sub-mm thick specimens; when one student accidently
touched one, he felt an electric shock. The redox-active polymer functions as an
electrically conducting material, and its electric conduction and extremely effi-
cient charge transport are attributed to a sequence of rapid and geared chemical
reactions between the densely populated redox sites. This concept is totally
different from that of metallic conduction or m-electron-based conduction in
organic semiconductors.

Organic photoelectronic-responsive compounds comprise earth-abundant
elements and have been described as sustainable materials for use in the next
generation of displays and several other devices. However, the practical availability
of photoelectronic organics depends on the chemical costs and hazards, i.e. starting
compounds, building blocks, synthetic routes, reaction conditions and solvents, by-
products, and purification. Specific requirements or assessments for ‘sustainability’
or ‘greenness’ have not yet been settled. For example, Merck/Sigma-Aldrich marks
their chemicals with a ‘green label’ among the categories® that include the twelve
principles of green chemistry. Some of our familiar molecules are provided with
this green label and advertised; however, I am concerned about their commercial
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perspective on this categorising process. Christine Luscombe discussed her
synthesis of glycolated polythiophenes through a fast route and facile procedure in
this session (https://doi.org/10.1039/D3FD00146F). Such a delineation is expected
to be one of the first steps to provide a multidimensional picture of the real
environmental impacts of organic photoelectronic compounds.

I am confident that this session at the Faraday Discussions will, in the not-far
future, leverage the integration of organic photo-electronics between biological,
environmental, and energy sciences.

Organic batteries could be a counterpart of the highly in-demand Li-ion
batteries, and their chemistry was discussed in Session 2. They are recharge-
able devices based on the electrochemical redox reaction of organic molecules or
polymers in the presence of electrolytes. The doping process of m-conjugated
polymers can be regarded as a reversible redox reaction, and they have been
examined as battery electrode-active materials.’ However, the doping levels
remain low, resulting in a battery with very low energy density. In addition, the
output voltage and the response rate are broadened and fluctuated depending on
the doping level; this research was suspended, and now the target is electro-
chemically reversible redox pairs of organic molecules.

Molecules with more positive redox potentials, or often p-type molecules, are
utilised as cathode active compounds (as represented by the triphenylamine/
aminium radical cation redox couple), whereas those with more negative poten-
tials, or often n-type ones, are used for the anode (e.g., the quinone/hydroquinone
redox couple). The electrochemical reaction occurs in the amorphous or gel-like
state of the redox molecules or polymers, which are fabricated in paper-like,
flexible batteries (Fig. 2a)."* Research on the target redox polymers is currently
underway, considering new redox-active sites and/or higher dimensional struc-
tures. Rebeca Marcilla provided an interesting example of this approach, signif-
icantly improving the capability of the featured anthraquinone and phenazine
network polymers with fast-rate electrodes, applicable to an aluminium battery
(https://doi.org/10.1039/D3FD00132F).

The performance of emerging organic batteries is projected in Fig. 2b,
a comparison of the energy density vs. power density of organic batteries with
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Fig. 2 (a) An organic, flexible paper-like battery fabricated using a pair of redox polymers
and an electrolyte-containing thin-film separator and (b) batteries and capacitors plotted
in a diagram of energy density vs. power density: Ragone plots (the h and s values
represent the time required for full charging/discharging). (a) Reproduced from ref. 11b
from the Royal Society of Chemistry 2022.
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those of the conventional batteries, which represents an advantage in power
characteristics; however, there is a drawback in terms of energy density, which is
nearly one order of magnitude behind those of the rapidly improving Li-ion
batteries. A warning should be noted, that batteries are charging/discharging
energy-storage devices ‘electrically’ designed and inspected toward practical
usages.

Capacitors function on the physical charge storage at interfaces under external
voltage application, and are characterised by quick charging/discharging prop-
erties but limited energy density and inconstant output voltage. Kunio Awaga
discussed, using a device with a metal-insulator-organic tetrathiafulvalene layer-
metal configuration, charge storage at the interface of an organic semiconductor
and a photo-induced displacement current to possibly lead to a photoelectronic
conversion phenomenon (https://doi.org/10.1039/D3FD00125C). His proposal
suggested that organic semiconducting materials show a variety of capacitor-
like behaviours. For example, a battery-inspired non-volatile and rewritable
memory was reported by sandwiching a dielectric polymer film with a pair of
semiconducting polymers."

In Session 3, the wide fields of excitonic molecules and their applications were
reported and discussed. The research on thermally activated delayed fluorescence
(TADF)* progresses both by molecular tailoring of emitters and by analysing
dynamic reverse intersystem crossing. For the former, the twisted donor-acceptor
configuration was discussed, including the contribution of the structural
symmetry and coplanarity. Albrecht et al. synthesised tris(chlorophenyl)methyl
radicals substituted with the donor carbazole and presented the unique lumi-
nescence property of the organic radical molecules with a doublet electron
configuration (https://doi.org/10.1039/D3FD00130J). For the latter, Youichi
Tsuchiya discussed the luminescence mechanism of TADF molecules, as well
as his recent results on the peculiar thermal behaviour or inverted AEg; for
reverse intersystem crossing (https://doi.org/10.1039/D3FD00151B).
Nevertheless, TADF molecules, endowed with robustness, are anticipated for
use in next-generation OLEDs, as well as electrically driven organic lasers.**

Switching of the emission channel from TADF to room-temperature phos-
phorescence is another avenue to enhance the quantum efficiency for OLEDs: e.g.,
organic emitters have been researched by designing donor-acceptor-donor
moieties, as reported by Data et al.*®

Jenny Clark described the chemistry of singlet fission with her precise spec-
troscopy of a series of m-conjugated molecules, including single crystals of
rubrene (https://doi.org/10.1039/D3FD00150D). The discussion in this session
will stimulate the design of organic molecules for triplet-triplet annihilation
and photon-up-conversion. Organic chromophores to enable efficient triplet-
triplet annihilation conversion are being explored, as discussed by Yanai et al.,'®
along with the molecular design of relatively small but rigid conjugated struc-
tures. Their combination with a triplet sensitizer facilitates photon up-conversion
from low-intensity visible light into UV light, leading to various photochemical
applications.

The questions posed in this session include how we can imagine the next
challenge for excitonic molecules in OLEDs and sunlight-powered devices such as
organic photovoltaics.
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Recent studies on precise model compounds of conjugated organics provide
a comprehensive understanding of the extensive characteristics of organic
semiconductors. Fujino et al. discussed, in this meeting, carrier—carrier repulsion
and interpolymer interactions to dominant p-type conductivity, using single-
crystal charge-transfer salts of oligo(ethylenedioxythiophene)s (https://doi.org/
10.1039/D3FD00134B).  Fukazawa et al'  recently reported on
oligo(biindenylidene)s, one-dimensional fragments of fullerenes, and eluci-
dated their multi-electron reduction capability, as well as enhanced visible
absorption; this suggests a new approach to n-type conjugated polymers without
any electron-withdrawing substituents. In addition, Skabara et al.*® pointed out,
through their crystal structure analysis, the importance of heteroatom interac-
tions in heterocyclic conjugated molecules and polymers.

Organic thermoelectrics were discussed in Session 4, wherein active materials
would be configured in thermoelectric generators as p- and n-type conductors
connected with high- and low-temperature heat sources. Key materials expected
are n-type conjugated polymers, and their development was demonstrated by
Xugang Guo through his molecular design strategy (https://doi.org/10.1039/
D3FD00135K). He also stressed that his n-type polymers are commonly appli-
cable to photovoltaics and transistors. Bob Schroeder discussed structure-
conductivity relationships using his coordination polymers (https://doi.org/
10.1039/D3FD00139C). In addition, Nakamura et al. mapped highly pure
organic small molecules with a giant Seebeck effect and proposed possible
origins of thermoelectric conduction in organic molecules, represented by heat-
flow-based molecular vibration (https://doi.org/10.1039/D3FD00127]).

Iwould like to touch upon the general knowledge that the thermal conductivity
of organics, including polymers, remains extremely low, being approximately one
order of magnitude lower than those of inorganic ceramics and three orders of
magnitude lower than those of metals. Polymers and plastics are thermal insu-
lators. Appropriately lower thermal conductivity is better for thermoelectrics.
However, designing and synthesizing highly thermo-conducting organic poly-
mers, genuine and un-composited ones, are significant challenges to solving the
crucial problem of heat dissipation or heat removal from plastic packages of
operating devices and batteries.

Materials informatics may reduce our tremendous efforts in exploring novel
materials. Indeed, machine learning procedures, including deep learning, have
been successful not only to predict the properties of organic compounds with
important feature values, but also to propose target molecular structures through
an inverse-design process. Materials informatics functions more efficiently with
feedback from the experimental results based on the prediction. The cycle of the
informatics and corresponding experiments could be run via high-throughput
syntheses and characterisation (Fig. 3).

However, materials informatics often encounters the problems of a relatively
small number of experimental data, e.g. a hundred samples, whereas the trending
deep-learning techniques generally require considerably larger numbers of
samples, i.e. more than ten thousand. The optical properties of functional chro-
mophore molecules, HOMO and LUMO levels, as well as absorption and emission
peak positions and bandwidths, exciton coefficients, photoluminescence
quantum yields, and emission lifetime, are important parameters for searching
for new organic molecules. In addition, they often involve complicated factors,
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Fig. 3 Materials informatics including explainable deep learning (DL) and an ecosystem
integrated with high-throughput syntheses and characterization.

i.e., amorphous or crystalline and higher-ordered structures, molecular interac-
tions, powders, films, or solutions, and hysteresis in device fabrication and
operation.

To challenge the complexity of these organic molecules in materials infor-
matics, several databases have been recently reported, collecting related data on
organic molecules from the literature and/or researchers’ experimental results.
For example, Park et al. reported a database that included more than 30 000
organic chromophores and 500 solvents,* to account, e.g., local environment
effects on optical properties. I quote another recent paper published in Nature
Energy on perovskite solar cells,”® where a big database was created with almost
hundred authors. Unger et al. widely called on the European Union’s Horizon
project members to collect data through careful screening with the same guide-
lines and format from the meaningful 40000 devices with up to a hundred
parameters, including hole- and electron-transporting organic materials, from
reliable published papers.

Several data initiatives in materials science have been under development, e.g.
the MatNavi database of the Japanese National Institute of Materials Science.
Despite these efforts, several organic chemists are still struggling to overcome the
accuracy limitation owing to the low amount of their data. I hope this meeting
could be one of the opportunities to talk about how to share your data, to combine
and constitute a database of organic electronic and photonic compounds appli-
cable to practical research.

We are living in the age of artificial intelligence. For preparing my final
concluding words, I asked Bing Chat, a natural language processing dialogue
system: can you write 80 words on ‘challenges and prospects in organic photonics
and electronics’?** The answer was as follows:

“Organic photonics and electronics, while promising for their flexibility, biocom-
patibility, and tunable properties, face significant challenges. These include issues
with stability, efficiency, and scalability that hinder their widespread adoption.
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However, the field is ripe with potential, with prospective applications ranging from
displays and sensors to energy devices. The key to unlocking this potential lies in
advancements in material science and device engineering, which could address the
existing challenges and open new avenues in the field.”

In conclusion, I am optimistic that engaging in discussions throughout the
four sessions will inspire new ideas, and that this discussion platform will remain
very vibrant.
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