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Alchemy of donor—acceptor—donor
multi-photofunctional organic materials: from
construction of electron-deficient azaaromatics
to exploration of functions

Youhei Takeda, (2 *@ Przemyslaw Data (2 **° and Satoshi Minakata {2

Electron-deficient azaaromatics play crucial roles in organic material fields. Therefore, the development
of synthetic methods for electron-deficient azaaromatics and the exploration of their properties and
functions is important for the advancement of materials sciences and related research fields. In this
Feature Article, we describe new synthetic methods for exotic electron-deficient azaaromatics and their
utilization in the design of multi-photofunctional organic materials. The key findings involve a novel
oxidative skeletal rearrangement of binaphthaenediamines to give U-shaped azaaromics, ie.,
dibenzola,jlphenazine, in good yields. The unique physicochemical features of the dibenzophenazine
allow for the development of multi-photofunctional organic materials based on a U-shaped and twisted
electron-donor—acceptor-donor scaffold. The developed compounds exhibit efficient thermally activated
delayed fluorescence, mechanochromic luminescence, and room-temperature phosphorescence, and

they serve as emissive materials in organic light-emitting diodes.

Introduction

Electron-deficient azaaromatics, such as pyridine-, pyrazine-,
and pyridazine-fused compounds have attracted much attention
in a wide range of research fields such as medicinal chemistry,
catalysis science, and materials sciences. Focusing on the utility
of electron-deficient azaaromatic compounds in materials

Youhei Takeda received his PhD
from Kyoto University under the
supervision of Prof. Tamejiro
Hiyama and Masaki Shimizu in
2010 and thereafter joined the
Timothy M. Swager group at
MIT as a post-doctoral fellow.
He started his academic career
as Assistant Professor at Osaka
University in 2011, and he was
promoted to Associate Professor
in 2015. Concurrently, he was
appointed as Adjunct Lecturer at
Vietnam-Japan-University in 2015

Przemyslaw Data is currently
working as Professor at the
Silesian University of Technology,
Poland. He received his PhD with
honors in Chemistry (2013) at the
Silesian University of Technology in
Poland, and the work received
Polish Prime Ministry Award for
Outstanding Doctoral Dissertation.
Straight after completing the PhD,
Prof. Data received Mobility
Plus funding followed by Marie
Sklodowska-Curie Individual Fellow-
ship to proceed with his scientific
work at Durham University in the area of TADF emitters which
resulted in MIT Innovator Under 35 award (2017 Polish Edition). His
current research interest includes designing and analysis of organic small
molecule and polymeric materials for organic electronics applications.

Przemyslaw Data

This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0001-9103-4238
http://orcid.org/0000-0002-1831-971X
http://orcid.org/0000-0001-9619-445X
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cc03322g&domain=pdf&date_stamp=2020-07-08
http://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cc03322g
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC056063

Open Access Article. Published on 02 July 2020. Downloaded on 1/12/2026 6:44:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

sciences, they serve as unique photo- and electro-active materials,
as the replacement of C(sp®)-H fragments of polyaromatic hydro-
carbons (PAHs) with N(sp?) units results in unique physico-
chemical properties (Fig. 1). For example, the N(sp®) replacement
for C-H enhances the electron affinities (EAs), leading to not only
higher stability toward the air-oxidation but also more improved
electron-accepting abilities when compared to their parent PAHs
(Fig. 1a)." The embedment of electronegative N atoms into
PAH main frameworks perturbs the electronic densities on the
molecules and increases the dipole moments, thereby enhancing
the solubilities into polar organic solvents (Fig. 1b) and mani-
festing specific stacking modes in the solid states (Fig. 1d).”
Also, from the viewpoint of photophysics, the existence of lone
pairs on the N atoms perpendicular to the m-electron systems
plays a significantly important role in mixing energetically-close
n-n* and n-* excited states to yield large spin-orbit couplings
(SOCs) (Fig. 1c).’ Recently, this feature has been well considered
to design organic emissive materials that utilize excited triplet
states (T,) such as thermally activated delayed fluorescence
(TADF)* and room-temperature phosphorescence (RTP).
Another intriguing effect of the N(sp®) substitution involves
the manifestation of diverse molecular assembling modes in
the solid states, due to the reduced numbers of C-H-- -1 con-
tacts when compared with their PAH analogues.” Many exotic
packing modes, such as dimers and 1D-ribbons formed through
complement N(sp?): - -H-C hydrogen bondings, and face-to-face
slipped stackings of azaaromatics, have been reported (Fig. 1d).>
Owing to the overviewed unique features, electron-deficient
azaaromatics, specifically, linearly-fused azaacenes have been
emerging as organic materials such as electron-transporting
materials, n-type transistors, ion probes, organic memories,
organic molecular conductors, and so on.® Also, the helicene-
type azaaromatics have increasingly attracted much attention as
chiroptical materials. Although there are several synthetic
approaches to obtain such derivatives,” the optoelectronic
applications of helical azaacenes have remained to be explored.®
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Fig. 1 Representative effects of the N(sp?) replacement for C(sp?)-H of
PAHs. Adapted from ref. 2. Copyright 2011 American Chemical Society.

Given the functions of aromatic compounds highly depend
on molecular structures, the development of new synthetic
methods that allow for the access to exotic azaaromatic skeletons
would provide us with tremendous opportunities to explore and
discover new horizons of azaaromatic-based organic functional
materials. Intuitionally, the oxidative fusion and annulation of
aromatic amines would be a straightforward strategy for the
construction of azaaromatic molecular architectures.’ In fact,
the serendipitous discovery of Mauveine by Sir William Perkin
in 1896 testifies the high potential of direct oxidative annulation/
fusion of aromatic amines.'® However, as evident from the fact
that Mauveine is an admixture of several constitutional isomers
of phenazinium salts, the regulation of the oxidation of aromatic
amines to provide structurally-well-defined azaaromatic products is
a challenge in organic synthesis and organic materials sciences. In
this Feature Article, (i) recent advancements of synthetic methods
for exotic electron-deficient azaaromatic compounds through novel

Chem. Commun., 2020, 56, 8884-8894 | 8885
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oxidative transformations of aromatic diamines and (ii) the
developments of multi-photofunctional organic materials’* based
on a donor-acceptor-donor (D-A-D) scaffold using an electron-
deficient azaaromatic as the key electron-accepting core, mainly
based on our contributions to the fields, have been overviewed.

Development of synthetic methods
for electron-deficient azaaromatic
compounds through novel oxidative
transformations of aromatic diamines

In 2014, Takeda et al. serendipitously discovered a novel oxidative
skeletal rearrangement of 1,1’-binaphthalene-2,2’-diamines
(BINAMS) under the effect of 1,3-diiodo-5,5-dimethylhydantoin
(DIH) to give a variety of dibenzo[aj]phenazines (DBPHZs)
(Fig. 2a)."”> Most importantly, the rearrangement involves the
formal cleavage of the strong biaryl C-C single bond (the bond
dissociation energy: ca. 118 keal mol ') and the migration of a
nitrogen atom onto the adjacent position (Fig. 2a). The developed
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Fig. 2 (a) Oxidative skeletal rearrangement of BINAMs and (b) Photographs
of solutions and solids of DBPHZs under UV lamp irradiation (/ex 365 nm).
Adapted from ref. 12. Copyright 2014 The Royal Society of Chemistry.
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reaction allows for the preparation of a variety of functionalized
DBPHZs in good yields. It is noted that the dibrominated
DBPHZs obtained by the rearrangement serve as useful synthetic
building blocks for multi-photofunctional organic materials via
Pd catalysis (vide infra). Mechanistic studies suggested the invol-
vement of dearomatization process through the rearrangement,
as naphthalene or a larger n-extended aromatic unit is required
for the rearrangement to occur. The same research group inves-
tigated the unexplored physicochemical properties of DBPHZs
and revealed that the DBPHZs are emissive in both solutions and
solid states under the irradiation of UV light (Fig. 2b). Cyclic
voltammetry of the DBPHZs in dichloromethane also revealed
their high electron-accepting abilities and high EAs (3.12-3.34
eV),"> which are comparable with that of well-known electron-
transporting material, Alqs."?

During the investigation of the oxidative rearrangement,
Takeda et al. also discovered the temperature- and halogenating
reagents-dependent fates of the oxidation of BINAMs.'*"® The
treatment of BINAM 1a with DIH at a low temperature (-40 °C)
exclusively caused a distinctly different rearrangement to give
spiro-type amidine 3a in good yield (eqn (1))."*

. 9
N

MeCN
—40°C,3h

The amidine obtained by the rearrangement has a perpendi-
cular m-scaffold and a functionalizable primary amino group.
By taking advantage of such features, the same research group
derivatized amidine 3a into an N,O-coordinated 6-membered
boron heterocyclic compound 5a in 2 steps (Fig. 3a). The
heterocycle 5a displayed distinct aggregation-induced enhanced
emission (AIEE)'® (@p, 0.13 in the solid states vs. $p;, < 0.01 in
solutions), probably due to the rigid and perpendicular frame-
work that prevents from dissipating excited energies through
n-n interactions (Fig. 3b-d). A similar approach of the intra-
molecular N — B coordination to develop heterocyclic functional
materials was reported by Min et al.,"” where they utilize a linear
azaacene derivative, resulting in a high EA (4.58 eV) and an
extremely high electron mobility (1.60 cm® V' s7!) in an n-type
organic field-effect transistor (OFET) device. Taking into con-
sideration that it is possible to tailor both emissive and mobility
properties of an acceptor molecule, the post-functionalization of
azaacenes through the intramolecular N — B coordination
would find more applications in such as organic light-emitting
transistors in the future.

In the oxidation of BINAMs, the switching of the electro-
philic halogenating reagent from an I' equivalent (DIH) to a CI"
equivalent (¢-BuOCl) in the presence of a base (2,6-lutidine) at

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Derivatization of 3a into AIEE-active spiro compound 5a, (b) the
molecular structure and (c) packing structure of 5a in the crystal deter-
mined by the X-ray crystallographic analysis, and (d) emission spectra of 4a
and 5a in solid states. Adapted from ref. 14. Copyright 2016 The Japan
Institute of Heterocyclic Chemistry.

room temperature caused the oxidative ring-closure of BINAMs
1, affording a variety of functionalized 7,8-diaza[5]helicenes 6
(Scheme 1).*> All the diazahelicenes 6 are almost not emissive
in solutions and solid states, probably due to efficient inter-
system crossing (ISC) to the dark excited triplet states. However,
the presence of functionalizable points in such as 6¢ and 6d
would imply the possibility of tailoring photophysical properties
by utilizing these compounds as building blocks for further
chiroptical organic materials.

Another intriguing oxidative transformation of aromatic
diamines to construct azaaromatics involves the oxidative self-
annulation of 2,5-diaryl-3,4-diaminothiophenes 7 through the
formal cleavage of a C-C and a C-S bonds, which was reported
in 2017 by Takeda et al. (Scheme 2).'"® This reaction allows

FG FG
G0 wos G
NH, 2,6-lutidine N
"
NH, t-BuOH or toluene N
0 R G
FG FG
1 6
01, QO QoL o
N N N N
Q" QCC, o, oo
Ph CO,Me Br
6a 6b (]
97% 87% 84% 44%

SO d S I
N N N
oo, OOt
Me Br
6e 6f 69
44% 91% 72%

Scheme 1 Oxidative ring-closure of BINAMs to synthesize functionalized
7,8-diazal5]helicenes.
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Scheme 2 Oxidative self-annulation of diaminothiophenes 7 to give
aminothienopyrazines 8.

preparing triaryl aminothienopyrazines 8, which are otherwise
difficult to synthesize by other existing synthetic methods. Since
the thienopyrazine unit serves as a good electron-acceptor, the
aminothienopyrazines are regarded as push-pull or donor-
acceptor (D-A) n-conjugated systems. Due to the D-A electronic
structure, a diluted dichloromethane solution of 8a displays a
typical intramolecular charge transfer (ICT) absorption (Aips
460 nm) and orange photoluminescence (Zen, 629 nm, the inset
photograph in Scheme 2) with a good @py, (0.46), showing a large
Stokes shift (5840 cm™') typical to CT-emissive compounds.
Also, it should be noted that aminothienopyrazine decorated
with poly-halogens at the terminal aromatic rings (8d and 8e)
are available by the method (Scheme 2), which would serve as a
monomer for branch-type emissive polymeric materials.

DBPHZ-cored D—-A-D triads as multi-
photofunctional organic materials
Thermally activated delayed fluorescent (TADF) materials

Purely organic thermally activated delayed fluorescence (TADF)
materials have attached much attention in the field of organic
electronics, as they can principally harvest 100% of triplet
excitons in organic devices and convert into the light and
thereby achieve much higher external quantum efficiencies
(EQEs) of organic light-emitting devices (OLEDs) than those
with a 1st generation fluorescent emitters.* A widely accepted
molecular design for efficient TADF emitters involves D,-A,,

Chem. Commun., 2020, 56, 8884-8894 | 8887
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(D = donor; A = acceptor; n, m = 1, 2, 3...) type n-conjugated
compounds with large twist angels between the D and A
moieties around the connecting bonds to minimize the energy
gap (AEgr) between the single excited state (S;) and the triplet
excited state (Ty). A very small AEg; (<0.3 eV) is required for
maximizing the reverse intersystem crossing (rISC) from T,
to S; by thermal energy to yield TADF. In addition to the small
AEgy, the design strategy for enhancing SOC for the spin-
forbidden S;-T; transition is necessary. To do so, the incorporation
of lone pairs can often contribute to the increase in a SOC by
mixing n-n* and n-n* characters. What is also important is that
the transition from a triplet state to a singlet state is allowed
when these states have different characters (e.g., n-n* to n—-n*
and vice versa)." The excited states of an organic D-A m-conjugated
molecule are classified mainly into two types: locally excited (LE)
states, ie., the nn* excited states localized on the mutually
perpendicular subsystems (D* or A*); intramolecular charge-
transfer (CT) excited states, ie., the charge-separated excited
states as a consequence of electron-transfer process from the D
to A units [(D*"~A®*")*].%° According to the El-Sayed rule,'® the
transitions between 'CT and °LE excited states (and vice versa)
are allowed. A merit of using D-A molecule as a TADF material
includes that the energy level of 'CT excited state is finely
tailored by tuning the electron-donating and electron-
accepting ability of D and A units, respectively, and by fluctuating
the D-A dihedral angles. Also, the CT state is highly affected by
environmental conditions such as permittivity and viscosity.
Since the LE states are less affected by these factors than CT
states, the AEgr and SOC are engineered by molecular design in a
twisted D-A molecular scaffold. As a single molecule, one can
usually distinguish between LE and CT excited states by spectro-
scopic techniques. Both of them can be observed as triplet or
singlet. Nevertheless, to manifest CT excited state, there must be
a difference in electric potentials between the two parts of the
molecule. For this purpose, researchers are typically using N-C
connecting bonds between electronic donors and acceptors. As
already mentioned, DBPHZs serve as a luminogen with good
electron-accepting abilities.'” Considering those unique features,
Takeda and Data designed DBPHZ-cored twisted donor-acceptor-
donor (D-A-D) triads as TADF emitters for OLEDs.>* An important
value of DBPHZs in designing TADF materials includes that the
triplet state of the DBPHZ-cored D-A-D molecules is localized on
the acceptor (vide infra), which allows efficient rISC to 'CT.
Together with the tailoring of proper donors, the control of the
emissive behaviour is implemented. In contrast to the mainstream
of developing blue TADF materials at that time, the research team
targeted the unexplored orange TADF materials:** the design of
emissive organic compounds in the low-energies region (ie.,
orange, red, and near IR) is generally difficult by the conventional
strategy of extending effective m-conjugation length, due to the
energy gap low and the tendency of aggregation-caused quenching
(ACQ) in the solid states.>®

Dibrominated DBPHZ 2f serves as an excellent electrophile in
the Pd-catalyzed Buchwald-Hartwig double amination with a
variety of diarylamine donors to afford U-shaped twisted D-A-D
n-conjugated compounds 9 in good to excellent yields (Scheme 3).
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Scheme 3 Syntheses of D—A-D triads 9 through the Pd-catalyzed Buchwald—
Hartwig double amination of 2f.

The photophysical properties of the D-A-D triads are
diversely tailored through the modification of D-A twisting
angles and electron-donating abilities of the Ds. For example,
a D-A-D compound having moderate D-A twist angles (ca. 50°)
9a nicely displays positive solvatoluminochromism (ie., a
phenomenon that the location of luminescence spectrum of a
compound depends on solvent polarity) as the function of
solvent polarity (Fig. 4), due to the ICT character in the excited
states ('CT).>* This sensitivity of emission color toward slight
change in dielectric constants would be useful for designing
probes for visualizing environment conditions such as polarity
and viscosity.*®

The D-A twisting angles significantly affect the AEgy (Fig. 5),
and an almost perpendicular D-A angle (in the case of 9d)
allows a very small AEgy value (80 meV), due to the decoupling
of the electronic interactions between the Ds and A core.”'
Another specific feature of the series of twisted D-A-D com-
pounds is the 1st triplet excited state (T;) is localized on the
acceptor (DBPHZ) unit (*LE,), which is evident from the similar
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Fig. 4 UV-vis and PL spectra of 9a in various organic solvents. Adapted
from ref. 24. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5 Prompt fluorescence (PF, blue lines) and phosphorescence (PH,

red lines) spectra of (a) 2a, (b) 9¢, and (c) 9d in Zeonex™ matrix. The D—A twist
angles are estimated by the DFT method at the B3LYP/6-31+G(d,p) level

phosphorescence spectra of the D-A-D compounds (red lines
in Fig. 5b and c) with that of the acceptor material in Zeonex™
matrix (red line in Fig. 5a)."® Zeonex™ is a non-polar cycloolefin
polymer and featured with high transparency in UV-vis region.
These features are suitable for the investigation of intrinsic
photophysical properties of an emissive compound in a dis-
persed state, by minimizing the electronic interactions between
an emissive compound and polymer that can affect the photo-
physical properties of the entire composite film.

By making the use of the almost fixed value of *LE, energy
(ca. 2.40 eV) and the variable nature of environmental polarity-
depending 'CT energy, the AEg value is further engineered by
selecting host materials with appropriate polarity (Fig. 6a). In
fact, the AEgr of 9d is further diminished to as narrow as
20 meV in a more polar host CBP [4,4'-bis(N-carbazolyl)-1,1’-
biphenyl], and the rISC is significantly boosted to yield orange
TADF as a function of the rise of temperature (Fig. 6b). In
addition to efficient TADF behaviour in host matrix, D-A-D
compound 9d shows beautiful reversible electrochemical redox
properties (IP/EA 5.36/3.38 eV) and high thermal stability (T4
(5 wt%) 453 °C). Owing to these features, the triad 9d serves as
an efficient TADF emitter in OLED device (DEV 1 in Fig. 5c),
and the OLED device fabricated with 9d achieved a high
maximum EQE up to 16%, which is much higher than the
theoretical maximum EQE of OLEDs using a 1st generation
fluorescent emitter (ca. 5%). The authors also discovered an
intriguing effect of host material on the emission outcomes: an
unusual NIR EL emission (Aey, 741 nm) from the OLED fabri-
cated with emitter 9d and m-MTDATA (DEV 2 in Fig. 5c) is
realized with a high EQE (ca. 5%) for NIR-emissive OLEDs.>"

By making the use of broad Gaussian-type CT emission
spectra of D-A-D emitter 9d, de Sa Pereira et al realized
white-emitting OLEDs comprising of all-TADF-emitters (Fig. 7).>
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configurations of OLED devices fabricated with 9d. The inset photograph
shows the OLED device (DEV 1). Adapted from ref. 21. Copyright 2016
Wiley-VCH Verlag GmbH.
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Fig. 7 AU-TADF white-OLEDs. Adapted from ref. 26. Copyright 2017
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The systematic investigations of the configuration of OLEDs and
composition of blue, green, and orange TADF emitters led to the
optimal structures of OLED devices. Combining with the blue
(10a), green (10b), and orange (9d) TADF emitters, the maximum
EQE reached a high value (ca. 16%) with a low-efficiency roll-off
(11% at 1000 cd m™>).

Nowadays, many different D-A-D type emitters that include
our acceptor are studied. For example, recently, D,~A dibenzo-
[a,c]phenazine derivatives have been developed as TADF emitters
for the OLEDs application by Sun et al.,”’ although the efficiency
does not exceed 12%.%” Also, the DBPHZ is used as a core for
TADF emitters patented as materials for smartphones screens.>®
These examples clearly show that the donors-installed phenazine-
fused azaaromatics is a promising scaffold for optoelectronic
materials. Nevertheless, they are all assumed to be ‘“mono-
functional” organic materials such as simple OLED emitters.
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This would make scientists think more about the functions,
raising questions such as “what else could be done with the
D-A-D scaffold?”, “should we limit to mono-functional materials?”,
and so on.

DBPHZ-cored D—A-D triads as beyond
single photo-functionality

Many researchers working on luminescent materials would be
wondering how many photofunctional aspects of an emissive
compound they do see. In our opinion, the functions of materials
would be like seeing faces of polyhedral of functions (Fig. 8).
Some aspects are well-seen from the point we are standing at,
while others might be hidden from our sight (Fig. 8). Thus, if we
can deduce as many photofunctions as possible of the emitter
beyond the single-use, potential new applications and new
utilities of the emitter are expected.’

Mechanochromic luminescent (MCL) materials have attached
much attention, due to the possible applications such as security
inks, luminescence sensors, ratiometric bio-probes, and display
materials.® In 2017, Takeda et al. showcased the realization of
the first example of TADF-active multi-color-changing MCL mate-
rials based on the TADF-active DBPHZ-cored D-A-D scaffold.”*
To design MCL-active and TADF materials, the research team
applied a simple but very effective trick of element-replacement
strategy to regulate conformations of the D-A-D compound
(Fig. 9). A TADF-emitting D-A-D compound 9d can take almost
the single conformation, where the almost planar phenoxazine
(POZ) donors are perpendicularly oriented toward the DBPHZ
acceptor (Fig. 9a). In contrast, a phenothiazine (PTZ) can take
boat conformation (Fig. 9b), due to a larger atomic radius of the
sulfur atom (0.88 A) than that of the oxygen atom (0.48 A).*° As a
consequence, a substituent on the nitrogen of PTZ can occupy
the quasi-axial (ax) or equatorial (eq) positions, giving rise to two

° 7\ “How many aspects of a
C? luminescent molecule do we see? ”
mechanochromic

luminescence
ratiometric response

??
o

TADF

circularly polarized luminescence

TTA

aggregation-induced

emission
room-temperature

phosphorescence

potential new applications and new utilities

Fig. 8 Aspects of a luminophore. All emoji designed by OpenMoji-the
open-source emoji and icon project. License: CC BY-SA 4.0.
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Fig. 9 Molecular design of MCL-active TADF material 9e.

conformers (Fig. 9b). As the results, a D-A-D molecule 9e, which
has two PTZ units, can take 4 possible conformers (syn-ax-ax,
anti-ax-ax, eq-ax, and eq-eq, Fig. 9b) with distinctly different
electronic structures, leading to different emission colors.
Takeda and Data et al. nicely provided the proof-of-concept
by investigating the photoluminescence profiles of the solids of
9e upon the application of various external stimuli (Fig. 10).>*
The D-A-D compound 9e displayed a significant change
in appearance and photoluminescence colors in response to
various external stimuli such as grinding, heating, and fuming
(Fig. 10a). The importance of the sulfur atom for this multi-
color-changing MCL is evident, as the D-A-D analogues with
carbon-bridge (9g), without a bridge (9a), and oxygen-bridge
compounds (9d) did not exhibit such drastic emission color
change toward the external stimuli. The X-ray crystallographic
analysis of a single crystal of 9e grown from a dichloromethane
solution clearly shows that the acceptor can take both ax and eq

- @

'grinding grinding'
em 568 nn\ om 640 N
recryst recryst
(Hex/CHCls) (DCM)

grinding

Aem 596 nm

grinding ' Jem 673 nm
/
\E}? \.

Aem 646 Nnm

heating
(220 °C, 5 min)

fuming
(DCM, 3 min)

Fig. 10 (a) The emission color responsivity of the solids of 9e toward the
application of external stimuli. (b) The top view and (c) the side view of the
molecular geometry of 9e in the single crystal grown from its dichloro-
methane solution. Adapted from ref. 24. Copyright 2017 The Royal Society
of Chemistry. All emoji designed by OpenMoji-the open-source emoji and
icon project. License: CC BY-SA 4.0.
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conformations of the donors (Fig. 10b and c). It should be
noted that the D-A-D compound 9e also displays an efficient
orange TADF in a host matrix such as Zeonex™, which is evident
by a very narrow AEgr (80 meV) comparable with that of oxygen-
analogue 9d. Also, the OLEDs fabricated with 9e in a more polar
host CBP achieved as high maximum EQE as 17%, indicating
that the TADF performance is maintained through the replace-
ment of the bridging-oxygen atoms with sulfur atoms.

Given conventional approaches for designing MCL materials
that can convert multiple meta-stable states utilize the difference
in molecular assemblies (Fig. 11a),>° the approach presented by
Takeda et al. is a new promising one for realizing multi-color
changing MCL materials that are mainly dictated by the con-
formational fluctuation (Fig. 11b).

The photophysics of solids 9e that show different colors
were investigated in detail by time-resolved spectroscopy by
Data et al.*" Importantly, it was revealed that not only emission
colors but also photophysical dynamics are different in different
conforms.®" The research team also demonstrated that the
solution processes using different polarity solvents can result in
different EL colors by fluctuating dominant conformers through
the fabrication process. Such unique tunability of the emissions
by conformational fluctuation could allow the implementation of
more and more solution-processed productions of OLED devices
and security inks.

Takeda, Penfold, and Fukuhara recently investigated the
effect of hydrostatic pressure on the photophysical properties
of 9e in solution, where the fluctuation of molecular conformations
would be more sensitive toward the materials environments.* In
contrast to the solid states, 9e in toluene shows 3 distinct CT
emissions derived from the 3 different conformers (eq-eq, ax-eq,
and ax-ax types) (Fig. 12a). The application of hydrostatic pressure
allows for the regulation of TADF by restricting the vibration and
rotation of the donor units around the C-N connecting bonds to
suppress spin-vibronic coupling, which represents the first example
of regulating TADF emission by external pressure.

a. MCL dictated by the change in molecular assembly (Prior arts)

b. MCL dictated by the change in conformation (Takeda et al.)
5
hv \
\,

Fig. 11 Schematic representations for MCL dictated by (a) molecular
assemblies and (b) molecular conformations.

This journal is © The Royal Society of Chemistry 2020

View Article Online

ChemComm
a. high  ratiometric b. "%
8 response 1000 TADF )
pressure suppression
low (0.1 MPa)

100

Intensity (a.u.)
counts

300 MPa) 10
i |

o ;
450 550 650 750 850 0 50 100 150 200
Wavelength / nm .
time / ns

Fig. 12 Change in (a) photoluminescence spectra and (b) luminescence
decay of a toluene solution of 9e as a function of hydrostatic pressure.
Adapted from ref. 32. Copyright 2019 Wiley-VCH Verlag GmbH.

The MCL material 9h based on the conformational regulation
was developed by Takeda and Data by introducing conformation-
ally flappy but with less-electron-donating units (dihydropheno-
phosphanizine sulfide: DPPZS) (Fig. 13b).>* As expected, the
compound 9h displays multi-color-changing MCL behaviour
toward various stimuli such as grinding, heating, and vapor
fuming (Fig. 13c). In addition, the MCL material also shows
response toward the vapor of acid (trifluoroacetic acid: TFA) and
base (triethylamine: TEA) to drastically change emission colors in
a reversible way (Fig. 13d). The very large shift in emission colors
between the visible and NIR region (5792 cm™ ') with a single
molecule is rare and thus worth noting.

Single crystal-to-single crystal (SC-to-SC) transition of the
crystal containing only eq-eq 9h was caused by the evacuation
of crystal solvent (CHCl;), which led to a significant change in
the orientation of a donor against the acceptor without a
noticeable change in intermolecular distances (Fig. 14).>* The
SC-to-SC transition caused a large red-shift of the PL spectra
(Fig. 14), which gives direct evidence of the conformational
effect on emission properties.

Another important aspect of installing DPPZS donors into
the A unit involves the manifestation of dual emission of TADF and
room-temperature phosphorescence (RTP) from 9h (Fig. 15a).>*
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Fig. 13 Comparison of the design of (a) 9e and (b) 9h. Emission color
responsivity of the solids of 9h toward the application of (c) external stimuli
and (d) acid/base vapor. Adapted from ref. 33. Copyright 2018 The Royal
Society of Chemistry. All emoji designed by OpenMoji-the open-source
emoji and icon project. License: CC BY-SA 4.0.
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Fig. 14 Schematic illustration of SC-to-SC transition and PL spectra of
before (green) and after (orange) the transition. Adapted from ref. 33.
Copyright 2018 The Royal Society of Chemistry.
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Fig. 15 (a) Time-resolved PL spectra of 9h in Zeonex™ and (b) a plausible
mechanism for dual emission of TADF and RTP from 9h in Zeonex®.
Adapted from ref. 33. Copyright 2018 The Royal Society of Chemistry.

The authors propose that the destabilization of 'CT excited state
by lowering electron-donating ability of the D unit results in a
moderate AEgy (600 meV in Zeonex®) and thereby the rISC from
the ’LE, excited state becomes sluggish and RTP is concomi-
tantly observed (Fig. 15b). Such dual emission feature might be
useful for developing single molecular white-emitting materials.
Also, the result would provide opportunities for switching TADF
and RTP by the engineering of AEgr values by molecular design,
which should be a new horizon of organic materials researches.

Very recently, the group led by Takeda et al. utilized the
U-shaped structure of DBPHZ acceptor for constructing a new
class of n-conjugated D-A-D-A macrocycle 10 (Fig. 16a).>* The
U-shaped structure was found suitable for synthesizing 10,
especially macrocyclization proceeds in a rather efficient manner.
The authors proposed that the utilization of the propeller structure
of triarylamine to regulate the conformation of the precursor for 10
to make the macrocyclization process efficiently. The macrocycle
forms two polymorphs that have helical and saddle conformations
(Fig. 16b and c), which distinctly show different emission colors
(Helical: Aep, 594 nm; Saddle: A, 654 nm). Based on the
theoretical calculations, the Saddle is the more thermodynamically
stable conformer as the single molecule. Both conformers show
beautifully-aligned and porous packing structures in the single
crystals (Fig. 16b and c). Especially, the Saddle conformer forms
complementary pairs through intermolecular D---A interactions,
which results in highly aligned columns with molecular size cavity
(9.7-10.2 A, Fig. 16¢).
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Fig. 16 (a) Chemical structure of 10. Molecular geometries and packing
structures in the single crystals of (b) helical and (c) saddle conformers,
revealed by the X-ray crystallographic analyses. Adapted from ref. 34.
Copyright 2020 American Chemical Society.

The authors also investigated the effect of macrocyclization
of D-A-D-A scaffold on the physicochemical properties by
comparing with a linear compound 11, which is regarded as
an open-form of macrocycle 10 (Fig. 17a). One of the impressive
results here involves a much higher contribution of TADF in
photoluminescence of macrocyclic compound 10 than linear

1

D D

0 . 0
SN ”@N‘;“:‘N@“\g
Neeed 7y

7x10™-

—o,
—— Degassed

p—y
—— Degassed

1.5x10%

6x10™

5x1074

|
0x10f P,

Intensity (a.u)
Intensity (a.u)
Intensity (a.u)

3x104

a
5.0x10 2x10™

DF/PF=1.66 DF/PF=1.24

1x10™

500 550 600 650 700 750 800 850 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Fig. 17 (a) Chemical structure of 11. Steady-stated PL spectra of (b)
macrocycle 10 and (c) linear analogue 11 in toluene (5 uM). Adapted from
ref. 34. Copyright 2020 American Chemical Society.
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analogue 11, which is evident by the sensitivity of the PL
intensity toward the air (Fig. 17b and c). The linear compound
has more conformational freedom arising from the rotation
around the D-A connecting C-N bonds when compared to the
macrocycle. Higher conformational flexibility and greater con-
formational inhomogeneity of 11 would contribute to more
non-radiative pathways through molecular vibration and bond
rotations. The similar trend for TADF efficiency is true for
OLED devices: the OLEDs fabricated with macrocycle 10
achieved a relatively high EQE (11.6%), which is much higher
than that with linear analogue 11 (6.9%) and the theoretical
maximum of a 1st generation fluorescent emitter (ca. 5%). This
work represents the first example of macrocyclic-TADF-OLEDs
exhibiting a distinctly measurable EQEs. The results shown by
the authors would open up new avenues toward developing
macrocyclic TADF materials having value-added functions in
optoelectronics and supramolecular sensors in the future.

Conclusions and perspectives

In summary, we have overviewed recently developed novel
oxidative synthetic transformations of aromatic diamines into
exotic structured electron-deficient azaaromatics. Also, the develop-
ment of a series of twisted D-A-D compounds that display
multi-photofunctionalities by making the use of good electron-
accepting ability and luminescent character of the DBPHZ core,
have been compiled. The investigation of a series of the D-A-D
compounds led to the discovery of notable effects of bridging-
heteroatoms of the diarylamine donors on their photophysical
properties such as mechanochromism, thermally activated delayed
fluorescence, and room-temperature phosphorescence. Further-
more, the unique U-shaped structure of DBPHZ provides an
opportunity to make a new D-A-D-A type m-conjugated macro-
cycle, which clearly showed us the effect of macrocyclization of
D-A fragment on the TADF properties. Also, the first macro-
cyclic TADF material-based OLEDs have been assessed. We
believe that this Feature Article showcases how powerful the
synergy of the reaction development and spectroscopy-based
materials investigations is. As for the perspective, we would like
to answer the previous question ‘“should we limit to mono-
functional materials?”. The simplest answer supported by our
presented finding is “no”: organic compounds give so many
possibilities of tailoring molecules’ properties that we should
use all the opportunities to effectively use our materials. As for
the organic core, further exploration of exotic organic materials
based on the DBPHZ core and other azaaromatics would provide
great opportunities for discovering new materials that deserve
the future applications in optoelectronics and sensors. But, once
again, we should not limit our ideas to the above-mentioned
ones: it is difficult to expect what the future and new molecules
and applications will bring. The closest applications include
organic light-emitting transistors and sensor OLEDs, where by
changing local pressure, temperature and/or air contaminations,
the emission color quickly and drastically changes. In the era, where
smartphones are everywhere and everything tries to be smart,

This journal is © The Royal Society of Chemistry 2020
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wearable electronics will become more and more indispensable
for our life and will be implemented in our clothes and bodies.
For such applications, the “flexible”” solutions and electronics
are necessary, and definitely, the MCL materials will find their
place there.
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