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Editorial on the Research Topic

Design, Synthesis, and Application of Novel n-Conjugated Materials—Part II

During last few years, new m-conjugated materials have received more and more attention in the
community due to their potential wide range of applications such as organic field effect transistors
(OFETs), solar cells, sensors and so on. Among them, the works with respect to the design and
optimization of m-conjugated molecules have been extensively investigated. This research topic
includes 10 articles of reviews and original research works, which describe a series of novel
n-conjugated materials along with various applications. These articles provide an overview of
different types of m-conjugated materials and of how they are designed and characterized, thereby
providing an overview of progress and development direction in this field.

Over the last decade, heptazine-based m-conjugated materials, including polymeric graphitic
carbon nitride (g-C;N4) and corresponding small molecules, have attracted extensive attention by
virtue of intriguing optoelectronic and photocatalytic properties in the fields of organic
optoelectronics and photocatalysis. From the perspective of organic electroluminescence (EL), Li
and co-workers reported an interesting monomeric heptazine derivative (HAP-3DF) which exhibits
enhanced EL via n-m* transition character and exciplex-based thermally activated delayed
fluorescence (TADF), respectively (Li et al.). The same group subsequently provided an overview
of monomeric and polymeric heptazine-based m-conjugated materials for light-emitting. In this
review, the metal ion-containing, polymeric g-C;Ny-based, monomeric heptazine-based light-
emitting materials and devices are systematically summarized, which is not only beneficial for
the future molecular design of high-performance luminescent materials, but also for the acceleration
of practical applications of heptazine-based materials and devices (Li et al.).

Normally, conjugated materials exhibit strong emission in their solution phase, but showing weak
or quenched luminescence in the solid phase due to the aggregation. Ma et al. synthesized the
molecules that contain tetrastyrene and benzimidazole structures to obtain molecules (TPEBZMZ)
with strong aggregation induced luminescence (AIE) effect. The fluorescent nanofiber membrane,
prepared by electrospinning TPEBZMZ and polylactic acid (PLA) blend solution, showed excellent
and reversible acid-induced discoloration. This work provides not only a novel AIE material, but also
a simple strategy to design the stimulus responsive fluorescent film sensor (Ma et al.).

As an interesting electron donor-acceptor material, diketopyrrolopyrrole (DPP)-based donor-
acceptor conjugated materials have a very bright prospect in the application of electronic devices,
typically in OFET due to their high charge transfer mobility. Zhou et al. reviewed the DPP, iso-DPP
and their derivatives-based materials in OFETSs, and mentioned that the hole transfer mobility based
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on the DPP polymers is up to 26 cm> V™' s™". To obtain high-
performance DPP-based semiconductor materials, the research
direction should focus on not only the modification of the
chemical structures on planar materials backbone and large
m-convergence system, but also the molecules packing such as
strong 1t-t stacking and aggregation, short molecular distance etc.
(Zhou et al.). Bao’s group reviewed hydrogen-bonded materials in
OFETs. The authors reviewed a series of small molecules and
polymers with hydrogen-bonding association in the application
of OFETSs, indicating that hydrogen-bonds could not only enable
the molecular reassembly to obtain a more ordered crystalline
structure and improved m - m stacking, but also reduce the
distance of the neighboring molecules and thus increase the
molecular packing density. These behaviors could significantly
enhance the charge transfer mobility (Shi et al.). Lu et al. also
reviewed the conjugated materials in OFETs. and other
applications such as organic solar cells (OSCs), sensors, and
coating. This article pointed out that there are still a big room
for the scientists to explore the highly selective and sensitive
sensors. Conjugated polymer coating with multi-functions is also
promising and interesting. In addition, the development of novel
materials in OSCs with a broad range of light absorption and high
charge mobility is still the research trend in the field (Lu et al.).

OSCs, as high-quality next-generation energy transfer devices,
have attracted extensive attention by researchers. Among them,
fullerene acceptors are being replaced by non-fullerene acceptors
because of their weak absorption and limited structural
modification. Lin et al. synthesized a non-fullerene electron-
acceptor cyclized by selenium branched chain based on ring
fusion perylene diimide (PDI) tripolymer, and obtained a
device with V¢ up to 1.12 V. Although the maximum power
conversion efficiency (PCE) in this work is only 1.6%, it still
provides a feasible idea for seleniding other compounds to
improve the performance of OSCs in the future (Lin et al.).
Another type of potential photovoltaic device is perovskite solar
cells (PSCs). Hole transfer layer (HTL) plays a crucial role in
achieving high performance of PSCs. However, the most used
HTLs require the dopant to enhance the PCEs of PSCs due to
their inherent low conductivity, leading to the decrease of the
stability of the PSCs. Thus, the development of dopant-free hole
transfer materials (HTM) is one main research trend. Deng et al.
reviewed a series of dopant-free HTMs and pointed out that the
molecular design concept for high-performance dopant-free
HTMs is enlarging the m-conjugation system, increasing the
planarity of molecular backbone, and introducing the
functional atoms/groups to achieve interfacial interaction
between the HTM layer and the perovskite layer, and, which
results in self-assembly within the HTMs (Deng et al.).

A suitable amount of fluoride anion is beneficial for our daily
life, but excessive fluoride ion is harmful for human health and
chemical engineering as well. Therefore, the detection of
fluorine ions in organic media is an important research topic.
Deng et al. designed n-tertbutyldimethylsyl substituted
diodocarbazole (CA-TBMDS) as a colorimetric sensor for
fluoride anion sensors in organic solution. The study showed
that CA-TBMDS is a highly sensitive and selective for fluoride

Editorial: Design, Application of n-Conjugated Materials

anion with a color change from colorless to yellow. The color
change could be attributed to the principle of intermolecular
proton transfer between the amide units and the fluoride ion.
This work pointed out that N-TBMDS units containing organic
dyes can be used to produce fluoride anion sensors (Deng et al.).

n-Conjugated  polymers are usually prepared by
polymerization. Thus, novel methods for the preparation of
conjugated polymers have received considerable attention.
Tang et al. reported a new strategy for the preparation of
conjugated polymers by rearrangement. As their report shows,
by using a simple one-step method, which treated polybutadiene
with n-butyllithium and N,N,N’,N'-tetramethylethylenediamine,
polymers with a large number of conjugated double bonds were
prepared. This contribution opens a new pathway to the synthesis
of m-conjugated polymers (Tang et al.).

In this Research Topic, five research articles and five review
articles regarding m-conjugated materials have been collected,
which hint that the molecular chemical structures indeed play a
key role in the performance of their applications. In future, it is
believed that more materials with 7 - combination will be used in
a wide range of application areas as the key design idea.
Therefore, the design and improvement of m-conjugated
materials will be a very promising research direction and will
make a significant impact on the development of clean energy and
environmental protection.
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China

Current high-efficiency hybrid perovskite solar cells (PSCs) have been fabricated with
doped hole transfer material (HTM), which has shown short-term stability. Doping
applied in HTMs for PSCs can enhance the hole mobility and PSCs’ power conversion
efficiency, while the stability of PSCs will be significantly decreased due to inherent
hygroscopic properties and chemical incompatibility. Development of dopant-free HTM
with high hole mobility is a challenge and of utmost importance. In this review, a
series of selected and typical -conjugated dopant-free hole transport materials, mainly
regarding small molecules, are reviewed, which could consequently help to further design
high-performance dopant-free HTMs. In addition, an outline of the molecular design
concept and also the perspective of ideal dopant-free HTMs were explored.

Keywords: n-conjugated materials, perovskite solar cells, hole transfer material, dopant-free, molecular design

INTRODUCTION

Currently, the state-of-the-art perovskite solar cells with conventional n-i-p structures
utilize 2,2',7,7'-tetrakis(N, N’-di-p-methoxyphenlamine)-9,9-spirobifluorene (spiro-OMeTAD) or
poly-triarylamine (PTTA) as HTMs. However, the HTMs like spiro-OMeTAD and PTAA
suffer from low mobility (< 1 x 107> cm? V~! s71) and limited conductivity (< 3 x
1077 S cm™!) (Vivo et al,, 2017). These materials thus need hazardous dopants to increase
the hole mobility and conductivity; these can include such dopants as bis(trifluoromethane
sulfonyl)imide lithium salt (LiTFSI), which may also facilitate device degradation due to the
sophisticated oxidation process associated with undesired ion migration and chemical interaction
with underlying perovskite layer (Yu and Sun, 2015; Abi Ghanem et al,, 2019). In addition,
such dopants would make the device prone to hygroscopicity. Considering their drawbacks,
over the last few years, a wide range of novel HTMs have been proposed as alternatives by
the state-of-the-art organic m-conjugated small molecule and polymer; however, only a few
candidates have reached similar initial performance compared to the state-of-the-art HTMs.
Unfortunately, those candidates still require high amounts of dopants to operate (Yu and
Sun, 2015; Vivo et al., 2017). Even though a few operational dopant-free materials could be
obtained, the power conversion efficiency (PCE) still lacks behind the state-of-the-art HTMs
(Huang et al., 2016; Liu et al, 2016; Yun et al, 2016; Zhao et al, 2016; Lee et al, 2017).
Normally, HTMs would not require an additional doping process if they exhibit hole mobility
up to 107%-1073 cm? V! s7! and have matched energy levers. Therefore, the development of
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Dopant-Free -Conjugated Hole Transport Materials

high-performance dopant-free HTMs is highly desirable and of
utmost importance. Molecular design strategies, such as large
m-conjugation and strong m-m stacking (Pack et al, 2017),
strong planarity (Yun et al, 2016), surface passivation (Cao
et al,, 2015), introducing functional groups, and novel chemical
structures, have been considered to be the most feasible and
effective methods mainly used for designing dopant-free HTMs
that possess better intermolecular interactions to ensure sufficient
hole mobility. In this article, dopant-free m-conjugated small
molecules applied to PSCs are reviewed.

LARGE n-CONJUGATION AND STRONG
n-nt STACKING

Dopant-free HTMs are divided into small molecules and
polymers. Compared to polymers, small organic molecular
HTMs have received great attention due to their high
efficiency and simple synthetic schemes (Zhang et al., 2017a).
Simultaneously, they were also shown to have better intra-
molecular hole transfer mobility due to better packing. In
general, the molecular structure of organic HTMs consists
of peripheral donors and central cores, such as pyrene (Ge
et al.,, 2018), fluorene (Rakstys et al., 2017b), carbazole (Chen
et al., 2017), benzothiophene (Zimmermann et al., 2017), and
indacenodithienothiophene (Liu et al., 2017). The studies on
dopant-free organic HTM are quite rare, among which most
reported molecules contain thiophene or thiophene derivatives
as the donor units or m-conjugated bridge. Very recently, K.
Nazeeruddin and co-authors using rigid quinolizino acridine
(FA), which is widely used in molecular semiconductors due to
its planarity and strong - stacking, as the central donor core,
tri-thiophene as the m-conjugated bridge, and malenonitrile as
the strongest electron acceptor to stabilize the highest occupied
molecular orbital (HOMO) energy level, which built a branch
oligomer (S1, Figurel) and showed PCE of 18.9% and a
maximum power output that was collected after 1300h that
remained at 65% of its initial value (Paek et al., 2017). In addition,
this group introduced thiophene or tri-thiophene as branches
into the same core and synthesized two oligomers (S2 and S3,
Figure 1), which were also used as HTMs to fabricate PSCs
(Rakstys et al., 2017a). The results showed that w-extension
would significantly enhance the PCE of the PSCs from 8.88
to 19.03%.

STRONG PLANARITY

Except for m-conjugation extension, the planarity of a molecular
backbone is crucial for the molecular design concept of
high-performance dopant-free HTMs. J. Son and co-authors
introduced fluorine atoms to the molecules for adjusting the
planarity of the backbone and the molecular packing through
sulfur-fluorine interactions, which significantly increased the
hole mobility and the PCE from 8.95% (S4) to 14.45% (S5) (Yun
et al,, 2016). Very recently, through a comprehensive study on
the deliberate molecular design and modifications of electron
donors, correlations between the planarity of HTMs backbone

and performance of PSC were reported by Liang’s group (Li et al.,
2020). In this work, the dithieno[3,2-b:2/,3’-d]pyrrole (DTP)
both end substituted by the twisted triphenylamine as the donor
(S6) or the capped-by-planar-N-phenyl-carbazole donor were
synthesized (S7). We used two small molecules, S6 and S7, as
dopant-free HTMs to fabricate PSCs, which showed PCEs with
11.59% (S6) and 18.29% (S7). The chemical structure between
triphenylamine and the N-phenyl-carazole are quite similar
except for an additional chemical bond connecting between the
two phenyl rings of the triphenylamine; however, the PCE of
the S7-based device showed a value almost 60% higher than the
one based on S6. The significantly different performance between
these two small molecule-based PSCs could be ascribed to S7
with an improved planarity backbone, resulting in a good hole
transfer ability.

SURFACE PASSIVATION (INTERFACIAL
INTERACTION)

In a photovoltaic device, after light absorption, the generated
charge carriers (electron/hole) need to be transported through
the perovskite layer and collected at the adjacent charge selective
interfaces (Zhang et al., 2017b). Each of these steps plays
a key role in the high performance of PSCs. Among them,
the quite important (and mostly neglected) part is the hole
transfer between the interface of HTM and the perovskite
layer. To the best of our knowledge, most reported articles
focus on the modification of the HTM’s HOMO/LUMO energy
levels but not on the inter-layer interaction (Yu and Sun,
2015; Vivo et al,, 2017). Compatible HOMO/LUMO energy
levels for HTMs will be beneficial for the hole transfer and
to block the electron transfer from the perovskite layer to the
HTM layer to enable the maximum achievable open-circuit
voltage. The good HTM should not only have a compatible
HOMO energy level but should also provide intimate inter-
layer interaction since the interface interaction would help to
rapidly extract holes from the perovskite layer and transfer them
to the HTM layer, resulting in a low energy loss and reduced
recombination of charge carriers at the interface. Zheng’s group
reported that a thiolated nanographene perthiolated trisulfur-
annulated hexa-peri-hexabenzocoronene (S8, Figure 2), as the
HTM in the pristine form in PSCs (Cao et al., 2015). The thiol
groups at the periphery form Pb-S coordination-bonds at the
interface between perovskite and HTM, which was investigated
by the infrared spectra. The tight binding of S8 helps to
rapidly extract charge from perovskite, resulting in a low energy
loss at the interface and PCE of 12.8%. The performance is
readily improved by doping with graphene sheets into tri-
sulfurannulated hexa-peri-hexabenzocoronene (TSHBC), which
formed a novel functionalized nanographene that could enhance
the hole transporting property within HTM. In addition, M. Zhan
and co-workers reported on the introduction of an interaction
layer between the perovskite and HTM layers, which could
act as Lewis bases and interact with Pb atoms to form trap
states that greatly passivate the defects on the surface of the
perovskite layer (Zhang et al, 2017b). This technique could
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significantly enhance the efficiency and stability of the PSCs.
Except for sulfur atoms, silicon and nitrogen atoms can also
provide lone pair electrons to form Pb-N or Pb-Si coordination-
bonds through the formation of Lewis adduct between the
under-coordinated Pb atoms at the HTM-perovskite interface.
A deeper understanding of the relationship between Pb-S/Pb-
N/Pb-S interaction at perovskite/HTM interface and the PSC’s
performance should be established in the near future.

INTRODUCING FUNCTIONAL GROUP

Research into organic electronics revealed that not only the
composition of the organic material but also subtle changes in
the material structure (the way how the molecules are stacked)
can noticeably alter its bulk properties (Yao et al., 2016). One of
the reasons is that the charge transport in conjugated materials
is strongly affected by their structures. For totally disordered
organic small molecular films, charge mobility is low, while
mobility significantly increases if the materials exhibit self-
assembling properties that can be exploited to generate ordered
structures (Zhang et al., 2018, 2020). Jian et al. designed and
synthesized tetrathia-fulvalene derivative (S9, Figure 2) and used

it as dopant-free HTM, which showed a PCE of 11.03% in 2014,
fill factor (FF) of 64%, and open-circuit voltage (Vo) of 0.86 V
(Liu et al, 2014). A few years later, Islam’s group introduced
two amide units into these small molecules (S10) (Kaneko et al.,
2019). In S10, intermolecular hydrogen bonds could be formed
between amino and the carbonyl groups of the neighboring
two molecules in the solid states. Using this small molecule to
fabricate the PSCs, a PCE of 14.5% with the V. of 1.11V and
the FF of 66% were achieved. The increased PSCs performance
could be ascribed to the following facts: (i) hydrogen bonding
formation between the adjacent molecules, which could improve
the inter-molecular hole transfer mobility; and (ii) the exiting
multi-nitrogen and oxygen atoms could form surface passivation
between the HTMs layer and the perovskite layer, which is
beneficial for the hole transfer between the two layers.

MATERIALS WITH NOVEL CHEMICAL
STRUCTURES

For high-performance dopant-free HTMs for PSCs, the
development of novel chemical structures are important. For
commercial applications, it is a challenge to find suitable and
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low-cost HTMs in PSCs. In 2017, Ding’s group designed a novel
HTM based on carbazole and N, N-di-p-methylthiophenylamine,
which is named S11 (Figure 2) (Xu et al., 2017). The dopant-free
S11-based planar p-i-n perovskite solar cells exhibit a high PCE
0f 13.05% with a V. of 1.03 V and FF of 58.23%. Later, the same
group modified the structure using 9,9-dihexyl-9H-fluorene
instead of the carbazole core obtained S12 (Zhang et al.,, 2019).
Using S12 to fabricated the PSCs showed significantly improved
performance with a higher PCE of 19.06%, V. of 1.07V, and
FF of 79.27%. In 2020, the authors further optimized the HTMs
structures and changed the core into dibenzo[b,d]furan, resulting
in S13. The performance of the PSC-based S13 even further
improved with a PCE up to 20.51%, V, of 1.07V, and FF of
80.48% (Quan et al, 2020). This investigation indicates that
the molecular design is quite important for high-performance
HTMs, and developing novel structures is thus crucial.

CONCLUSIONS AND OUTLOOK

Research regarding HTMs for PSCs is crucial and could
significantly improve the performance of perovskite solar cell
devices in terms of power conversion efficiency, open-circuit
voltage, fill factor, etc. Furthermore, due to the high conductivity

and hole transfer mobility, HTMs do not need dopant in the
HTM layer. The cost of the HTMs is thus decreased; meanwhile,
the lifetimes of the PSCs are extended. This review revealed that
the ideal HTMs of small molecules could be achieved with high
conductivity and hole transfer mobility with low cost and suitable
energy levels. To obtain such ideal dopant-free HTMs, several
molecular design concepts are summarized in this review, such
as enlarging the m-conjugation system, increasing the planarity
of molecular backbone, introducing the functional atoms/groups
to achieve interface interaction between the HTMs layer and the
perovskite layer, and, resulting in self-assembly within the HTMs
layer, the development molecules with novel chemical structures.
HTMs play a key role in the high performance of PSCs. Future
research should focus on the combination of part or all of the
abovementioned design concepts in a single molecule to develop
desirable HTMs.
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nti-Conjugated polymers are usually prepared by polymerization only. In this perspective
article, typical synthesis methods of conjugated polymers are briefly summarized, and a
novel strategy for preparing conjugated polymers by rearrangement is proposed. During
the metalation process, many conjugated structures were generated in polybutadiene by
double bond migration. The effects of reaction time, temperature, and catalyst dosage
on the product structure were investigated. Moreover, the structure of the products was
confirmed by FTIR, TH NMR, and 2D HSQC NMR spectra. Thus, a possible reaction
mechanism was proposed, in which polybutadiene generates allylic carbanions in the
presence of n-butyllithium, and then the double bonds migrate through the carbanions
rearrangement to generate many conjugated structures in the backbone chain. The
method shows promise in facile and low-cost synthesis of conjugated polymers without
the need for precious metal catalysts.

Keywords: conjugated polymers, n-butyllithium, rearrangement, carbanion, polybutadiene

INTRODUCTION

n-conjugated polymers are polymers containing conjugated structures in the backbone chain. The
chemical and physical properties of m-conjugated polymers vary drastically with their structure.
The application of these diverse m-conjugated polymers represents a potentially fertile field for
chemistry and materials research (Dai et al., 2020; Saito et al., 2020). Recently, there is an
increasing interest in conjugated polymers, and their applications are becoming more widespread,
such as intrinsically conducting polymers (Aydemir et al., 2016), solar cells (Zhang et al., 2019;
Liu et al,, 2020), and organic light emitting diodes (OLEDs) (Lozano-Hernandez et al., 2020;
Milster et al., 2020). Besides, conjugated double bonds have more excellent reactivity compared
to isolated double bonds, so conjugated polymers are widely used as substrates to prepare high-
performance materials through chemical modification. For instance, conjugated polymers can
be modified by cycloaddition reactions to prepare a variety of functional polymers (Yuksekdag
et al., 2017), and they can also be used as macromonomers to prepare polymers with complex
topologies (Makovetskii et al., 2006; Deepak and Gauthier, 2019), which often have excellent
hydrodynamic properties.

Generally, conjugated polymers are prepared mainly by means of polymerization,
including coordination polymerization and condensation polymerization. As early as
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1958, Natta and co-workers reported the synthesis of
polyacetylene using Ti/Al catalysts, which was a method
based on coordination polymerization (Saxman et al., 1985). In
2000, Shirakawa et al. awarded the Nobel Prize in Chemistry
for their studies in conductive polymers, particularly the doped
polyacetylene, thus triggering a boom in the study of conducting
polymers based on coordination polymerization (Shirakawa,
2001). In recent years, the application of conjugated polymers in
emerging fields such as solar cells and OLEDs has received much
attention from researchers. Most of the novel w-conjugated
materials used in these fields are synthesized by condensation
polymerization, especially Suzuki coupling polymerization (Guo
et al., 2013).

The development of novel methods for the synthesis of
conjugated polymers has also been a hot topic in this field.
Over the years, various palladium- and nickel-catalyzed cross-
coupling reactions have been developed, allowing couplings
of aryl halides with organometallic aryl derivatives, which
provides us with a versatile tool for the preparation of
conjugated polymers (Baker et al., 2018). More recently, direct
arylation polymerization (DArP) has attracted much attention
for its efficiency and environmental friendliness. In DArP, the
preparation of monomers is usually facile, no organostannane or
organoboron monomers are required, and the by-products are
less toxic, in line with the requirements of green chemistry (Bura
etal., 2016).

From the above examples, it can be seen that the development
of convenient, low-cost and environmentally friendly methods
for the synthesis of conjugated polymers is one of the goals
pursued by researchers in this field. Besides, the lack of
alternative synthesis methods has more or less plagued chemists
in the design and preparation of advanced conjugated polymers.
Herein, we describe a novel strategy for the preparation of
conjugated polymers. We found that the double bonds in
polydienes were rearranged in the presence of alkyllithium (Tang
et al, 2021). In this work, we have studied this phenomenon
in detail and developed a new method for the synthesis of
conjugated polymers from non-conjugated (isolated) polymers
by a rearrangement strategy. This method is easy to operate, all
the substrates are commercially available, and no precious metal
catalysts are employed.

REARRANGEMENT STRATEGY FOR
PREPARING CONJUGATED POLYMERS

This work was prompted by the unexpected finding of
C=C bond rearrangement and migration of polybutadiene
in the presence of n-butyllithium (n-BuLi) and N,N,N’,N’-
tetramethylethylenediamine (TMEDA) (Tang et al., 2021).
Polybutadiene was dissolved in n-hexane and heated in
the presence of butyllithium/TMEDA to prepare samples
for analysis. Details of the experimental procedure can
be found in the Supplementary Material. The products of
rearrangement of polybutadiene were analyzed by FTIR and
NMR spectroscopy.

Spectroscopic studies of the products confirm the presence
of a large number of conjugated double bonds in the
n-BuLi-treated polybutadiene. In the FTIR spectrum of the
treated polybutadiene (Figure 1A), The peak at 1,655 cm™!
assigned to the C=C stretching vibration gradually shifted to
1,611 cm~! as the reaction time increases. Such a significant
redshift is attributed to the averaging of the electron density due
to the formation of the conjugated double bonds. In addition,
the broad signal at 5.7 ppm in the 'H NMR spectrum of
the treated polybutadiene in Figure 1B is assigned to protons
in the conjugated structures, which shifted to lower fields
compared to protons in the unconjugated structure (5.4 ppm).
The stacking of multiple conjugated structures leads to the
further dispersion of the electron cloud, which can explain
the weak signals appearing at lower fields (5.8-6.5 ppm). The
continuous conjugated structures obtained by rearrangement
are similar to that of polyacetylene. These signals in the low
field are consistent with the pioneers’ reports about NMR
spectra of polyacetylene (Buskuhl et al., 2009). Moreover,
the 2D HSQC spectrum shown in Figure 1C confirms the
plausibility of the above assignment. The cross-correlation peak
I indicates that the signal at 5.7 ppm ('H) is highly correlated
with the signal at 131.8 ppm (*C), and both the signals
at 131.8 ppm in the '3C NMR spectrum and 5.7 ppm in
the 'H NMR spectrum are from carbons or protons of the
conjugated structures.

From the above FTIR spectra as well as NMR spectral
evidence, it can be deduced that conjugated double bond
appeared in polybutadiene after treated with n-BuLi/TMEDA.
Thus, we propose a possible reaction mechanism based on
the characterization of the product structure. As shown in
Figure 1D, the first step of the process is called the lithium-
hydrogen exchange reaction or lithiation reaction. The n-
BuLi abstracts a proton from polybutadiene and then forms
the allylic carbanion intermediate la. Next, the carbanion
la undergoes a rearrangement process to form intermediate
2. As we can see, the proton sandwiched between the two
C=C bonds in intermediate 2 is more acidic because the two
double bonds disperse the electron density. This speculation
was supported by density functional theory (DFT) calculations.
Considering that the polymer contains too many atoms, making
it difficult to calculate, we designed an oligomer containing
only a few structural units as a model, thus simplifying
the calculation. The DFT calculations were implemented by
ORCA 4.2.1 program package (Neese, 2011). The electrostatic
potential (ESP) analysis was performed with the Multiwfn
3.7 program (Lu and Chen, 2012). Figure 1E shows the ESP
colored van der Waals surface for the model of intermediate
2. The blue region in this figure has a positive ESP, which is
more likely to be attacked by a negatively charged Lewis base
such as n-BuLi (Liu et al, 2021). As shown in this figure,
the maximum electrostatic potential energy is found near the
region sandwiched by two C=C bonds (Maximum value = 9.74
kcal/mol, all extreme values and their distribution are given
in the Supplementary Material). Therefore, the protons in this
area are more likely to be abstracted by alkyllithium, forming
a new allylic carbanion 2a. As with the transition process from
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FIGURE 1 | (A) FTIR spectra of treated polybutadiene with different reaction times. (B) "H NMR spectra for PB and its rearrangement product. Reaction condition:
1h, 80°C, in n-hexane, TMEDA/n-BuLi = 1:1, the molar ratio of n-BuLi to C=C is 1:1. (C) 2D 'H-"3C HSQC NMR of treated polybutadiene. The reaction condition is
the same as before. (D) Proposed reaction mechanism. (E) ESP mapped van der Waals surface for the model of key intermediate. (F) Distribution of ESP maxima (red
spheres) on the van der Waals surface of the model. Preparation and analysis procedures for samples in this figure are given in Supplementary Material.

la to 2, intermediate 2a tends to resonate into the more stable  until most of the isolated double bonds are converted into
structure 3 because the conjugated structure has the lowest  conjugated double bonds. Notably, n-BuLi is not the only lithium
energy. This process is repeated throughout the polymer chain  species that can extract protons from the polymer. The lithiated
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TABLE 1 | Optimization of reaction conditions®.

Entry Time T [Li)/[PB]° C. content®
1 Omin / / 0%
2 5min 80°C 1 11.9%
3 15min 80°C 1 31.4%
4 30min 80°C 1 35.2%
5 60 min 80°C 1 40.2%
6 90 min 80°C 1 43.9%
7 120 min 80°C 1 44.8%
8 240 min 80°C 1 56.8%
9 360min 80°C 1 68.9%
10 60min 80°C 0.1 9.6%
11 60min 80°C 0.3 16.9%
12 60min 80°C 0.5 23.9%
13 60 min 0°C 1 trace
14 60 min 30°C 1 5.6%
15 60 min 60°C 1 20.0%

8Reaction condition: in n-hexane, TMEDA/n-BuLi = 1:1. The samples preparation
procedures are given in the Supplementary Material. ° The molar ratio of n-BuLi to
C=C bond. °C. content: conjugated double bond content, i.e., the molar proportion of
conjugated C=C bonds to all C=C bonds. It was determined by 'H NMR.

polybutadiene (PB-Li) can also work as a Lewis base to extract
protons from the polymer chain. This process is quite like
a chain transfer process, where lithium atoms are transferred
from a site to another so that lithium can be recycled in
this process.

Moreover, a series of rearrangement reactions were carried
out at different reaction temperatures, times, and catalyst
dosages to optimize the reaction conditions. As shown in
entries 1-9 in Table 1, the proportion of conjugated double
bonds to the total double bonds in the products increased
with increasing reaction time. The reaction is a relatively
slow process, so the content of conjugated double bonds
in the product can be regulated by controlling the reaction
time. As with most reactions, the dosage of catalyst directly
affects the conversion. When the dosage of n-BuLi was 10%
double bond equivalent, the percentage of conjugated double
bonds in the product was only 9.6% (The molar ratio of
conjugate double bonds to all double bonds, same below)
at 60min of reaction, while the percentage of conjugated
double bonds in the product was 16.9, 23.9, and 40.2% when
the dosage of n-BuLi was 30, 50, and 100% double bond
equivalent. Besides, the temperature also strongly affected the
reaction. Almost no conjugated double bonds were detected
in the products when the reaction was carried out at 0°C for
60 min. At a reaction temperature of 30°C, the percentage of
conjugated double bonds in the resulting polymers was only
5.6%, whereas approaching 20.0% at 60°C. Consequently, we
can regulate the amount of conjugated double bonds freely by
controlling the conditions such as temperature, reaction time,
and catalyst dosage.

CONCLUSIONS

The n-BuLi/TMEDA system can induce double bond migration
in polybutadiene, which results in the generation of m-conjugated
structures. The kinetic study of the reaction shows that the
rearrangement process occurs gradually, so the content of
conjugated double bonds in the products can be regulated
by controlling temperature, reaction time, and catalyst dosage.
Furthermore, based on spectroscopic evidence, the reaction
mechanism was described as a process in which carbanion
rearrangement leads to the conversion of the double bond to a
more stable conjugated structure.

Since the resulting polymer does not contain aromatic rings,
it is not suitable as a conductive polymer or for making
optoelectronic devices. However, the conjugated double bonds
give it excellent reactivity, so it can be used as a substrate to
prepare various functional materials by chemical modification.
For example, it can be used as a backbone to prepare comb
polymer by grafting polymerization. It can also be chemically
modified to prepare functional polymer materials with various
functional groups. We have to admit that this strategy has
some shortcomings yet, such as narrow substrate scope and low
stereoselectivity, which may limit its application at this stage.
However, this method does not involve precious metal catalysts
such as palladium, and all substrates are low-cost commercially
available reagents, which is in line with the concept of sustainable
development. This idea of preparing conjugated polymers from
ready-made polymers is promising, and we hope that this
work provides new ideas for the research of m-conjugated
polymer synthesis.
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Over the past several decades, organic conjugated materials as semiconductors in
organic field effect transistors (OFETs) have attracted more and more attention from
the scientific community due to their intriguing properties of mechanical flexibility and
solution processability. However, the device fabrication technique, design, and synthesis
of novel organic semiconductor materials with high charge carrier mobility is crucial for the
development of high-performance OFETs. In the past few years, more and more novel
materials were designed and tested in the OFETs. Among which, diketopyrrolopyrrole
(DPP) and its derivatives, as the electron acceptors to build donor-acceptor (D-A) typed
materials, are the perspective. In this article, recently reported molecules regarding the
DPP and its derivatives for OFETs application are reviewed. In addition, the relationship
between the chemical structures and the performance of the device are discussed.
Furthermore, an outlook of DPP-based materials in OFETs with a future design concept
and the development trend are provided.

Keywords: DPP, organic semiconductor materials, organic field effect transistors, D-A typed materials, molecular
design concept

INTRODUCTION

During the past decade, organic semiconducting materials including m-conjugated small molecules
and polymers have attracted increasing attention due to their potential applications in organic
electronic devices such as organic field-effect transistors (OFETs) and organic photovoltaics
(OPVs) (Zhao et al., 2016; Huang et al., 2017). Compared to traditional Si- and GaAs-based
technologies, organic semiconductors offer unique features, such as their mechanical flexibility,
variable optical band gaps, and low-temperature large-area solution processability. The transistor
is the fundamental building block of modern electronic devices and is used to amplify and switch
electronic signals (Guo X. G. et al., 2014). To fabricate high-performance OFETs, charge transfer
mobility (), threshold voltage, and current on/off ration are the three key factors. Among these
three factors, high charge carrier mobility is the most important and a challenging, since the existing
organic semiconductor’s charge transfer mobilities are far behind compared to the inorganic Si-
based ones, resulting in it not meeting the commercial demand (Qiu et al., 2020). Except the device
fabrication technique, the chemical structures of the organic semiconductors play a key role for
improvement of the charge carrier’s mobility.
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This could be ascribed that in the OFETs, charge carriers need
to be frequently transferred between individual molecules and
within molecules in order to transport from one electrode the
another (Zhang et al.,, 2017a, 2020). The chemical structures
of the organic materials are easily tunable with diverse
core/backbone architectures, which can fulfill better solid-
state packing, thin-film morphology, overlap of the molecules,
n-1 stacking and the crystalline, resulting in improvement to
the inter-charge transfer mobility. In addition, novel organic
molecules with large m-conjugation system, good planarity, and
strong donor-acceptor groups are beneficial for the intra-charge
transfer (Guo X. G. et al.,, 2014).

The charge is divided into electron and hole, based on whether
the OFETs are distinguished into p-type (hole transfer type),
n-type (electron transfer type), and ambipolar type (electron
and hole transfer type). Currentlys, the n-type and ambipolar
type OFETs have received more attention from the scientific
society, because the existing highest electron mobility and
the stability of the OFETs are much lower than the reported
highest hole mobility. Research revealed that the design and
synthesis of novel organic semiconductor materials with high
charge carrier mobility is crucial for the development of high-
performance OFETs. In the past few years, more and more
novel materials were designed and tested in the OFETs. Among
which, diketopyrrolopyrrole (DPP) and their derivatives, as
the electron acceptors to build donor-acceptor typed materials,
are the perspective (Donaghey et al., 2013; Lin et al., 2018;
Lee et al, 2019). In this article, recently reported molecules
regarding to the DPP for OFETs application are reviewed. In
addition, the relationship between the chemical structures and
the performance of the device are also discussed. Finally, we
provide our perspective to address the existing critical points
of high-performance OFETs and the molecular design concept
regarding the DPP derivatives, by outlining potential evolution
trends. We hope that this work will promote new insights and
further research studies to boost the development of OFETs for
the next-generation applications.

DPP-BASED CONJUGATED MATERIALS

DPP-based molecules were often constructed by a core
containing two amine units and carbonyl groups with bicyclo,
and end flanked by the aromatic groups. The core endowed
the DPP derivatives with strong electron deficiency properties,
which can be used to build donor-acceptor system molecules.
In addition, once the aromatic groups were flanked with
small units, the conjugated backbone of the DPP exhibited
highly planar which endowed the high intra-charge transfer
mobility (Bao et al, 2020). DPP-based materials have often
exhibited extraordinarily strong 7-m interaction and aggregation
properties between the neighboring DPP moieties, resulting
in the materials having beneficial properties for inter-charge
transfer mobility. Hence DPP and its derivatives-based materials
were widely studied and used in build high-performance OFETs
(Qu and Tian, 2012).

DPP

Since the first DPP-based materials application in OFETs were
reported by Biirgi et al. with a hole mobility (uy,) of 0.1 cm? V~!
s~ ! and electron mobility (1) of 0.09 cm? V! s7! (Lukas et al.,
2008), the DPP derivatives received more and more attention
from chemists as one of the most promising building blocks
in organic semiconductors. Recently, Zhang’s group reported
the hydrogen bonded DPP based small molecules with a hole
mobility of 0.26 cm? V~! s7! (Zhang et al, 2017a) and the
polymer with a hole mobility up to 1.02 cm? V=1 s7! (Zhang
et al, 2019) (Figures 1A,B). Kang et al. using DPP as the
acceptor to synthesize D-A type polymers with the uy up to
12 cm? V71 g1 (Kang et al., 2013) (Figure 1C). Until now,
the best DPP-based OFET was reported by Luo et al. Through
intruding tetramethylammonium iodide into the DPP polymer,
good ordered lamellar packing of the alkyl side chains and inter-
chain 7-7 interactions film were formed, meanwhile the w;, was
up to 26 cm? V! s7! and jue up to 4.4 cm? V=1 s71 (Luo et al,
2016) (Figure 1D). This work reveals that the DPP chromophore
is a potential building blocks in the semiconductors materials.

In 2016, Bao’s group introduced 2,6-pyridine dicarboxamide
with non-conjugated alkyl units into the DPP-based polymer
backbone, with the interaction between the C=0 group and N-
H group in the adjacent molecules, which could form hydrogen
bonding between the neighboring molecules. These kinds of
polymers showed not only high hole transfer mobility (1.32 cm?
V~1 s71), but also exhibited self-healable properties (Oh et al.,
2016) (Figure 1E). Almost at the same time, Yao and co-authors,
introducing urea-containing alkyl chains into the DPP based
polymers, developed hydrogen bonded polymers with a hole
mobility up to 13.1 cm? V=1 s7! (Yao et al.,, 2015) (Figure 1F).
These works indicate that hydrogen bonding association could
significantly improve the DPP-based charge transfer mobility.

The flanked aromatic group attached to the DPP core are
crucial for the design DPP-based molecules. The most reported
flanked units are the thiophene units. Besides that, other groups
were also introduced as the flanked units attached to the DPP
core to build novel chromophore, such as the naphthalene (Liu
etal., 2018), furanyl (Sonar et al., 2012), thiazole (Li et al., 2014),
pyrrinde (Li et al., 2017), thienothiophene (Jiang et al., 2017),
and so on (Figure 1G). These new materials also showed good
performance in the OFETs.

isoDPP

IsoDPP is a regioisomer of DPP, the chemical structure of
which is similar to the DPP with a switching position of the
carbonyl group and the nitrogen atom (Figure 2A). Compared to
the DPP-based semiconductors, the isoDPP-based one received
less attention, though it has as much potential as the DPP-
based ones. IsoDPP was firstly developed roughly 30 years
ago in one step from pluvinic acid (Rochat et al., 1985; Deng
et al,, 2019). The first isoDPP-based polymers were synthesized
by Tieke’s group in 2011 (Welterlich et al,, 2012), while the
first isoDPP-based polymer in OFETs were tested by Facchetti’s
group in 2013 (Lu et al., 2013). The polymers were constructed
by the donor-acceptor system, isoDPP units as the acceptor
and the dithieno[3,2-b:2’,3’-d]silole units as the donor, which
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showed p-type behavior with a hole mobility of 0.03 cm?

V! s7! (Figure 2B). In 2018, Zhang et al. reported similar
polymers with the same polymer backbone but different alkyl-
chain. This polymer showed a hole mobility of 0.09 (Zhang
et al, 2018) (Figure2C). The high hole mobility could be
ascribed to the high molecular weight, which is beneficial for the
charge transfer within the single polymer backbone. In addition,
the author reported that through one-step thionation reaction
using Lawesson’s reagent, oxygen-sulfur exchange in the isoDPP
core happened, resulting in a new chromophore isoDTPP. The
isoDTPP based polymers showed hole mobility up to 0.49 cm?
V ~!'s =1 which is almost five times larger compared to
the isoDPP-based one, and the electron mobility to 0.29 cm?
V ~!'s 7L This indicates that the isoDTPP is a promising
building block for high performance organic semiconductors!.
Recently, Guo et al. reported a copolymer containing isoDPP
and DPP in the polymer backbone to construct acceptor-
acceptor system polymers (Guo X. et al, 2014) (Figure 2D).
This polymer showed ambipolar behavior with balanced holes
and electrons mobilities around 0.02 cm? V~! s7!. The charge
carrier mobility of this polymer exhibited around two to three
orders of magnitude higher than the reported DPP-based “homo”
-polymer (Zoombelt et al., 2010). This could be ascribed to
the fact that the isoDPP polymers showed good order and
quite close packing distance of 0.38nm in the solid state,
which is beneficial for the charge carrier transport between the
neighboring molecules.

Not like the DPP-based materials, the isoDPP-based materials
were only designed by two types, such as phenyl-flanked
and the thiophene-flanked isoDPP. Gendron et al. (2014) and
Zhang et al. (2013) prepared the single crystal of these two
different small molecules, which showed that the core of isoDPP

was fully coplanar as DPP. The studies showed that using a
thiophene ring instead of a phenyl ring attached the isoDPP
core could significantly improve the planarity of the conjugated
isoDPP backbone. In addition, the thiophene units exhibits
stronger donor units than the benzene groups, which could
form the donor-acceptor system between the thiophene and
the isoDPP core. A high planar conjugation backbone and
stronger donor-acceptor system is beneficial for the intra-charge
transfer, thus the thiophene-flanked isoDPP has more potential.
IsoDPP chromophore as a novel building block has potential
in semiconductors materials, though it has not received the
desired attention. Future research regarding to the isoDPP-based
materials should be focused on adjusting the flanked groups
(Zhao et al,, 2019), improving the planarity materials conjugated
backbone (Zhang et al, 2016; Li et al, 2021), introducing
functions units into the core (Oh et al., 2016), and so on.

DPP-Based Derivatives

In the past few years, various kinds of DPP-based derivatives
were widely developed and used as the organic semiconductors
in OFETs. In 2020, Shi et al. designed a novel building block,
denoted as a half-fused DPP, in which one of the flanking
thiophene units is fused to the DPP core via a carbon-
carbon double bond at the N-position (Shi et al., 2020). In
this work, through Stille coupling, donor-acceptor polymer, the
difluorothiophene as donor, and the half-fused DPP as acceptor,
was synthesized with a molecular number weight of 24.4 kDa
(Figure 2E). The obtained polymer exhibited ambipolar behavior
with g, of 2.23 and jte of 1.08 cm? V™! s71, while the non-fused
DPP based polymer with similar chemical structures showed
quite low charge carrier mobility with uy of 0.78 and . of
0.24 cm? V=1 s71, The significant improvement charge carrier
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FIGURE 2 | Chemical structures of isoDPP- and DPP based derivatives for OFET and their charge transfer mobility.

mobility should be ascribed that: the high planar backbone,  construction donor-acceptor materials, which showed high
monosubstituted alkyl chain, instead disubstituted alkyl chains  charge transfer mobility in the OFETs. However, the isoDPP-
reducing the steric crowding, a short m-m stacking distance  based ones received less attention though they are promising.
and lower LUMO energy levels. This research reversed that In this article, DPP-based materials, including DPP, isoDPP,
the planarity of the polymer backbone is crucial for high  and DPP-based derivatives, as the semiconductor in OFETs
performance organic semiconductors. were reviewed. Though DPP-based materials were promising in

Enlarging the w-conjugation system of isoDPP core results ~ OFETs, great opportunities and challenges still remain in the
in benzodipyrrolidone (BDP) and naphtodipyrrolidone (NDP).  development of DPP-based semiconductors with high charge
Compared to the isoDPP, the BDP, and NDP showed similar  carrier mobility, typically for the ambipolar type OFETs. To
chemical structures except the core are tri- and tera-cyclic (Deng  obtain high-performance DPP-based semiconductor materials,
et al., 2019). Rumer et al. reported BDP based polymers with  the highlighted development comes from the following factors:
ambipolar behavior with py, and jLe of 0.2 and 0.1 cm? V! 571, planar materials backbone, large m-conjugation system, highly
respectively (Rumer et al., 2013) (Figure 2F), while a similar  crystalline, strong 7-7 stacking and aggregation, short molecular
polymer consisting of NDP based polymer exhibited n-type  distance, and so on. Recently research reversed the idea that
behavior with e of 0.67 cm? V=! s7! (Zhang et al, 2017b)  DPP chromophore is a promising unit to build high-performance
(Figure 2G). The different properties of these semiconductors  semiconductor materials. Further optimizing its structures,
could be due to the fact that the w-conjugation extension could  typically the isoDPP-based materials, are always challenging and
not only enlarge the charge transfer pathway, but also adjust the  urgently necessary.
frontier molecular orbitals.

Upon thiolation reaction, the carbonyl of the DPP core could ~  AUTHOR CONTRIBUTIONS
be easily transferred into thiocarbonyl resulting DTPP (Gendron
et al,, 2017). The DTPP based small molecules showed p-type  XZ and SC prepared the manuscript. JL revised the manuscript.
behavior with hole mobility around 2.2 x 107* cm? V™! s™!  XW and MZ supervised the whole work. All authors discussed
(Figure 2H). The low mobility could be ascribed to the simple  and commented on the paper.
structures, in which the DTPP core is flanked with a benzene ring.
To further optimize these molecules, other donor units, suchas  FUNDING
thiophene, thienothiophene, and so on, instead of the benzene

ring, could be used. This study was financially supported by National Natural
Science Foundation of China (No. 51504147), Special
CONCLUSION AND OUTLOOK Scientific ~ Research ~ Planned  Projects of Education

Department of Shaanxi Provincial (No. 15JK1165), and
Until now, DPP chromophore and its derivatives, as one  Research Projects of Shaanxi University of Technology
of the most popular acceptor units, were widely used in  (No.SLGKY2007).
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Truxene Functionalized Star-Shaped
Non-fullerene Acceptor With
Selenium-Annulated Perylene
Diimides for Efficient Organic Solar
Cells

Kaiwen Lin"2*, Boming Xie2, Zhenfeng Wang?, Qingwu Yin?, Yuehui Wang,
Chunhui Duan?, Fei Huang?* and Yong Cao?

" Department of Materials and Food, Zhongshan Institute, University of Electronic Science and Technology of China,
Zhongshan, China, 2 State Key Laboratory of Luminescent Materials and Devices, Institute of Polymer Optoelectronic
Materials and Devices, South China University of Technology, Guangzhou, China

An electron acceptor with a truxene core and ring-fusion perylene diimide (PDI) tripolymer
annulated by selenium (Se) branch, named as FTr-8PDI-Sg, is designed and synthesized.
FTr-3PDI-Se exhibits large conjugated planar conformation, strong absorption spectra in
the regions of 300-400 and 450-550 nm, the deep HOMO energy level of 6.10eV, and
high decomposition temperature above 400°C. The FTr-8PDI-Se: PBDB-T-2CI based
device achieved a disappointing power conversion efficiency (PCE) of 1.6% together
with a high V¢ of 1.12 V. The low PCE was due to the large aggregates of blend fim, the
imbalanced hole/electron transport and low PL quenching efficiencies. The high Ve can
be attributed to the high-lying LUMO level of FTr-BPDI-Se and the low-lying HOMO level
of PBDB-T-2ClI. Our research presents an interesting and effective molecule-designing
method to develop non-fullerene acceptor.

Keywords: organic solar cells, non-fullerene acceptor, truxene, perylene diimides, selenium

INTRODUCTION

Organic solar cells (OSCs) have attracted boundless interest over the past few decades owing to
the advantages of light weight, low cost, wide source, and large-scale roll-to-roll printing process
(Kang et al.,, 2016; Hou et al., 2018). Recently, the fullerene acceptors, due to their numerous of
disadvantages of weak absorption, limited structural modifications and electronic energy levels
non-tunability, were marginalized by non-fullerene acceptors (NFAs) (Cheng et al., 2018; Yan
et al., 2018). Significant progress in NFAs-based OSCs has been achieved with power conversion
efficiency (PCE) over 18% (Lin et al., 2020; Liu Q. et al., 2020; Zhan et al., 2021). Among the widely
reported NFAs, fused-ring electron acceptors (FREAs) and perylene diimide derivatives (PDIs) are
the two main study directions.

Because of the strong electron affinity, high absorption coefficient and electron mobility, as well
as energy-level tunability, PDIs are widely developed (Zhan et al., 2011; Li and Wonneberger, 2012;
Liu et al., 2016; Sun et al., 2016; Feng et al., 2018; Agnieszka and Frank, 2019; Li M. Y. et al., 2020).
The large conjugated skeleton of PDI exhibits strong aggregation tendency, which may result in
self-trapping of light excitons and afterwards generate fast bimolecular recombination of charge
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carriers, limiting the high performance of OSCs (Sharenko
et al,, 2013; Liu S. Y. et al., 2015). The researcher verified that
changing the planarity of the PDIs is the popular methods to
avoid this strong aggregation (Zhong et al., 2014, 2016; Lin
et al., 2016; Zhang et al, 2016; Duan et al., 2017a; Liu X.
et al,, 2017; Liu et al., 2018). For example, various 3D electron
acceptors with the central aromatic core (atom) and twisted PDI
trimers or tetramer were investigated (Liu Y. H. et al, 2015;
Lee et al,, 2016; Zhan et al.,, 2017; Zhang A. D. et al,, 2017; Lin
et al., 2018a; Liu W. X. et al, 2020). A twisted configuration
of PDIs is confirmed effectively to avoid large aggregation.
However, the single bonding connection between central core
and PDIs would weaken charge mobility due to an excessive twist
geometry, giving a low OSCs performance. Therefore, the proper
twisted non-planar structures, i.e., good balance of desirable
film morphology with proper domain size and sufficient charge
transport ability seems to be the key point for developing high-
performance PDI electron acceptors (Lin et al., 2018a).
Interestingly, oxidative ring-fusion between the central
aromatic core and the PDI branches was verified to be an effective
strategy to achieve an exquisite balance aforesaid for high OSCs
performance (Hartnett et al., 2016; Meng et al., 2016a, 2017;
Zhong et al., 2016; Wang et al., 2017; Zhang J. Q. et al,, 2017;
Lin et al., 2018a; Chen et al., 2020). The fused PDI NFAs all

exhibited better planarity than non-fused counterparts, since the
aromatic core and PDI branches were locked by the adjacent
benzene. Meanwhile, the fused PDI NFAs showed stronger
intermolecular m-7 stacking and higher electron mobility (Lin
et al.,, 2018a). Moreover, these fused PDI NFAs generated proper
phase separation with proper domain size and high domain
purity when blended with donors (Chen et al., 2018; Hu et al,,
2018; Wu et al,, 2019). Therefore, the fused PDI NFAs displayed
better OSCs properties compared with unfused ones (Li et al.,
2016; Meng et al., 2016a, 2017; Liu X. F. et al., 2017; Wang et al.,
2017; Zhang J. Q. et al,, 2017; Lin et al,, 2018a; Yin et al., 2019;
Carlotti et al., 2020).

Recently, several studies showed that five-membered
heteroatom-annulated  (nitrogen/chalcogen-fused bay
regions) of PDIs has been regarded as the most effective
molecular design strategy to achieve high performance OSCs
(Sun et al., 2015; Meng et al., 2016a; Cann et al., 2017). The
five-membered heteroatom-annulated PDI NFAs reinforced
intra- and intermolecular interactions, leading to high electron
mobility, which achieved improved PCEs. Among the varied
nitrogen/chalcogen, the selenium atom (Se), since its enormous
and loose electron cloud, is much easier to realize orbital
overlap between the adjacent PDI NFAs, afterwards enhance
the charge carrier mobility (Meng et al, 2016b; Li et al,
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2018; Luo et al, 2018; Li G. et al., 2020; Yang et al., 2020).
Moreover, due to the natural easy-polarizing characteristic
of the Se atom, the Se-annulated PDIs exhibit the stronger
intra- and intermolecular interactions, which also confirmed
the important application foreground of Se-annulation PDIs
in non-fullerene OSCs (Duan et al., 2017b; Yin et al., 2018; Li
et al., 2019; Luo et al.,, 2019; Qureshi et al., 2020; Wang et al.,
2020).

Truxene has been demonstrated as a promising skeleton
to construct high performance NFAs (Nielsen et al, 2013,
2014; Lin et al, 2018b; Wu et al, 2018). Inspired by the
above achievements of Se-annulated PDIs, herein, we
report the design and synthesis of truxene functionalized
star-shaped NFAs with fused selenium-annulated PDIs,
named FTr-3PDI-Se (Scheme1). The devices based on
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1,3’-di-2-thienyl-5,7’-
bis(2-ethylhexyl)benzo[132’-c:4,5’-c’]dithiophene-4,8-dione)]
(PBDB-T-2Cl): FTr-3PDI-Se exhibited a PCE of 1.6% with a high
open-circuit voltage (Vo) of 1.12 V. The FTr-3PDI-Se exhibited
large conjugated planar skeleton that can effectively promote
the blend films to form large aggregates, which may lead to
bimolecular recombination, limiting the OSCs performance.

RESULT AND DISCUSSION

Material Synthesis and Characterization
The synthetic routes of FTr-3PDI-Se was presented in Scheme 1
and the detailed synthetic procedure was provided in the

Supporting Information. Compounds FTr-3PDI was synthesized
according to the reported method (Lin et al, 2018a). FTr-
3PDI-NO, was prepared with a high yield of 95% using the
fuming HNOj3. Finally, the three fused selenium-annulated PDIs
branches based on truxene, FTr-3PDI-Se, was synthesized by
reductive cyclization reaction with Se powder. The as-synthesized
FTr-3PDI-NO; and FTr-3PDI-Se were fully characterized by
'H NMR, *C NMR, and MALDI-TOF mass spectrometry
(Supplementary Figures 1-6). Although large conjugated planar
conformation, FTr-3PDI-Se electron acceptor displays moderate
solubility in section of organic solvents such as chloroform,
toluene, and chlorobenzene at room temperature. We ascribe it
to the six hexyl chains of the truxene core.

Theoretical Calculations

The geometry and electron distribution of FTr-3PDI-Se was
presented by employing the density functional theory (DFT)
method at the B3LYP/6-31G(d,p) level in the Gaussian 09
software, where the long alkyl chain (-CsH;3 of the truxene
core and ~CsH; of the PDIs branches) was simplified to methyl
groups (Figure 1). Obviously, FTr-3PDI-Se exhibits an overall
planarity structure from the top view and side view. According to
the optimized geometry, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
electron distribution were calculated. The LUMO is distributed
on two fused selenium-annulated PDIs sub-group. The HOMO is
localized on one two fused selenium-annulated PDIs and truxene.
The different wave function distributions between HOMO
and LUMO are attributed to the degenerate orbital/multiple
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solar cells.

resonance configurations of the three fused selenium-annulated  outline to their solution ones, indicating that the intermolecular
PDI groups. Furthermore, the calculated LUMO and HOMO  aggregation is effective suppressed. Meanwhile, FTr-3PDI-Se
levels were —3.30 and —6.00 eV. demonstrated a slightly large optical bandgap of 2.24eV with

optical absorption onsets 555 nm (EgPt = 1240/Aonset €V). The

Thermodynamic, Optical, and absorption profiles of FTr-3PDI-Se is complementary to the
Electrochemical Properties strong absorption of PDBT-T-2Cl donor, which was exhibited
Thermogravimetric analysis (TGA) measurement (Figure2A)  in Supplementary Figure 7. The electrochemical property of
demonstrated that FTr-3PDI-Se showed outstanding thermal  FTr-3PDI-Se in chloroform solution was investigated by CV,
stability along with a high decomposition temperature (T4, as shown in Figure 2D. The half-wave potential of Fc/Fc*
5%weight loss) exceeding 400°C under nitrogen atmosphere,  was measured to be 0.40V, and the energy levels of HOMO
benefiting from large conjugated planar conformation. and LUMO were estimated from the onset oxidation (ESsct)
Afterwards, differential scanning calorimetry (DSC) was  and reduction (E‘r’:;“) potentials by equations: Egomo =
performed without obvious endo- and exothermal peaks — -e(EQ™' - Ep.pey + 4.8) and Epymo = —e(E;’e“dSet - Epc/Fet
from room temperature to 320°C in the second heating cycle  + 4.8), respectively (Li et al, 1999). The HOMO/LUMO
(Figure 2B). The spectrum of FTr-3PDI-Se in chloroform  levels are —6.10/—3.65eV. The slightly high-lying LUMO
solution showed two sets of absorption bands in the range of  level cooperate with low-lying HOMO level of donor will
300-600 nm. The short wavelength region displayed a maximal  contribute to achieve a high V.. Meanwhile, the down-shifted
sharp peak of 360nm with two broad shoulder peak, while HOMO level maintain the excellent chemical durability,
the longer wavelength region exhibited the maximal peak of  and is favorable for hole transfer from excited acceptor to
500nm with two broad shoulder peak as well (Figure2C). donor in OSCs (Duan et al., 2016, 2017b; 2018; Jia et al.
FTr-3PDI-Se in thin film showed similar absorption spectra  2017).
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Photovoltaic Properties
The OSCs devices were prepared and measured with
a conventional device structure of ITO (indiumtin
oxide)/PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate))/PBDB-T-2Cl: FTr-3PDI-Se/PFN-Br
(poly[(9,9-bis(3’-((N,N-dimethyl)-N-ethylammonium)-
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)])/Ag
(Figure 3A). PDBT-T-2Cl was picked as the medium-bandgap
donor to matched FTr-3PDI-Se acceptor benefiting from their
complementary absorption and appropriate energy levels. The
devices were fabricated and evaluated in terms of donor/acceptor
weight ratios, solvent additives, and thermal annealing. All
the device parameters under the mentioned above conditions
are listed in Supplementary Tables 1-3. The optimal devices
fabrication is that chlorobenzene as the main processing solvent
with 1% chloronaphthalene solvent additives, and the annealing
temperature is 120°C. The total concentration of PDBT-T-2Cl
and FTr-3PDI-Se was optimized to be 20mg mL~! with the
donor:acceptor weight ratio of 1.5:1. The optimized device
parameters are summarized in Table 1, and the corresponding
J-V curves are shown in Figure 3B. The optimized OSC device
based on PBDB-T-2Cl: FTr-3PDI-Se exhibited a PCE of 1.6%
with a high Vo of 1.12V, but a relatively poor short-circuit
current density (Jsc) of 3.6 mA cm~2 and a fill factor (FF) of
38.9%. The high V. is consistent with the high-lying LUMO
level of FTr-3PDI-Se and low-lying HOMO level of PDBT-T-2ClL.
The external quantum efficiency (EQE) spectra of PBDB-
T-2Cl: FTr-3PDI-Se films were collected from the above

TABLE 1 | Photovoltaic parameters of OSCs based on PBDB-T-2Cl: FTr-3PDI-Se
under AM1.5G illumination at 100 mW cm—2.

Acceptor Voc (V) Jsc (MAcm=2) J2 (mAcm™2) FF PCE (%)
devices

PBDB-T-2Cl: 1.12 3.6 3.5 0.39 1.6
FTr-3PDI-Se

aCalculated from EQE intetrations.

optimized devices and displayed in Figure 3C. The calculated
Jsc of 35mA cm™? from the EQE spectra was consistent
with the measured Ji (Table1). The continuous EQE
responses between 300 and 700nm for the PBDB-T-2CL
FTr-3PDI-Se based device results from the complementary
absorption of PBDB-T-2Cl: FTr-3PDI-Se blend film
(Supplementary Figure).

Charge Transport and Recombination

The charge transport were acquired by single-carrier devices
with a device structure of ITO/ZnO/PBDB-T-2Cl: FTr-3PDI-
Se/Ca/Al for electron only devices and ITO/PEDOT:PSS/PBDB-
T-2Cl: FTr-3PDI-Se/MoO3/Ag for hole only devices, respectively
(Supplementary Figure 8). The hole mobilities (y4,) of PBDB-T-
2Cl: FTr-3PDI-Se blend film was estimated to be 4.5 x 107° cm?
V1 s71. In contrast, the electron mobility (j4.) was measured to
be 2.2 x 107* cm? V~! s71, which are two orders of magnitude
higher than py,. The low hole mobility and highly imbalanced
Welpuy seriously suppress the charge transport and give rise to
more bimolecular recombination, which in turn acquire low FF
and Jyc.

The photoluminescence (PL) quenching experiments were
proceeded to study the charge transfer efficiency. As shown in
Supplementary Figure 9, the PL quenching efficiencies of PBDB-
T-2Cl: FTr-3PDI-Se blend films are 83.3 and 47.7% as compared
to the neat PBDB-T-2Cl and FTr-3PDI-Se films, respectively,
suggesting a moderate exciton dissociation efficiency.

Morphology

The surface morphology of PBDB-T-2Cl: FTr-3PDI-Se blend
films were investigated using atomic force microscopy (AFM).
The film exhibited obvious phase separation with nanofibrillar
structures (Figure 4), forming a relative coarse surface with
a RMS surface roughness of 3.97nm. The large planar
conformation of FTr-3PDI-Se, can effectively promote the blend
films to form large aggregates.

FIGURE 4 | AFM height and phase images of PBDB-T-2CI: FTr-3PDI-Se blend films.
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CONCLUSION

In summary, FTr-3PDI-Se was synthesized and employed as
electron acceptors for organic solar cells. The optimized devices
based on PBDB-T-2Cl: FTr-3PDI-Se displayed a PCE of 1.6%,
which was attributed to the following reasons. The conjugated
planar conformation of FTr-3PDI-Se, verified by the DFT
quantum calculation, can effectively promote the blend films
to form large aggregates, which impeded the charge transport.
Meanwhile, the imbalanced hole/electron transport and low PL
quenching efficiencies seriously obstruct the charge transport and
reduce exciton dissociation efficiency. Obviously, this research
missed the balance between the highly twisted non-planar
structures and coplanar conformation. Taking the excellent
advantages into consideration and discard the disadvantages, we
expect that the combination of the fused selenium-annulated
PDIs with other conformation cores will create more promising
and practical acceptors.
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Heptazine derivatives have attracted much attention over the past decade by virtue of
intriguing optical, photocatalytic as well as electronic properties in the fields of hydrogen
evolution, organic optoelectronic technologies and so forth. Here, we report a simple
nm-conjugated heptazine derivative (HAP-3DF) possessing an n—x* transition character
which exhibits enhanced electroluminescence by exploiting thermally activated delayed
fluorescence (TADF). Green-emitting HAP-3DF shows relatively low photoluminescence
quantum efficiencies (9,) of 0.08 in toluene and 0.16 in doped fim with bis(2-
(diphenylphosphino)phenyl) ether oxide (DPEPO) as the matrix. Interestingly, the
organic light-emitting diode (OLED) incorporating 8 wt% HAP-3DF:DPEPO as an
emitting layer achieved a high external quantum efficiency (EQE) of 3.0% in view of the
fairly low @, of 0.16, indicating the presence of TADF stemming from n—n* transitions. As
the matrix changing from DPEPO to 1,3-di (9H-carbazol-9-yloenzene (MCP), a much
higher @, of 0.56 was found in doped film accompanying yellow emission. More
importantly, enhanced electroluminescence was observed from the OLED containing
8 wt% HAP-3DF:mCP as an emitting layer, and a rather high EQE of 10.8% along with a
low roll-off was realized, which should be ascribed to the TADF process deriving from
exciplex formation.

Keywords: electroluminescence, heptazine, thermally activated delayed fluorescence, organic light-emitting diode,
exciplex

INTRODUCTION

Organic light-emitting diodes (OLEDs) have received numerous attentions and experienced rapid
development in the fields of display and lighting in view of extremely fascinating advantages such as
flexibility, thinness, fast response (Im et al., 2017; Choi et al., 2018; Fukagawa et al., 2018). In contrast
with traditional fluorescent and phosphorescent materials, pure organic luminophores based on
thermally activated delayed fluorescence (TADF) exhibit great potential and better performance with
both high electroluminescence (EL) efficiency and low cost (Uoyama et al., 2012; Zhang et al., 2014;
Hirata et al., 2015; Sohn et al., 2020). The key design strategy of TADF molecules is to realize a small
energy gap (AEst) between the lowest excited singlet (S;) and triplet (T,) states through an effective
separation of electron densities of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) with respect to electron-donating and electron-accepting
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FIGURE 1 | (A) Chemical structures of HAP-3DF, DPEPO and mCP. (B) UV and PL spectra of HAP-3DF in toluene (Tol) and acetonitrile (ACN). (C) Transient PL
decay and PL spectra (Inset) of HAP-3DF in toluene (Tol) and DPEPO film (8 wt%). (D) EQE characteristics of the OLED incorporating 8 wt% HAP-3DF:DPEPO. Inset: PL
spectrum in 8 wt% HAP-3DF:DPEPO and EL spectrum recorded at a current density of 10 mA cm™.

moieties, respectively (Lee et al, 2012). Current trends in
developing highly efficient TADF emitters are mostly focusing
on intramolecular donor-acceptor (D-A) type molecules owing to
the accompanying small singlet-triplet splitting during the
charge-transfer (CT) transitions (Mehes et al, 2012; Zhang
et al., 2012; Tanaka et al., 2013; Kawasumi et al., 2015; Chen
et al., 2018; Zeng et al.,, 2018). Alternatively, small AEgy can be
realized by exciplex formation via intermolecular CT between
electron donors and acceptors, or more localized n—7n*
transitions involving the lone-pair electrons of heteroatoms
and 7 antibonding molecular orbitals (Goushi et al.,, 2012; Li
etal., 2014; Wu et al., 2019; Jeon and Lee, 2020; Zhao et al., 2020).
In this work, we report a 7-conjugated heptazine derivative,
2,5,8-tris(2,4-difluorophenyl)-1,3,4,6,7,9,9b-heptaazaphenalene
(HAP-3DF), which exhibits enhanced EL by exploiting n—n*
transitions and exciplex-based TADF, respectively. On the basis
of the planar and comparatively rigid heterocyclic system with six
C=N bonds surrounding a sp’-hybridized N atom of the
heptazine core, heptazine derivatives have aroused widespread
attention over the past decade by virtue of charming optical,
photocatalytic as well as electronic properties in the fields of
hydrogen evolution, organic optoelectronic technologies and so
forth (Ge et al., 2013; Li et al., 2013; Ou et al., 2017; Liu and Ma,
2020). Considering the strong electron-accepting ability of HAP-
3DF, bis(2-(diphenylphosphino)phenyl) ether oxide (DPEPO)
with two electron-accepting diphenylphosphine oxide groups

was chosen as the host material. Encouragingly, the OLED
incorporating 8 wt% HAP-3DF:DPEPO as an emitting layer
achieved a high maximum external quantum efficiency (EQE)
of 3.0% in comparison to the fairly low photoluminescence
quantum efficiency (®,) of 0.16, indicating the presence of
TADF stemming from n—m* transitions. To realize exciplex-
based TADF, 1,3-di (9H-carbazol-9-yl)benzene (mCP) with two
electron-donating carbazole moieties was chosen as the electron-
donating material for HAP-3DF. More importantly, enhanced EL
was observed from the OLED containing 8 wt% HAP-3DF:mCP
as an emitting layer, and a rather high EQE of 10.8% along with a
low roll-off was realized, which should be assigned to the TADF
process deriving from exciplex formation. The chemical
structures of HAP-3DF, DPEPO and mCP are depicted in
Figure 1A.

RESULTS AND DISCUSSION

Details of synthetic routes and quantum chemical calculation of
HAP-3DF are described in the Supplementary Material. The
HOMO and LUMO of HAP-3DF are depicted in Supplementary
Figure S1. The HOMO is mainly distributed over the sp*-
hybridized N atoms in the heptazine core while the LUMO
spreads to the whole m-conjugated system, which is in
accordance with the character of n—n* transition. Based on
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the optimized geometry structure, the energies of S; and T, were
calculated to be 2.7753 eV (HOMO—LUMO) and 2.6022 eV
(HOMO—LUMO), respectively, indicating that both S; and
T, possess n—7* transition characteristics. Meanwhile, the
AEgy is calculated to be as small as 0.1731 eV, implying that
n—7* transition could be an efficient TADF pathway.

To further confirm the n—n* transition character of HAP-
3DF, the ultraviolet-visible absorption (UV) and
photoluminescence (PL) spectra were recorded in toluene and
a more polar solvent, acetonitrile, respectively (Figure 1B). The
intense absorption band centered around 320 nm is assigned to
n—m* electronic transition with regard to the m-conjugated
system. It is noteworthy that there is an additional low-energy
band centered around 450 nm, which should be attributed to the
n—7* transition involving the lone-pair electrons of N
heteroatoms and a 7 antibonding molecular orbital. As
expected, both UV and PL spectra of HAP-3DF in acetonitrile
showed typical blue shifts compared with that in toluene,
indicating typical n—n* transition characteristics due to the
stabilization effect of polar acetonitrile molecules on lone-pair
electrons of N atoms (Sidman, 1958; Goodman, 1961). Moreover,
both the long-wavelength absorption and emission bands show
well-resolved vibronic structures, which should be ascribed to the
rigid molecular structure of HAP-3DF. Transient PL decay of
HAP-3DF in oxygen-free toluene in the time range of 5 ps is
shown in Figure 1C, and it presented a prompt fluorescence
lifetime of 70 ns and a delayed one of 290 ns The radiative rate
constant (k,) of S can be calculated to be 1.1 x 106 s~ combining
with the corresponding @, of 0.08. The extremely low
fluorescence rate and @, are in good agreement with the
typical characteristics of n—n* transitions. Further, transient
PL decay and emission spectrum of the 8 wt% HAP-3DF:
DPEPO doped film in vacuum were measured (Figure 1C),
and a more intense delayed component and a higher @, of
0.16 were observed, probably because of the suppressed
nonradiative decay due to the rigid and tightly packed
environment. Meanwhile, the well-resolved PL spectrum
centered at 530nm is quite similar to that in toluene,
indicating that all photons are generated from the same
excited singlet state of HAP-3DF in the doped film.

To get better insights into EL characteristics of HAP-3DF, an
OLED containing 8 wt% HAP-3DF:DPEPO as an emitting layer
was fabricated. The device structure was ITO/a-NPD (35 nm)/
TCTA (5nm)/8wt% HAP-3DF:DPEPO (15 nm)/DPEPO
(5nm)/TPBI (40 nm)/LiF (0.8 nm)/Al (80 nm), where ITO is
indium tin oxide, a-NPD is N,N'-di (naphthalen-1-yl)-N,N'-
diphenylbenzidine as a hole transport layer, TPBI is 1,3,5-
tris(N-phenylbenzimidazole-2-yl)benzene as an electron
transport layer, and LiF and Al act as the cathode. Thin tris(4-
(9H-carbazol-9-yl)phenyl)amine (TCTA) and DPEPO layers
were inserted to block electrons from the cathode and holes
from the anode, respectively, and simultaneously confine the
excitons in the emitting layer. The OLED structure and energy
diagram are depicted in Supplementary Figure S2. The EL
performance are shown in Figure 1D and Supplementary
Figures S3, S4. The EL spectra measured at 1, 10 and 100 mA
cm ™2 are well overlapped with a maximum emission peak of

Heptazine-Based Thermally Activated Delayed Fluorescence

530 nm, and in good accordance with the PL spectrum of the
emitting layer. More importantly, without any light out-coupling
enhancement architechure, the OLED showed a comparatively
high maximum EQE of 3.0% along with a rather low roll-off
considering the fairly low @, of 0.16. The theoretical maximum
EQE can be calculated from the following formula, EQE = y x 7, X
PLQY X 7oy, where y is the electron/hole recombination ratio, 7,
is the exciton formation ratio for radiative transitions (#, = 0.25
for conventional fluorescent emitters), and #,,, is the light out-
coupling efficiency. Accordingly, the theoretical maximum EQE
should be limited to 0.8-1.2% assuming that HPM-3DF is a
conventional fluorescent molecule with y = 1.0, , = 0.25, PLQY =
0.16 and oy = 0.2-0.3. Thus, the high EL efficiency should be
ascribed to the effective TADF process in HAP-3DF based on
n—7* transitions by harvesting radiative singlet excitons upon
efficient up-conversion of abundant triplet excitons under
electrical excitation.

On the basis of the strong electron-accepting ability of HAP-
3DF, exciplex-based TADF could be anticipated by mixing with
materials with the electron donating character. The exciplex is an
excited complex produced by m—m* interactions between
adjacent conjugated linkers or between a linker and a guest
molecule, typically exhibiting broad, featureless luminescence
(Allendorf et al., 2009). As is well-known, there is usually an
obviously red-shifted and broadened emission spectrum for
exciplexes compared with corresponding pure emitters
(Goushi et al,, 2012; Hung et al., 2013). Herein, as a widely
used host material, mCP was chosen as the electron donor on
account of the two electron-donating carbazole moieties. An
optimized exciplex system of 8wt% HAP-3DF:mCP was
fabricated and characterized. The PL spectra and transient PL
decay of 8 wt% HAP-3DF:mCP are presented in Figure 2A,
respectively. In contrast, the PL spectrum of 8 wt% HAP-3DF:
mCP exhibits typical exciplex characteristics with a broad and
featureless band centered at 556 nm, which is 26 nm red-shifted
compared with that of 8 wt% HAP-3DF:DPEPO. Meanwhile, the
full width at half maximum (FWHM) of the exciplex system is
79 nm, which is only 12 nm larger than that of HAP-3DF alone
(67 nm), and the narrow FWHM is beneficial to the color purity
of OLEDs. Excitingly, the exciplex system shows a remarkably
high @, of 0.56, which is much higher than that of 8 wt% HAP-
3DE:-DPEPO. The narrow FWHM and high @, should be
associated with the rigid geometries and tight molecular
packing of HAP-3DF and mCP, which can effectively confine
molecular motions, suppress the nonradiative transition of singlet
and triplet exciplex excitons, and endow the blend film with high
PL performance. Figure 2B shows the transient PL decay of an
8 wt% HAP-3DF:DPEPO film in vacuum condition at 300 K.
Obviously, the transient decay process can be divided into
prompt and delayed components. The prompt component
with the lifetime of 92 ns should be assigned to conventional
fluorescence-based exciplex emission, while the two delayed
components with lifetimes of 617 ns and 2.75 us are generated
from the exciplex-based TADF involving an up-conversion
process of triplet excitons from T, to S; (Goushi et al., 2012).
To better elucidate the exciplex mechanism, prompt and delayed
PL spectra of 8 wt% HAP-3DF:mCP at 300 K were characterized
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(Figure 2C). The well-overlapped prompt and delayed emission
spectra confirm that all photons stemmed from the same excited
state. Moreover, 6-dicarbazolo-1,5-pyridine (PYD2) was chosen
as another electron-donating material in view of the similar
molecular structure with mCP (Supplementary Figure S5).
The photophysical characteristics of 8 wt% HAP-3DF:PYD2
film at 300 K were measured and shown in Supplementary
Figure S5 and Table S2. In comparison to the 8 wt% HAP-
3DF:mCP exciplex system, the 8 wt% HAP-3DF:PYD2 film
shows quite similar PL spectrum, indicating the formation of
exciplex between HAP-3DF and PYD2 molecules. Meanwhile,
the obvious delayed emission and well-overlapped prompt and
delayed components further verify the presence of exciplex
formation. Notably, the 8 wt% HAP-3DF:PYD2 exciplex film
exhibits a lower @, of 0.39, which might be associated with
the subtly changing electron-donating ability of HAP-3DF due to
the introduction of pyridine, and the variance of intermolecular
interactions between HAP-3DF and PYD2 in comparison to that
of HAP-3DF and mCP.

To verify the EL performance of the exciplex system, an
OLED based on the 8 wt% HAP-3DF:mCP exciplex system was

fabricated with a structure of ITO/a-NPD (35 nm)/TCTA
(5nm)/8 wt% HAP-3DF:mCP (15 nm)/DPEPO (5 nm)/TPBI
(40 nm)/LiF (0.8 nm)/Al (80 nm). The OLED structure and
energy diagram are depicted in Supplementary Figure S6. The
EL performance are shown in Figure 2D and Supplementary
Figures S7, S8. The EL spectra measured at 1, 10 and 100 mA
cm™ are well overlapped and almost identical to the PL
spectrum of an 8 wt% HAP-3DF:mCP blend film. The
photon energy of the exciplex was calculated to be 2.5eV
from the onset of the EL spectrum (492 nm), which is
consistent with the energy difference between the LUMO of
HAP-3DF (-3.4eV) and HOMO of mCP (-5.9¢eV)
(Supplementary  Figure S9). From the current
density-voltage-luminance (J-V-L) characteristics, the
OLED exhibited a considerably high luminance of 18,478 cd
m 2 at 12.4 V. Encouragingly, a remarkably high EQE of 10.8%
was realized along with a rather low roll-off (10.8% at 1000 cd
m~>, 9.6% at 5000cd m > 8.5% at 10,000 cd m?), which
significantly exceeds the theoretical maximum EQE
(2.8-4.2%) if the 8wt% HAP-3DF:mCP system is a
conventional fluorescent emitter. Overall, the excellent EL
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performance is partially attributed to the well-balanced
electron and hole fluxes into the emitting zone. Meanwhile,
the rigid geometries and tight molecular packing of HAP-3DF
and mCP molecules are beneficial to effectively confining
molecular motions and suppressing the nonradiative
transition of singlet and triplet excitons. More importantly,
it should be ascribed to the efficient up-conversion of triplet
exciplex excitons from T; to S; through TADF process which
endows the OLED with high EL performance.

CONCLUSION

In summary, we report a m-conjugated heptazine derivative
(HAP-3DF) exhibiting enhanced EL by exploiting n—n*
transition and exciplex-based TADF, respectively. To realize
TADF through two different processes, DPEPO with two
electron-accepting diphenylphosphine oxide groups and mCP
with two electron-donating carbazole moieties, were chosen as
the host materials for HAP-3DF. Encouragingly, the OLED
incorporating 8 wt% HAP-3DF:DPEPO as an emitting layer
achieved a high EQE of 3.0% in comparison to the fairly low
@, of 0.16, indicating the presence of efficient TADF stemming
from n—7* transitions. More importantly, enhanced EL was
observed from the OLED containing 8 wt% HAP-3DF:mCP as an
emitting layer, and a remarkably high EQE of 10.8% along with a
fairly low roll-off (10.8% at 1000 cd m >, 9.6% at 5000 cd m~>,
8.5% at 10,000 cd m2) was realized, which should be assigned to
the TADF process deriving from exciplex formation. These
findings are of fundamental interest for the development of
highly efficient OLEDs based on n—m* transitions and
exciplex systems.
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On the basis of planar and relatively rigid nitrogen-rich heterocyclic system of the heptazine
core, heptazine-based n-conjugated materials have aroused widespread attention over
the past decade by virtue of the fascinating electronic, optical, thermal, and mechanical
properties in the fields of light-emitting, photocatalysis, sensors, environmental
remediation, and so forth. However, there are still several obstacles to be solved
before practical applications, such as low photoluminescence quantum efficiencies for
light-emitting and weak visible absorption for photocatalysis. To further enhance various
properties of heptazine-based n-conjugated materials, a series of strategies have been
developed, including ingenious molecular design and modification, novel synthetic, and
preparation methods. In this review, the significant progress of monomeric and polymeric
heptazine-based r-conjugated materials and their applications typically in light-emitting
are reviewed, which is beneficial for the acceleration of practical applications of heptazine-
based materials and devices.

Keywords: heptazine, light-emitting, metal ion-containing heptazine, polymeric heptazine, monomeric heptazine

INTRODUCTION

Over the last decade, considerable progress in the fields of organic light-emitting diodes
(OLEDs) and photocatalysis has triggered intensive effort to develop highly efficient light-
emitting materials and photocatalysts (Wu and Ma, 2016; Zhou et al., 2017; Zhou et al., 2019; Yin
et al., 2020; Zhou et al., 2020). Among the many kinds of materials investigated, nitrogen-rich
heptazine-based materials are highly attractive on account of intriguing photoelectronic and
photocatalytic properties (Audebert et al., 2021; Wang et al., 2021). In the 1830s, heptazine-
based materials were initially discovered by a Swedish chemist, Jons Jakob Berzelius, after the
ignition of mercury thiocyanate, and this work was mentioned and reported by the German
chemists, Justus von Liebg and Leopold Gmelin (Liebig, 1834; Gmelin, 1835; Liebig, 1835).
Meanwhile, the compound obtained by Berzelius was termed melon by Liebig. However, the
study on heptazine derivatives has long been hampered probably by their general insolubility,
chemical inertness, and high decomposition temperatures which make their characterization
and modification difficult (Kailasam et al., 2013; Sayed et al., 2017). About 100 years later,
through the elaborate analysis of a few small crystals by X-ray crystallography, Pauling, and
Sturdivant proposed a planar triangular structure as the basic monomer of melon, cyameluric
nucleus (C4¢N7), which is the accurate structure of heptazine core (Pauling and Sturdivant, 1937).
Much later, the unsubstituted heptazine, 1,3,4,6,7,9,9b-heptaazaphenalene (CsN;H3), was firstly
synthesized and characterized in the 1980s by the members of Leonard group (Hosmane et al,,
1982; Shahbaz et al., 1984). Since 2001, the structure of Berzelius’s melon has been systematically
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Heptazine-based COFs

FIGURE 1 | Chemical structures of heptazine, melem, cyameluric chloride, melon, heptazine-based graphitic carbon nitride (g-C3N,), and covalent organic
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confirmed, which is polymerized with the heptazine units
linked through an amine (NH) link (Komatsu, 2001; Lotsch
et al., 2007).

The heptazine, also known as tri-s-triazine, carbon nitride or
CgNy>, is a type of chemical compound consisting of a triangular
structure, or three fused s-triazine rings, with three substituents at
the corners of the triangle. Namely, the heptazine is a planar and
relatively rigid nitrogen-rich heterocyclic system with 6 C=N
bonds surrounding an sp*-hybridized N atom. The heptazine
with three amino substituents is called melem (2,5,8-triamino-tri-
s-triazine), which is an important intermediate during
condensation of melamine to graphitic carbon nitride
(g-C3Ny). Jurgens et al. initially ascertained the crystal
structure of melem by X-ray powder diffractometry and found
that melem molecules are arranged into parallel layers with an
interplanar distance of 0.327 nm. Particularly, according to
temperature-dependent ~ X-ray = powder  diffractometry
investigations above 560°C, they discovered that the melem
would transform into g-C3N, (Jurgens et al.,, 2003). Similar to
cyanuric chloride (trichloro-s-triazine, C;N;Cl;), cyameluric
chloride (trichloro-tri-s-triazine, C4N,Cl;) is an important
starting material for various synthesis of heptazine-based
materials, and Kroke et al. comprehensively characterized its
crystal structure and photophysical properties (Kroke et al.,
2002). As the heptazine-based g-C5N, emerging to be a class
of promising metal-free photocatalysts, it received tremendous
research interests over the past decade in the fields of hydrogen
evolution Wang et al. (2009), Liao et al. (2019), CO, reduction
Gao et al. (2016), Barrio et al. (2019), photocatalytic degradation
of organic pollutants Ong et al. (2016), Zeng Y. et al. (2018), and
artificial photosynthesis (Su et al., 2010; Dai et al, 2018).
Additionally, heptazine-based covalent organic frameworks
(COFs) have also attracted much attention in the past several

years due to the photocatalytic performance (Bojdys et al., 2010;
Kailasam et al., 2016; Luo et al.,, 2019; Xing et al., 2020; Zhang
et al,, 2020). The various applications are significantly associated
with the appealing heptazine-based molecular structure in which
the sp® hybridized carbon and nitrogen induce a delocalized
n-conjugated system and consequently result in a moderate band
gap of around 2.7 eV, whereby a broad variety of photocatalytic
reactions can be carried out (Zhang et al., 2019; Patnaik et al.,
2021). The chemical structures of heptazine, melem, cyameluric
chloride, melon, heptazine-based g-C;N,, and COFs are depicted
in Figure 1. Considering a number of published review articles
with respect to the photocatalysis of g-C5N, and in order to avoid
the content overlap, in this article, the heptazine-based materials
regarding to light-emitting are mainly reviewed.

METAL ION-CONTAINING
HEPTAZINE-BASED LIGHT-EMITTING

In 2012, Makowski et al. synthesized a series of rare-earth
melonates LnCgN,(NCN);exH,O (Ln = La, Ce, Pr, Nd, Sm,
Eu, Tb; x = 8-12) by metathesis reactions in aqueous solution
and systematically investigated the photoluminescence (PL)
performance of LnC4N,(NCN);exH,O (Ln = Eu, Tb; x =
9-12). The terbium melonate showed green emission with an
emission peak (Aen) of 545 nm due to the *D,—"Fs transition.
Meanwhile, they found that the rare-earth melonates exhibited
rather low thermal stability probably deriving from the tight
binding of crystal water, which resulted in hydrolytic
decomposition at elevated temperatures (Makowski et al,
2012). Cheng et al. reported a silver-g-C;N; quantum dots
(Ag-g-CNQDs) composite prepared from g-C;N; quantum
dots and silver nanoparticles by water phase synthesis (Cheng
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et al., 2018). Based on metal-enhanced fluorescence, the Ag-g-
CNQDs composite exhibited excitation-dependent red emission
with Ae, = 600 nm and a PL quantum efficiency (PLQE) of 21%.
More importantly, for heparin detection, the emission at 600 nm
was enhanced linearly over a concentration range of
0.025-25uM by hydrogen-bonding and electrostatic
interaction. This phenomenon has also been successfully
applied to determine heparin levels in human serum samples,
demonstrating its promising diagnostic applications.

POLYMERIC g-C3;N4-BASED
LIGHT-EMITTING

As an organic semiconducting material, g-C;N, has drawn
immense attraction due to its unique optical and electronic
properties. In 2008, Iwano et al. studied the possibility for
white light emitting devices using carbon nitride thin films
prepared by microwave electron cyclotron resonance (ECR)-
plasma  chemical  vapor  deposition  (CVD).  The
cathodoluminescence measurement of the film grown by ECR-
plasma CVD method showed three peaks of red, green, and blue
(Iwano et al, 2008). Barman et al. presented highly blue
fluorescent g-C;N, quantum dots (g-CNQDs) with a PLQE of
29% (Barman and Sadhukhan, 2012). Notably, the g-CNQDs can
play a dual role for selective and sensitive detection of mercuric
ions and iodide ions in aqueous media by “ON-OFF-ON”
fluorescence response. Zhou et al. reported a low-temperature
solid-phase method to synthesize highly fluorescent g-CNQDs
with a PLQE of 42% (Zhou et al., 2013). Interestingly, the
emission of g-CNQDs can be tuned from deep blue to green
by adjusting the molar ratio of the two reactants, urea and sodium
citrate.

Zhang et al. facilely synthesized g-C;N; by the low
temperature thermal condensation of melamine between
300-650°C and found that the PL spectra could be
continuously tuned from 400 to 510 nm with the control of
temperature (Zhang Y. et al, 2013). Chen el al. characterized
the fluorescence and electrochemiluminescence (ECL) properties
of g-C;N, nanoflake particles (g-C;N, NFPs) and nanoflake films
(g-C3N4 NFFs). It was found that both g-C;N, NFPs and g-C3N,
NFFs showed strong blue emission, and the as-prepared g-C;N,
NFFs exhibited strong non-surface state ECL activity in the
presence of reductive-oxidative coreactants with A.,, = 435 nm
(Chen et al., 2013). Two-dimensional nanosheets have attracted
tremendous attention because the atomic-thick nanosheets can
not only enhance the intrinsic properties of their bulk
counterparts but also generate new promising properties. In
2013, Zhang et al. firstly prepared ultrathin g-C;N, nanosheets
by a liquid exfoliation route from bulk g-C;N, in water (Zhang X.
etal,, 2013). In comparison to the bulk g-C;N,, the ultrathin blue-
emitting g-C;N; nanosheets showed enhanced intrinsic
photoabsorption and photoresponse, resulting in an extremely
high PLQE of 19.6%, which could be promising candidates for
bioimaging application.

To investigate the charge carrier trapping, migration, and
transfer of electron-hole pairs, Zhao et al. synthesized a series

Heptazine-Based Light-Emitting Materials

of g-C;N, under different precursor masses and measured their
PL characteristics. All the as-prepared g-C;N, samples showed
blue emission with A, = 440-455 nm. Moreover, CN-2T exhibits
the highest PL intensity, which is attributed to the less structural
defects (e.g. uncondensed -NH,, —-NH groups) in view of more
complete condensation of thiourea (Zhao et al., 2015). To better
clarify the photocatalytic mechanism of heptazine-based
materials, Wen et al. measured the photophysical properties of
melamine, melem, and g-C;N,. They found that the PL intensities
of melem is the highest, g-C;N, second, and melamine the
weakest, indicating that the condensation of melamine to
melem makes PL stronger, while the condensation of melem
to g-C3N, results in weaker PL (Wen et al,, 2018). Yang et al.
prepared strong blue-emitting porous g-C;N, with A, = 400 nm
and a PLQE of 21% (Yang et al.,, 2018). Compared with bulk
g-C;N, and g-C;Ny nanosheets, the porous g-C5N, shows good
PLQE, large surface area and great dispersibility, and stability in
water. The porous g-C3N, probes showed the remarkable
sensitivity and selectivity for uric acid (UA) and were
successfully applied to the determination of UA.

Recently, Yadav et al. developed a facile approach to prepare
free-standing films comprising of g-C3N4 nanolayers (Yadav
et al., 2020). The as-synthesized g-C3N4 film exhibited intense
and broad blue emission centered 459 nm. Tang el al. realized the
broadband white light luminescence based on electron-deficient
porous g-C;N, constructed by supramolecular copolymerization
design (Tang et al., 2020). Meanwhile, they successfully narrowed
the band gap of g-C3N4 from 2.64 to 1.39 eV. Furthermore, the
emission wavelengths of electron-deficient porous g-C3N4 can be
tuned from narrow blue to broad-band white range by the
addition of 2, 4, 6-triaminopyrimidine (TAP).

MONOMERIC HEPTAZINE-BASED
LIGHT-EMITTING

Traditional Fluorescence
Owing to the strong electron-withdrawing ability and three
substitution sites at the corners of the triangle of heptazine
core, a series of heptazine derivatives have been developed and
the PL or electroluminescence (EL) characteristics have been
investigated. During the structure determination of cyameluric
chloride and melem, their photophysical properties were also
measured. Cyameluric chloride showed blue emission with Aep, =
466 nm, and melem exhibited ultraviolet emission with A., =
366 nm and a relatively high PLQE of 40% (Kroke et al., 2002;
Jurgens et al., 2003). In 2017, Zheng et al. reported a rod-like
structured blue-emitting melem which was synthesized by
treating a bulk melem with nitric acid and ethylene glycol
(Zheng et al, 2017). Excitingly, the PLQE of the rod-like
melem (56.9%) is about 1.6 times higher than that of the
ordinary melem (35.2%) and is substantially higher than that
of blue-emitting bulk g-C;Ny4 (4.8%). This blue-emitting melem
shows great potential for practical applications in many fields.
Bala et al. reported a heptazine-based discotic liquid crystal
molecule (Hpz-3C12, Figure 2), which presented significant
aggregation-induced emission (AIE) behavior as indicated by
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FIGURE 2 | Chemical structures of Hpz-3C12, polymeric hydrogen-bonded heptazine frameworks (P-HHF), HAP-3TPA, HAP-3MF, HAP-3DF, and HAP-3PXZ.
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the remarkably increased fluorescence intensity in solid state in
comparison to that in solution (Bala et al., 2018). Interestingly,
the EL spectra of solution-processed OLEDs containing Hpz-
3C12 varied with the host materials. The OLED incorporating
3wt% Hpz-3C12:CBP exhibited the best performance with a
power efficiency of 0.3 1m W', a current efficiency of 0.4 cd A™",
an EQE of 1.6% and deep blue emission. Although the EL
efficiency is low, it still demonstrates that heptazine-based
discotic liquid crystals may contribute to the further
development of AIE-based blue emitters. Yang et al
investigated the hydrogen-bonding effect on PLQEs and
luminescence  stability of polymeric hydrogen-bonded
heptazine frameworks (P-HHF, Figure 2) and trivalent
europium ions incorporated P-HHF (P-HHF-Eu) (Yang et al,
2020). The hydration degrees and the role of hydrogen bonding in
the emission properties were analyzed by time-resolved and
steady state PL spectroscopies. They found that the bulk
P-HHF particles showed blue emission and a moderate PLQE
of 35.8%, while enhanced PLQE of 55.9% was obtained when
suspending P-HHF into polyvinyl alcohol (PVA) to form

hydrogel composites (P-HHF-PVA gel). This work is
considerably  beneficial to understand the effect of
intermolecular  hydrogen-bonds on the luminescence

characteristics of heptazine-based materials.

Thermally Activated Delayed Fluorescence
Over the past decade, as the third generation organic light-
emitting materials with respect to traditional fluorescent and
phosphorescent ~ materials, thermally activated delayed
fluorescence (TADF) materials exhibit great potential in
OLEDs on account of the excellent performance with both
high EL efficiency and low cost (Uoyama et al,, 2012; Zhang
et al., 2014; Sohn et al.,, 2020). The key design strategy of TADF

materials is to realize a small energy gap (AEsy) between the
lowest excited singlet (S;) and triplet (T;) states through an
ingenious design to effectively separate the electron densities
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) (Endo et al,
2011). One of the most widely used methods in developing
highly efficient TADF emitters is to design molecules
possessing electron donor-acceptor (DA) structure which is
beneficial for the realization of small singlet-triplet splitting
during intramolecular charge-transfer (CT) transitions (Zhang
et al., 2012; Li et al., 2013; Tanaka et al., 2013; Kawasumi et al,,
2015; Chen et al., 2018; Zeng W. X. et al., 2018). Based on the
strong electron-withdrawing ability of heptazine core and strong
electron-donating feature of triphenylamine, Li et al. designed
and synthesized a highly efficient heptazine-based TADF emitter,
HAP-3TPA (Figure 2), which exhibited a small AEgy of 0.27 eV
based on density functional theory (DFT) in view of the effective
separation of HOMO and LUMO. Meanwhile, HAP-3TPA
showed relatively high thermal stability over 500°C and
considerably  strong absorption centered at 486 nm.
Encouragingly, an extremely high PLQE of 91%, red emission
with A, = 610 nm were achieved in a 6 wt% HAP-3TPA:2,6-
dicarbazolo-1,5-pyridine (26 mCPy) doped film. More
importantly, An OLED incorporating 6 wt% HAP-3TPA:
26 mCPy as an emitting layer exhibited a fairly high external
quantum efficiency (EQE) of 17.5 + 1.3%, up to now, which is still
one of the highest EQEs of red TADF emitters (Li et al., 2013). As
a result, the realization of highly efficient red emitter makes
TADF completely cover the red, green and blue bands, and show
promising applications in the fields of lighting and display.
Alternatively, Goushi et al. demonstrated that small AEgr can
be realized by exciplex formation via intermolecular CT between
two molecules with electron-donating and electron-accepting
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characteristics, respectively (Goushi et al., 2012). Since then, a
new class of TADF emitters have been developed (Chapran et al.,
2019; Wu et al., 2019; Zhang et al., 2021). In view of the formation
mechanism of exciplex, another heptazine derivative (HAP-3MF,
Figure 2) was designed and synthesized, and an exciplex system
was formed by choosing 1,3-di (9H-carbazol-9-yl)benzene
(mCP) as an electron donor (Li et al., 2014a). Surprisingly, the
8 wt% HAP-3MFE:mCP doped film showed efficient exciplex
emission with a remarkably high PLQE of 66.1%, a rather
small PLQE difference was observed in air and vacuum
conditions, indicating the tight molecular packing between
HAP-3MF and mCP. Subsequently, the OLED containing 8 wt
% HAP-3MF:mCP showed a pretty high EQE of 11.3% with a low
roll-off, demonstrating the efficient harvest of triple exciplex
excitons through reverse intersystem crossing (RISC) from T,
to S; under electrical excitation. By changing the three
substituents of heptazine core from 2-fluorotoluene to 1,3-
difluorobenzene,  2,5,8-tris(2,4-difluorophenyl)-1,3,4,6,7,9,9b-
heptaazaphenalene (HAP-3DF, Figure 2) was obtained (Li
et al,, 2021). The OLED incorporating 8 wt% HAP-3DF:mCP
as an emitting layer exhibited a reasonably high EQE of 10.8%.

Additionally, TADF can be also realized by more localized
n—7* transitions involving the nonbonding lone-pair electrons
of heteroatoms and 7 antibonding molecular orbitals (Turro
et al., 2010). Excitingly, through elaborate theoretical analysis
and experimental verification, a hidden, efficient TADF pathway
was found in HAP-3MF on account of n—#* transitions (Li et al.,
2014b). To verify the contribution of n—n* transitions and
prevent  exciplex formation, electron-deficient  bis[2-
(diphenylphosphino)phenyl] ether oxide (DPEPO) was chosen
as the host material. An OLED incorporating 6 wt% HAP-3MEF:
DPEPO showed a high EQE of 6.0% regarding to the low PLQE of
26%, confirming the hidden n—n* based TADF pathway. This
work demonstrated that the n—#n* emitter is a new TADF
material and can be applied to OLED applications.
Interestingly, the n—n* based HAP-3DF exhibited a lower
PLQE of 0.16 and an EQE of 3.0%, illustrating that the subtle
structural change has a great influence on luminescence
properties (Li et al, 2021). According to the energy gap law,
the design of efficient red-emitting materials is rather difficult. In
2018, Kang, et al. proposed an efficient heptazine-based red
TADF molecule, HAP-3PXZ (Figure 2), based on the optimal
Hartree-Fock percentage calculation method through enlarging
the delocalization of HOMO and LUMO (Kang et al., 2018).
Excitingly, HAP-PXZ exhibited deep red emission with Ag,, =
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Fluorescent sensors that respond to environmental conditions (temperature, pressure,
and pH) have attracted widespread attention in recent years. Generally, traditional solid-
state fluorescent materials tend to suffer from aggregation-induced quenching (ACQ) and
difficulty of film forming, limiting their extensive applications. Therefore, researchers are
focusing more and more attention on fluorescent sensors with aggregation-induced
emission (AIE) effects. Herein, the article reports an AIE molecule (TPEBZMZ)
containing tetraphenylethylene (TPE) and benzimidazole fragments. The fluorescence
properties of TPEBZMZ in solution and aggregation states have been investigated, and
the luminescence performance and aggregation structures of solid-state TPEBZMZ after
force and acid treatments have been explored. The results show obvious AIE and
fluorescent sensing properties of TPEBZMZ, presenting force- and acid-induced
discolorations. Moreover, the TPEBZMZ-based fluorescent nanofibrous film is
fabricated by electrospinning the solution of TPEBZMZ blended with polylactic acid
(PLA), which shows a good nanofiber fim structure and exhibits reversible acid-
induced discoloration property, even with only 0.5 wt% TPEBZMZ. This work provides
a simple strategy to achieve stimulus-responsive fluorescent film.

Keywords: fluorescent sensing, AIE, nanofibrous film, acid-induced discoloration, luminescence performance

INTRODUCTION

Fluorescent films composed of m-conjugated materials-based fluorescent sensors and membranous
materials are promising sensor technology due to their real-time detection, easy fabrication, non-
invasiveness detection, and mechanical stability and flexibility (Guan et al., 2015; Miao et al., 2016).
In recent years, they have been widely used in detecting residual pesticides (Peng et al., 2021),
enzymes (Zhao et al., 2017a; Zhao et al., 2017b), pollutants (Lee et al., 2019; Zhao et al., 2020b; Sun
etal., 2021), explosives (Zhou et al., 2014; Sun et al., 2015; Li et al., 2018; Hao et al., 2021), metal ions
(Chen et al., 2020), gases (Moscoso et al., 2020), and temperature and humidity (Jiang et al., 2020; Li
et al,, 2020), which greatly expanded the applications of fluorescence sensors. Generally, high
selectivity and sensitivity are the key characteristics of a successful membranous fluorescent sensor
(Sun et al,, 2015). Selectivity is mainly related to the specific interaction between fluorescent probe
and environmental stimulus or detection objects (Zhou et al, 2017), showing differentiated
luminescence characteristics, while sensitivity is primarily determined by fluorescence intensity
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(Song et al., 2015). Traditional fluorescent materials usually
present weak fluorescence in the solid state but high
fluorescence in solution due to the widely known aggregation-
caused quenching (ACQ) effect. ACQ greatly limits the
application of traditional fluorescence materials (Hong et al.,
2011). Aggregation-induced emission (AIE), proposed by Tang’s
research team in 2001, can be used as a perfect solution to the
ACQ issue (Luo et al., 2001). AIE behavior is just the opposite of
the ACQ fluorescence behavior of traditional fluorescent
compounds: AIE luminogen (AIEgen) emits weak fluorescence
in solution, whereas it emits strong fluorescence when aggregated
or in a solid state (Luo et al,, 2001). The AIE phenomenon is
related to intermolecular rotation, restricting these rotations in
solid state, inducing the fluorescent emission of the
corresponding compound (Qin et al, 2012; Liu et al, 2019;
Zhao et al., 2020a). Therefore, AlEgen-based films will show
specifically emissive characteristics. Thus, AlEgen-based
fluorescent films will provide an effective strategy for the
development of fluorescent film sensors.

Electrospinning is an effective method to obtain polymer-
based nanofibrous films, compared with casting films, showing a
larger specific surface area and higher porosity (Xue et al., 2019).
Thus, fluorescent films fabricated by electrospinning can improve
the sensitivity and response rate (Zhao et al., 2017b). Therefore,
much attention has been devoted to nanofibrous fluorescent films
to explore their specific sensing properties. For example, Li et al.
(2019) have developed an epoxy resin system functionalized with
the typical AIE tetraphenylethylene (TPE) groups, forming
nanofibrous films by electrospinning, and finally obtained
temperature-sensitive fluorescent films probes. Yang et al
(Yang al, 2018) have reported specific composite
nanofibrous films by electrospinning of AIE small molecules
(oME-TPA) and polyvinyl alcohol (PVA) and further studied
its piezochromic properties related to sensitivities. Zhao et al.
(2017a) have grafted TPE derivatives and phloxine B onto
electrospun nanofiber film, inducing the static quenching of
phloxine B through protamine adsorption and combining
them with the aggregation of TPE-based groups, promoting
fluorescence emission of nanofiber, which realized effective
monitoring of different concentrations of heparin. Therefore,
the design and development of novel AIE molecules
containing nanofiber fluorescent films will benefit the
realization of efficient fluorescent sensing applications.

Herein, we report a novel compound (TPEBZMZ) containing
the classic AIE group tetraphenylethylene (TPE) and
benzimidazole unit. The TPE group renders the TPEBZMZ
molecule AIE property, and the structure of the benzimidazole
unit will offer the potential of acid-induced discoloration. The
relationship between the structure, aggregate, and luminescence
properties of TPEBZMZ in different states and force and acid
treatments has been systematically studied. Specifically,
TPEBZMZ shows an obvious AIE phenomenon and
fluorescent sensing properties of force- and acid-induced
discolorations. More importantly, we prepared TPEBZMZ-
based fluorescent nanofibrous film by electrospinning the
solution of TPEBZMZ blended with polylactic acid (PLA), and
the nanofibrous film displays a good reversible acid-induced
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Fluorescent Sensors

discoloration property. Significantly, this work provides a
simple strategy to prepare fluorescent sensing film.

MATERIALS AND METHODS

Materials

1-Bromo-1,2,2-triphenylethene (P;Br) was purchased from
Macklin  Biochemical Co., Ltd. (Shanghai, China). 4-
Formylphenylboronic acid, tetrabutylammonium bromide
(TBAB), tetrakis(triphenylphosphine) palladium [Pd(PPh;),],
2-(cyanomethyl) benzimidazole, and tetrabutylammonium
hydroxide (TBAH) were purchased from Energy Chemical.
Polylactic acid (PLA, 4032D) was purchased from
NarureWorks (America). All of the above reagents were used
as received. Potassium carbonate (K,COj3), potassium hydroxide
(KOH), tetrahydrofuran (THF), ethanol, and dichloromethane
(DCM) were purchased the analytical grade from Guangzhou
Chemical Reagent Factory (Guangzhou, China) and used without
further purification.

Synthesis of P,A and (E)-2-(1H-Benzo[d]
imidazol-2-yl)-3-(4-(1,2,2-triphenylvinyl)
phenyl) Acrylonitrile (TPEBZM2)

The intermediate of P4A was synthesized according to a previous
literature method (Xu et al., 2013).

P,A (1.080 g 3 mmol), 2-(cyanomethyl) benzimidazole
(0.471 g, 3 mmol), and ethanol (20 ml) were mixed and stirred
in a 50ml two-necked round-bottomed flask at room
temperature. After adding tetrabutylammonium hydroxide
(TBAH, 0.8M, 10 drops) dropwise, the mixture was stirred
continually at room temperature for 4h. The precipitate was
filtrated and washed three times using ethanol, resulting in a
yellow powder (1.087 g, yield 72.6%). 'H NMR (500 MHz,
CDCl;) 8 (ppm): 9.58 (s, 1H), 8.41 (s, 1H), 777 (d, 2H, ] =
8.32Hz), 7.34 (dd, 2 H, ] = 3.12, 6.09 Hz), 6.01-7.23 (m, 19 H).
C NMR (125 MHz, CDCl;) & (ppm): 148.35, 146.46, 146.34,
143.19, 143.09, 143.01, 139.81, 132.19, 131.37, 131.33, 131.29,
130.55, 129.61, 127.99, 127.95, 127.71, 127.12, 126.86, 117.01,
98.63. FT-IR (KBr): 2924, 2854, 1593, 1491, 1443, 747, 700, 616.
ESI-MS, m/z: 500.21 ([M + H+], caled for C36H26N3, 500.20).

Characterization

"H NMR and ">C NMR spectra were recorded on a Bruker
AVANCE NEO 500 spectrometer. Mass spectra were
measured on an LTQ Orbitrap LCMS spectrometer. FT-IR
spectra were recorded using Nicolet iS5 spectrometer (KBr
pellet). UV-visible absorption spectra (UV-vis) were obtained
via a SHIMADZU UV-2700 spectrophotometer. Fluorescence
spectra (PL) were determined by a Shimadzu RF-6000
spectrometer with a slit width of 3 nm for excitation and 5 nm
for emission. Thermal behaviors were studied using differential
scanning calorimetry (DSC) on a NETZSCH thermal analyzer
(DSC214Polyma) with both heating and cooling rates of 20°C/
min under a N, atmosphere. Powder X-ray diffraction (PXRD)
measurements were carried out at 298 K on a Rigaku X-ray
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diffractometer (Ultima IV, Japan) with an X-ray source of Cu Ka
(A =0.1541 nm) at 40 kV and 40 mA, at a scan rate of 5°(20)/min
from 5° to 60°. The frontier molecular orbital distributions of
TPEBZMZ and acid fumed TPEBZMZ (TPEBZMZ-HCI) were
determined using density functional theory (DFT) using
Gaussian 09 at the B3LYP/6-311G(d,p) level. After 1 min of
gold coating, the surface morphologies of nanofibers were
observed by a scanning electron microscope (Sigma 500, Zeiss,
German) equipped with an in-lens detector at 15 kV. Fluorescent
microscopic images were recorded on a laser confocal microscope
(Leica DMIS8, Germen) in an XY scan mode, using an argon ion
laser source with a wavelength of 488 nm.

Electrospinning Process of PLA-TPEBZMZ
and PLA Nanofibrous Films

The electrospinning process was performed on an E05
electrospinning apparatus (supplied by Lepton Technology
Co., Ltd., Foshan, China), using a 10 wt% PLA/(DMF:DCM =
1:2) solution with or without 0.05wt% TPEBZMZ as a
spinning solution. The nanofibers were collected by a
rotating metal cylinder (100 r/min) covered with release
paper, with an immobile distance of 20 cm away from the
needle tip of the spinneret (0.7 mm inner diameter). The
spinning voltage and fluid flow rate were set to 12kV and
2 ml/h, respectively. The obtained nanofibrous films were
dried in a vacuum oven at 70°C for another 12 h to remove
the residual solvent completely.

RESULT AND DISCUSSION

Synthesis and Characterization

The synthetic route of TPEBZMZ is shown in Scheme 1. The
intermediate molecule P,A was acquired via Suzuki coupling
from P;Br and 4-formylphenylboronic acid. The final product
TPEBZMZ was obtained by Knoevenagel reaction with P4A and
2-(cyanomethyl) benzimidazole. As shown in Supplementary
Figures 1-4, TPEBZMZ was characterized using 'H NMR and
C NMR spectroscopies, mass spectrometry, and Fourier
transform infrared spectroscopy, confirming that the target
compound TPEBZMZ has been successfully synthesized. The
thermal stability of TPEBZMZ was investigated by thermal

gravity analysis (TGA) under a nitrogen atmosphere, and the
result is presented in Supplementary Figure 5. TPEBZMZ
showed good thermal stability with 5% weight loss at a
temperature (Ty) of 366°C.

AIE Property of TPEBZMZ

Due to the state-of-the-art AIE functional unit, TPE, we proposed
that the TPEBZMZ molecule can exhibit the AIE effect, which
was firstly examined by the photoluminescence (PL) fluorescence
emission spectra of TPEBZMZ/THF/H,O solutions with
different water content. The resulting spectra, the plot of PL
intensity vs. water fraction, and the fluorescence photo images of
specific water fraction are shown in Figure 1A. The fluorescence
emission of the TPEBZMZ/THF solution in the presence of only
the good solvent THEF is very weak, and the fluorescence of the
solution is almost invisible to the naked eye. When the water
content is lower than 70%, the fluorescence spectra show few
changes. In contrast, the fluorescence intensity increases sharply,
when the water content reaches 80%, and the fluorescence
intensity is about 36 times compared to 0% water content.
The fluorescence intensity begins to decrease after the water
content is further increased to 90%, within a sharp drop of
fluorescence intensity at 98% of water content. We speculate
that the reason for the change in fluorescence intensity is because
TPEBZMZ aggregation started with 80% of water content, and
the size of aggregates increased gradually when the water fraction
increased to 98%, leading to a remarkable light scattering
phenomenon (Thomas et al., 2007). Thus, the PL fluorescence
experiment preliminarily confirmed the AIE property of
TPEBZMZ.

Optical absorption properties of TPEBZMZ/THF/H,0O
solutions with different water content were investigated using
UV-vis absorption spectroscopy. As shown in Figure 1B, the
solution absorption spectra exhibit similar characteristics under
0-70% water content, while the obvious decreases of absorption
intensities were demonstrated in >80% water content solutions.
Moreover, the spectra of >80% water content show the obvious
tailing phenomenon in absorption curves, especially presented in
the 98% water content solution, which can be attributed to the
Mie scattering effect of nano aggregates (Zhang et al., 2015). The
tendency of absorption spectra is consistent with the results of
fluorescence emission spectra of TPEBZMZ/THF/H,0O mixture
solution with different water content. These results further
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FIGURE 2 | Fluorescence spectra and images of TPEBZMZ: TPEBZMZ-

0, the original powder; TPEBZMZ-g, ground powder from TPEBZMZ-o;
TPEBZMZ-f, CH.Cl,-fumed (2 h) powder from TPEBZMZ-g; TPEBZMZ-a,
annealed (240°C, 1 h) powder from TPEBZMZ-g.

confirmed that TPEBZMZ shows the AIE effect, which will
benefit its further fluorescent sensor application.

Mechanochromism Property of TPEBZMZ

To evaluate the stimulus-response characteristic of TPEBZMZ,
we first tested the fluorescence performance of the original
TPEBZMZ (TPEBZMZ-0) powder. As shown in Figure 2,
TPEBZMZ-0 shows a strong yellow-green fluorescence
emission with a PL peak at 534nm. The ground powder
(TPEBZMZ-g) was obtained by grinding TPEBZMZ-o, which
releases an orange-yellow fluorescence emission with a PL peak of
565 nm. The 31 nm red shift of fluorescence peaks of TPEBZMZ-
o and TPEBZMZ-g demonstrated that the preliminary
mechanochromism property of TPEBZMZ. The fluorescence

color returned to yellow-green when the TPEBZMZ-g sample
was treated with dichloromethane (DCM) fumigation
(TPEBZMZ-f), and TPEBZMZ-f shows a blue-shift
fluorescence spectrum, showing a similar wavelength range
of TPEBZMZ-o. The annealed sample (TPEBZMZ-a) of
TPEBZMZ-g also exhibits a similar effect with a blue-shift of
fluorescence spectrum. Moreover, the results of the cycling

measurement (Supplementary Figure 6) indicate that
TPEBZMZ displays good reversible mechanochromism
properties.

Solid-state TPEBZMZ changes from yellow-green to orange-
yellow after being mechanically stimulated. We speculate that the
reason is the change in the aggregation state of the TPEBZMZ
molecules due to the action of external mechanical forces (Ma
etal,, 2016; Ma et al,, 2017). Accordingly, the aggregate structures
of the TPEBZMZ powder with different treatments were
investigated by  powder X-ray diffraction (PXRD)
measurements. As shown in Figure 3A, a large number of
sharp diffraction peaks appeared in the PXRD curve of
TPEBZMZ-0, suggesting a relatively regular molecular
arrangement and good crystallinity presented in the initial
state of TPEBZMZ. While the ground sample TPEBZMZ-g
shows weak and even disappeared diffraction peaks, it
indicates a relatively disordered and amorphous state exhibited
in the TPEBZMZ-g sample. Moreover, the diffraction peaks are
partially restored while TPEBZMZ-g is annealed, and the major
peaks of the fumed TPEBZMZ-f are also restored and similar to
those of TPEBZMZ-o. These results demonstrated the varied
aggregated structures of TPEBZMZ with different treatments,
which is consistent with its mechanochromism property.

Aggregate structures of TPEBZMZ with different treatments
were further characterized by differential scanning calorimetry
(DSC) measurements. As shown in Figure 3B, in the first heating
curves, TPEBZMZ-o0 shows an obvious melting peak at 298°C
(enthalpy of 25.80]/g), while TPEBZMZ-g displays a weak
melting peak at 290°C with an enthalpy of 4.63 J/g, suggesting
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FIGURE 4 | (A) Fluorescence spectra and images of TPEBZMZ: TPEBZMZ-o, the original powder; TPEBZMZ-h, HCI-fumed (10 min) powder from TPEBZMZ-o
(HCI gas was released from a 37% concentrated HCl aqueous solution); TPEBZMZ-n, NHg-fumed (15 min) powder from TPEBZMZ-o (NHz gas was released from a
25% concentrated NHz aqueous solution). (B) Repeated fluorescence switch of TPEBZMZ by HCI fuming and NHg fuming cycles.

that the mainly amorphous state is presented in the TPEBZMZ-g
sample. TPEBZMZ-f and TPEBZMZ-a also have obvious crystal
melting peaks near 290°C, but the melting enthalpies (23.77 J/g
and 25.90 J/g, respectively) are slightly lower than or almost the
same as TPEBZMZ-o, indicating that a certain rearrangement of
amorphous structure of the TPEBZMZ sample appeared under
annealing or DCM fumigation treatments.

Acid-Base Discoloration Property of
TPEBZMZ

The protonateable benzimidazole unit presented in the
TPEBZMZ molecule renders the variable electron cloud
density of TPEBZMZ after being protonated, further, in turn,
affecting its fluorescence performance. Thus, TPEBZMZ-0 was
fumigated by hydrogen chloride gas to obtain the protonated
acid-fumigated TPEBZMZ powder (TPEBZMZ-h). As shown in
Figure 4A, the TPEBZMZ-h sample displays orange fluorescence

with an emission peak at 589 nm, which shows an obvious red
shift of 55 nm compared to the TPEBZMZ-o solid. Furthermore,
the TPEBZMZ-h solid fumigated NH; vapor (TPEBZMZ-n)
shows a fluorescence color turning back to yellow-green, and
its fluorescence spectrum is almost restored to that of TPEBZMZ-
o. Figure 4B shows the repeated fluorescence spectra of
TPEBZMZ by HCI fuming and NH; fuming cycles, displaying
modest repeatability of acid-base discoloration under three
cycles. These results prove that the TPEBZMZ powder exhibits
good reversible acid-base discoloration performance.

The proposed reaction mechanism about TPEBZMZ treated
with HCl and NHj is shown in Figure 5, and the frontier
molecular orbital distributions of TPEBZMZ and HCI-
protonated TPEBZMZ (TPEBZMZ-HCI) were further
determined using DFT by Gaussian 09at the B3LYP/6-
311G(d,p) level. The electron density distribution of the lowest
unoccupied molecular orbital (LUMO) of TPEBZMZ is localized
in the central molecule and tends to be fastened to the cyano unit.
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The highest occupied molecular orbital (HOMO) of TPEBZMZ
shows a well-proportioned electron density distribution.
Moreover, the electron density distributions of the LUMO and
HOMO of TPEBZMZ-HCI exhibit a delocalization effect, which
tends to localize in the benzimidazole hydrochloride unit and
TPE unit, respectively. Correspondingly, TPEBZMZ and
TPEBZMZ-HCI exhibit LUMO/HOMO levels of -2.62/-5.68
and -2.86/-5.89 eV, respectively, presenting the bandgaps of
3.06 and 3.03 eV. The red-shift fluorescence spectra of HCI-
protonated TPEBZMZ could be attributed to the delocalization
effect of its electron density distributions, which may explain the
acid-base discoloration property of TPEBZMZ.

Fluorescent Sensing Property of
TPEBZMZ-Based Nanofibrous Film

Generally, small-molecule fluorescent powders exhibit poor film-
forming properties requiring expensive film-forming equipment
(e.g, vacuum evaporator), which will limit their practical
application (Hong et al., 2011). To overcome this drawback,
TPEBZMZ was blended with a PLA dimethylformamide
(DMF)/DCM mix solution by electrospinning to obtain the
TPEBZMZ-based nanofibrous film (TPEBZMZ-m). The
morphology of TPEBZMZ-m and a pure PLA nanofibrous

film was tested using scanning electron microscopy (SEM).
The corresponding SEM images are shown in Figures 6A-D.
TPEBZMZ-m shows an almost similar microstructure compared
to that of the pure PLA nanofibrous film, both of which possess
filaments with diameters of 500-800 nm.

To evaluate the fluorescent sensing property of TPEBZMZ-m,
the acid-induced discoloration experiment was performed. The
results of the acid-induced discoloration experiment are shown in
Figure 7A. Unlike the pure PLA nanofibrous film
(Supplementary Figure 7B), the nascent TPEBZMZ-m film
emits significant green fluorescence under ultraviolet light
(confirmed by laser confocal microscope, Supplementary
Figures 7C-E), even with only 0.5wt% TPEBZMZ. After
fuming by HCI vapor, the resulting film (TPEBZMZ-m-h)
exhibits an obvious yellow fluorescence color. Moreover, when
the TPEBZMZ-m-h sample was fumed with a NH; vapor
(TPEBZMZ-m-n), the fluorescence of the sample became
green again. To quantitatively characterize the fluorescence

emission wavelength of TPEBZMZ-m after different
treatments, we used fluorescence spectroscopy to test the
electrospinning nanofibrous film samples after different

treatments. As shown in Figure 7A, the TPEBZMZ-m sample
shows a fluorescence emission peak of 496 nm, while the
TPEBZMZ-m-h sample exhibits a fluorescence emission peak
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FIGURE 7 | (A) Fluorescence spectra and images of TPEBZMZ-m: TPEBZMZ-m, the original TPEBZMZ-based nanofibrous film; TPEBZMZ-m-h, HCI-fumed (24 h)
film from TPEBZMZ-m (HCl gas was released from a 37% concentrated HCl aqueous solution); TPEBZMZ-m-n, NHz-fumed (15 min) film from TPEBZMZ-m-h (NH3 gas
was released from a 25% concentrated NHg aqueous solution). (B) Repeated fluorescence switch of TPEBZMZ-m by HCI fuming and NHz fuming cycles.
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of 563 nm, with a red shift of 67 nm compared to TPEBZMZ-m.
Meanwhile, the TPEBZMZ-m-n sample shows an obvious blue-
shift fluorescence emission compared to the TPEBZMZ-m-h
sample and presenting a fluorescence emission peak at
496 nm, coinciding with the spectroscopy of TPEBZMZ-m.
Figure 7B shows the repeated fluorescence spectra of
TPEBZMZ-m by HCl fuming and NH; fuming cycles,
displaying good repeatability of acid-base discoloration under
three cycles. The well acid-base discoloration repeatability of
TPEBZMZ-based nanofibrous film suggests its good potential
on fluorescent film sensors application. These results
demonstrated that electrospinning acts as a simple and
efficient method to prepare TPEBZMZ-based nanofibrous
fluorescent film  with good reversible acid-induced
discoloration property, which provides an effective strategy for
developing fluorescent film sensors.

CONCLUSION

In conclusion, we have developed an AIE molecule
(TPEBZMZ) containing tetraphenylethylene (TPE) and
benzimidazole fragments, which is synthesized from
2-cyanomethylbenzimidazole and 4-(1,2,2-tristyryl)
benzaldehyde. TPEBZMZ powder shows obvious AIE and
fluorescent sensing properties and exhibits force- and acid-
induced discoloration phenomena. More importantly, the
TPEBZMZ-based fluorescent nanofibrous film is fabricated
by electrospinning the solution of TPEBZMZ blended with
polylactic acid (PLA), exhibiting a good nanofiber film
structure and well reversible acid-induced discoloration
properties. This work demonstrates a simple strategy to
achieve stimulus-responsive fluorescent film, which will
benefit the development of fluorescent film sensors.
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Recent research on organic semiconductors has revealed that the composition of the
constituent organic material, as well as the subtle changes in its structure (the stacking
order of molecules), can noticeably affect its bulk properties. One of the reasons for this is
that the charge transport in conjugated materials is strongly affected by their structure.
Further, the charge mobility increases significantly when the conjugated materials exhibit
self-assembly, resulting in the formation of ordered structures. However, well-organized
nanostructures are difficult to obtain using classical solution processing methods, owing to
their disordered state. A simple strategy for obtaining well-ordered material films involves
synthesizing new conjugated materials that can self-organize. Introducing hydrogen
bonding in the materials to yield hydrogen-bonded material superstructures can be a
suitable method to fuffill these critical requirements. The formed hydrogen bonds will
facilitate the assembly of the molecules into a highly ordered structure and bridge the
distance between the adjacent molecules, thus enhancing the intermolecular charge
transfer. In this minireview, hydrogen-bonded small molecules and polymers as well as the
relationship between their chemical structures and performances in organic field-effect
transistors are discussed.

Keywords: hydrogen bonding, conjugated materials, small molecules, polymers, organic field-effect transistors

INTRODUCTION

Hydrogen bonds have been receiving increasing attention by scientists since 1989 when Peter Atkins
stated that “hydrogen bonding, a noncovalent interaction in structural organic chemistry, is a link
formed by a hydrogen atom lying between two strongly electronegative atoms” (Atkins, 1989). A
hydrogen atom can be shared between a hydrogen-bond donor and a hydrogen-bond acceptor, i.e., a
molecular with electron lone pairs. Thus, hydrogen bonds exist ubiquitously, including in biological
systems, dyes and pigments, ionic conductors, and organic semiconductors (Cooksey, 2001; Meot-
Ner, 2005; Glowacki et al., 2013). Furthermore, hydrogen bond, as a kind of directional
intermolecular interaction, can affect the configuration and optical physical properties of the
molecules forming hydrogen bond. It has been found in studies that hydrogen bond can
effectively modulate the electron transfer process between molecules. It can facilitate the self-
assembly of molecules, endowing the material with a more ordered or crystalline structure in the
solid state. This is beneficial for the charge transport across neighboring molecules in the
semiconductor layers of organic field-effect transistors (OFETs) (Zhang et al.,, 2018a; Deng et al.,
2018; Zhang et al., 2020). The charge-transfer mobility of OFETs plays a key role in ensuring their
high performance; notably, however, the charge-transport mobility of the current OFETs is
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Hydrogen-Bonded Conjugated Materials in OFETs
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considerably lower than those of silicon-based field-effect
transistors (Zhang et al, 2018b; Bao et al,, 2020; Zou et al,
2021). Thus, the development of high-performance OFETs
through structural modification to obtain hydrogen-bonded
semiconductor materials with high charge-transport mobilities
within individual molecules or between adjacent molecules is
imperative.

Although hydrogen-bonded self-assembling materials can
significantly enhance the performance of OFETs, their
application has not been extensively investigated. In this
minireview, small molecules and polymers of hydrogen-
bonded m-conjugated materials, as well as the relationship
between their chemical structures and performances in OFETs,
are reviewed. In addition, this minireview provides development
prospects of ideal hydrogen-bonded nt-conjugated semiconductor
materials with high performance.

HYDROGEN-BONDED SMALL
MOLECULES

In small-molecule organic semiconductors, charge carriers need
to be frequently transferred among individual molecules;

therefore, the molecular crystal size and packing are crucial for
efficient charge transport (Zhang et al, 2017a). Hydrogen
bonding can facilitate the reorganization of the molecular
packing via self-assembly. The charge transfer among
hydrogen-bonded small molecules often results in their poor
solubility in most organic solvents, owing to their strong
hydrogen bonding association, which results in the formation
of crosslinked netlike materials in the solid state. These materials
are often difficult to utilize in the direct fabrication of OFETs via
solution processing.

In 2014, Patil et al. introduced an alkyl chain into the
substituted single N position of diketopyrrolopyrrole (DPP) to
obtain mono-alkylated PDPP-MH and TDPP-MH (Figure 1A)
(Dhar et al,, 2015). The alkyl chain not only facilitated hydrogen
bonding formation, but also enhanced the material solubility.
Conversely, the other NH units formed hydrogen bonds with the
O = C units of neighboring molecules, resulting in dimer-like
molecules (Figure 1B). PDPP-DH and TDPP-DH, which have
similar chemical structures with dialkyl substituents and no
hydrogen bonding, showed a hole-transfer mobility of almost
two orders of magnitude higher than those of the other molecules
above. Crystal analysis revealed that the mono-alkylated DPP
exhibited cofacial layered structures, attributed to the
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intermolecular hydrogen bonding through the free amide group
in the DPP core, while the dihexyl DPP-based molecules showed
herring bone-packing arrangements. The present study revealed
that hydrogen bonding not only affects the molecular packing,
but also improves the charge-transport speed.

In addition to mono-alkylation, tert-butoxycarbonyl (t-Boc),
which can be decomposed by thermal annealing or ultraviolet
(UV) light exposure, has also been incorporated into small
molecules via latent hydrogen bonding. Yanagisawa et al.
incorporated t-Boc units into DPP and quinacridone (QA) to
obtain t-Boc DPP and t-Boc QA, respectively (Hiroyuki et al.,
2008). These two molecules exhibited good solubility in most
organic solvents, permitting the fabrication of OFETs by the spin-
coating technique and offering a low-cost fabrication process,
rather than the expensive vacuum technology. During the
thermal-annealing process at 220°C for 15 min, the t-Boc DPP
and t-Boc QA molecules were converted into DPP and QA,
respectively (Figure 1C). Studies on OFET devices have shown
that the hole-transfer mobilities of the DPP or QA materials
formed via t-Boc annealing are similar to those of the related DPP
or QA materials formed via the vacuum-deposition technique.
The present study demonstrated a simple and useful method to
fabricate hydrogen-bonded OFETs through solution processing,
which involves the introduction of a functional group that can be
easily decomposed by thermal annealing, such as t-Boc, to replace
the pigments with latent hydrogen bonds.

Recently, Zhang et al. reported several t-Boc-substituted
conjugated pigment molecules with fused hydrogen bonds
(Zhang et al, 2017b; Zhang et al, 2018a). In the present
study, the authors observed that a solid-state t-Boc substituted
conjugated pigment crystal could transition to a hydrogen-
bonded pigment crystal via annealing, and the molecular
packing was changed significantly. This occurred because the
t-Boc units were decomposed during the thermal annealing
process, while the NH units emerged (Figure 1D). Before the
donor units (NH) coordinated with the acceptor units (C=0) to
form hydrogen bonds, the molecules remained mobile, owing to
the elevated temperature and relatively weak intermolecular
interactions. Therefore, the molecules may have undergone
crystallization to form hydrogen-bonded crystals. With the
emergence of hydrogen bonds, the molecules were arranged to
form a brick-in-wall structure with n-stacking along the crystal
growth axis, leading to a significant enhancement in the charge
mobility along the crystal growth direction (the hole mobility
increased from 3.4 x 107* to 0.32cm® V™'s™', and the electron
mobility  increased from non-detectable to 5.6 X
107 ecm*V™'s™"). The significantly improved charge-transfer
mobility could be ascribed to the hydrogen bonding that not
only reorganized the molecular packing, but also afforded high-
density materials. It is also proved that strong hydrogen bonding
between the regulatory units can induce the formation of
enhanced -1 interaction (close, coplanar accumulation) and
highly ordered supramolecular assembly between the
conjugated units, which can better improve the migration
properties of the materials. This study provides a useful
strategy for preparing crystalline hydrogen-bonded small-
molecule OFETs via solution processing.

Hydrogen-Bonded Conjugated Materials in OFETs

In addition to pure conjugated materials, hydrogen bonds can
be formed between two or more composite materials. In 2014,
Perepichka introduced dipyrrolopyridine (DP) as a donor
semiconductor capable of undergoing complementary
hydrogen bonding with naphthalenediimide (NDI) acceptors
(Figure 1E) (Black and Perepichka, 2014). In this system, the
hydrogen bonds formed between the NH groups of the DP and
the C = O or NH units of NDI were confirmed by nuclear
magnetic resonance (NMR) spectroscopy and crystal analysis.
Due to the hydrogen bonding, the two white or yellow materials
changed into a dark-green material. The cocrystal mixture with a
ratio of 1:1 (DP:NDI) exhibited relatively balanced ambipolar
transport with hole and electron mobilities of 0.043 and
0.089 cm® V™' 57!, respectively, which were among the highest
reported values for cocrystals at the time. This study provides a
foundation for the advanced solid-state engineering of organic
electronics, capitalizing on the complementary hydrogen
bonding.

Most hydrogen-bonded small molecules often exhibit poor
solubility in most common organic solvents, such as DPP, indigo,
and octachloroperylene, due to their strong intermolecular
interactions. Therefore, the OFETs based on these hydrogen-
bonded molecules are often processed by the thermal vapor
deposition technique. Bao et al. synthesized 1,2,5,6,7,8,11,12-
tetrachloro-substituted perylene 3,4:9,10-tetracarboxylic
diimides (CI8PTCDI) and investigated their packing properties
by X-ray diffraction (XRD) analysis (Figure 1F) (Li et al., 2010).
The results showed that a strong hydrogen bond was formed
between the two adjacent molecules with a distance of 2.95 A, and
a brick stone crystal packing arrangement was observed
(Figure 1G). The crystalline CISPTCDI OFET showed an
electron mobility as high as 0.91 cm®* V™' s with an air-stable
operation. This high electron mobility could be due to the brick
stone packing arrangement, which provides two-dimensional
percolation paths for the charge-carrier transport in organic
semiconductors. Recently, Geng and his team found that the
addition of furan rings at 3,6-positions of DPP unit remarkably
improved the solubility of the polymers (Wang et al., 2021).

3 HYDROGEN-BONDED POLYMERS

Compared to that in m-conjugated small molecules, the charge
transport in polymers is considerably more complicated. This is
because polymers are usually semicrystalline; thus, the charge
carriers need to travel across both amorphous and crystalline
regions (Zhang et al., 2017a). Therefore, the charge mobility of
polymers is governed not only by the crystallinity of the polymer
film but also by the connections between the crystalline
aggregates. Polymer is essentially between traditional
semiconductor and molecular intermediates, can form a
variety of nanostructures with complex energy band structures
and optical properties. The hydrogen bonds with self-assembly
recognition have obvious chiral inductive characteristics on the
planar II conjugated molecular skeleton. While the melting
hydrogen bonds are essential for molecular rearrangement to
form new solid crystals. That is to say, hydrogen bonding could
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facilitate the self-assembly of the molecules, affording more
crystalline regions in the polymers and consequently
improving the charge-carrier transfer speed.

Hydrogen bonds can be formed directly on the polymer
backbone with conjugated units. In 2017, Zhang et al. reported
two soluble m-conjugated polymers containing t-Boc-
substituted benzodipyrrolidone (BDP) or
naphthodipyrrolidone (NDP) units with latent hydrogen
bonds on the main chain (Zhang et al., 2017b). Upon
thermal annealing, the t-Boc units decomposed, forming
hydrogen-bonded crosslinked netlike polymers (Figure 2A).
The hydrogen-bonded polymers exhibited not only a
bathochromic shift in the optical absorption and a small
bandgap, but also better coplanarity and a stronger m-m
interaction, compared to that of the pristine polymer. OFET
studies have shown that the hydrogen-bonded polymer based
on NDP affords an air-stable n-type semiconductor with an
electron mobility 40 times that of its precursor polymer via
latent hydrogen bonding. This is due to the strong aggregation
and the planar polymer backbone, as confirmed by Cao et al.
(Liu et al, 2015). To be solution-processable, polymer
semiconductors require the incorporation of a large portion
of solubilizing side chains to oppose the strong aggregation
tendency of the polymer backbones in solution. To modify the
t-Boc units, 2-octyldodecanoyl groups with long alkyl chains
were designed and introduced into the DPP-based polymers by
Li’s group (Sun et al, 2012). Similar to the t-Boc units, 2-
octyldodecanoyl undergoes decomposition via thermal

annealing while NH units emerge to form hydrogen bonds
(Figure 2B). High performance organic semiconductor
polymers were realized by using intramolecular resonance-
assisted hydrogen bonding (RAHB). Based on this, Gao
Xike’s group Liu et al. (2021) synthesized polymer PCTZ-T
and PCTZ-B with Rahb interaction in the study of OFET
devices, and PCTZ-T achieved an average carrier mobility of
1.98 cm*V~'s™" (Figure 2C). This is the highest mobility of
thiazole-containing or dythiazole-containing polymer materials
in P-type OFET devices.

Apart from the polymer backbone, hydrogen bonding can
also be formed with the side chain. Yao et al. introduced urea-
containing alkyl chains vs. branching alkyl chains into DPP-
based polymers to investigate the effect of hydrogen bonding
on the OFET performance (Figure 2D) (Yao et al., 2016). The
authors discovered that the hydrogen bonding-induced
assembly significantly improved the polymer packing,
typically the alky chain packing, which resulted in a thin
film with thick nanofibers after thermal annealing. By
increasing the ratio of hydrogen bonding from 10 to 30%,
the hole-transfer mobility increased from 5.5 to
13.1cm®>V™'s™'. This study demonstrates not only the
application of a urea moiety as a new functional group to
design hydrogen-bonded materials, but also the incorporation
of other functional moieties with hydrogen bonding into the
alkyl side chains of conjugated polymers to tune the interchain
interactions/packing, thereby improving the semiconductor
performance.
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Hydrogen bonding dissociation and association could afford a
thin film semiconductor with self-healing abilities. In Oh et al.
(2016) introduced non-conjugated, alkylated 2,6-pyridine
dicarboxamide units into a DPP-based polymer backbone.
Hydrogen bonding could be formed between the NH units
and the C = O wunits of the neighboring molecules
(Figure 2E). The linear polymer formed crosslinked polymers,
owing to the hydrogen bonding, affording polymer films with
hole mobilities ranging from 1.32 to 0.11 cm®* V™' 57", along the
direction of the applied strain. Subsequently, the mobility
recovered to 1.00cm”*V™'s™ upon releasing the applied
strain. However, the polymers with similar chemical structures
and without hydrogen bonding were unable to recover upon
stress release. The damaged hydrogen-bonded film could be
healed by thermal annealing or solvent-vapor processing
(Figure 2E). This study shows that combining hydrogen
bonds into the polymer not only makes the material stretch-
resistant, but also achieves efficient charge transfer.

CONCLUSION AND OUTLOOK

The formation of hydrogen bonding, a strong noncovalent
interaction, between neighboring molecules in the solid state
results not only in molecular reassembly with more ordered
and crystalline structures, but also in strong aggregations and
improved n-mt stacking. In addition, the hydrogen bonding could
afford conjugated materials with a planar backbone. This is
beneficial for the charge transfer within individual molecules
and across adjacent molecules. Thus, it is possible to fabricate a
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The ability to detect fluoride anions with high selectivity and sensitivity by using the naked
eye is crucial yet challenging. In this study, a novel, simple conjugated organic dye, N-tert-
butyldimethylsilyl-3,6-diiodocarbazole (CA-TBMDS) was developed and used for the first
time as a colorimetric sensor for fluoride. CA-TBMDS was found to be a highly sensitive
fluoride chemosensor, with a detection limit as low as 3 x 107> M. The reaction of CA-
TBMDS with fluoride anions in a tetrahydrofuran solution resulted in a color change from
colorless to yellow under ambient light, which can be discriminated by the naked eye. The
sensor operated via intermolecular proton transfer between the amide units and the
fluoride anion, as confirmed by proton nuclear magnetic resonance titration. CA-TBMDS is
not only highly sensitive to fluoride anions, but also exhibits high sensitivity in the presence
of various ions. This work demonstrates that N-butyldimethylchlorosilane-based organic
dyes have prospective utility as a type of fluoride anion chemosensor.

Keywords: fluoride anion sensors, naked eye detection, carbazole, intermolecular proton transfer, color change

INTRODUCTION

Fluoride is among the most electronegative ions and is the smallest anion, with a high charge density.
Fluoride plays a key role in human health and chemical engineering because: (i) the fluoride anion is
easily absorbed by the animal or human body, but it is excreted slowly. As a result, people or animals
develop bone and thyroid activity disorders if they are overexposed to fluoride (Wade et al., 2010). (ii)
Fluoride anions play a crucial role in organic synthesis, the chemical industry, biological and medical
processes, and the military fields (Kleerekoper, 1998; Cametti and Rissanen, 2009; Wade et al., 2010;
Xuan et al., 2013; Zhou et al., 2014; Li et al., 2018). An appropriate amount of fluoride anions in the
environment is healthy for humans. However, a large amount of fluoride in the environment is
hazardous and even toxic (Kaur and Choi, 2015). With the rapid development of the chemical
industry, fluoride anions are present not only in aqueous environments, but also in organic media,
such as waste organic liquor (Clark, 1980). The development of highly sensitive and selective fluoride
anion sensors capable of qualitative and quantitative detection is crucial and could provide a diversity
of optical chemosensors for fluoride anions in organic solutions.

In the past few years, many scientific studies have focused on the development of novel fluoride
anion sensors with high sensitivity and selectivity (Yang et al., 2013; Feng et al., 2018; Wang et al,,
2018; Antonio et al., 2020). Very recently, aminobenzodifuranone dyes for F~ chemosensors were
developed by our group, which could not only detect F~, but could also distinguish it from F~
containing solvents (Deng et al., 2020). Yuan et al. developed a new (3Z, 3'Z)-3,3’-(4,4,9,9-tetrakis
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FIGURE 1 | (A) UV/vis absorption spectra of CA-TBMDS (1.0 x 10-* M) in the presence of F~ (0-4.2 eq.) in THF. Inset shows photograph of CA-TBMDS solution

with or without adding different amounts of fluoride anion under ambient light. (B) Photographs of CA-TBMDS (5 x 107° M) in THF before and after adding different
anions, as well the addition of other anions together with and without F~. (C) Optical absorption intensity at 286 nm against the concentration of fluoride anion. (D)
Molecular orbital surfaces of the HOMO and LUMO energy levels of CA-TBMDS at the B3LYP/6-31G (d, p) level, before and after adding fluoride anion.

(4-hexylphenyl)-4,9-dihydro-s-indaceno [1,2-b:5,6-b’]dithiophene)-
2,7-diylbis (methan-1-yl-1-ylidene))bis (6-bromo-indolin-2-one)
(IDTI) dye with a detection limitation as low as 1 x 107 M for
the fluoride anion (Yuan et al., 2020). Additionally, Zhang and co-
workers developed a DPP-based polymer from #-butoxy carbonyl
(t-Boc) units that detect fluoride anions, and also extract fluoride
anions from organic solutions (Zhang et al., 2018).

The reported fluoride anion sensors generally react with
fluoride anions, resulting in changes in the UV-vis absorption
and/or fluorescence emission spectra of the sensors. Among
these, the sensors that allow for the detection of color with the
naked eye are more interesting and promising because fluoride
anions can be detected easily and simply without the need for
auxiliary equipment. Herein, a new organic conjugated carbazole
small molecule, which can allow for fluoride detection with the
naked eye, was developed for use as a fluoride anion
chemosensor.

MATERIALS AND METHODS

N-Tert-Butyldimethylsilyl-
3,6-Diiodocarbazole (CA-TBMDS)

In a dry flask under nitrogen protection, 3,6-diiodocarbazole
(2.00 g, 4.77 mmol) was dissolved in anhydrous tetrahydrofuran
(THF; 30 ml) at room temperature. Sodium hydride (172 mg,
7.2 mmol) was added to the stirred solution, which was further
stirred at room temperature for another 30 min tert-
Butyldimethylsilyl chloride (0.79 g, 5.3 mmol) was then added

and the reaction was stirred at room temperature for a further
17 h. The reaction mixture was then poured into ice water (50 ml)
and extracted three times with dichloromethane. The combined
organic layers were dried over MgSO, before the solvent was
removed in vacuo, which afforded an off-white solid. The crude
product was purified through a plug of silica in a fitted funnel
with hexane/dichloromethane (9:1) as the eluent. After removing
the solvent in vacuo, the product was obtained (2.06 g, yield:
81%). 'H NMR (500 MHz, ds-DMSO) 8 ppm: 8.61 (s, 2H),
7.65-7.67 (d, ] = 10Hz, 2H), 7.51-7.53 (d, ] = 10 Hz, 2H),
0.96 (s, 9H), 0.75(s, 3H).

RESULTS AND DISCUSSION

The synthesis of CA-TBMDS is described in the Materials and
Methods section. CA-TBMDS showed good solubility in most
common organic solvents. The interaction between the CA-
TBMDS chromophore and fluoride anions was first
investigated by using the naked eye to determine the color
change. As shown in the inset of Figure 1A, the pure CA-
TBMDS solution was colorless. Once the fluoride anion was
introduced, the color of the solution immediately changed to
yellow. This indicated that in the presence of CA-TBMDS,
fluoride anions could be detected by the naked eye without
additional equipment. Additionally, CA-TBMDS presented
blue emission, which is sensitive to the naked eyes. A
spectrophotometric titration was used to investigate the
interaction between the CA-TBMDS chromophore and
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FIGURE 2| (A) Synthesis of CA-TBMDS, and reaction between CA-TBMDS and fluoride anion. (B) Partial 'H NMR titration spectra of CA and CA-TBMDS before

fluoride anion in THF solution. A standard solution of
tetrabutylammonium fluoride (TBAF, 1.0 x 102> M) was
gradually added to a 1.0 x 10™* M solution of CA-TBMDS in
THE. As shown in Figure 1A, with the progressive addition of
fluoride anions, the absorption intensity at 306 nm showed
almost no change, but other absorption peaks were slightly
blue-shifted, which enhanced the absorption intensity. For
example: (i) the absorption peak at 268 nm with an intensity
of 0.61 shifted to 267 nm with an intensity of 0.99; (ii) the
absorption peak at 256 nm with an intensity of 0.80 shifted to
254 nm with an intensity of 1.01; (iii) the absorption peak at
245nm with an intensity of 1.27 shifted to 244 nm with an
intensity of 1.38; (iv) the absorption peak at 236 nm with an
intensity of 1.31 shifted to 234 nm with an intensity of 1.70. In
addition, the optical absorption intensity of the spectra vs the
concentration of fluoride anion was calculated which was
described in Figure 1C. Figure 1C showed that the detection
limit of CA-TBMDS for the fluoride anions was at least
3 x 10°M. As shown in Figure 1B, apart from F~ (as
tetrabutylammonium salts), anions (4 equivalents) such as Cl’,
Br-, I', SO,*, NO;~, SCN7, ClO,4, AcO,~, and H,PO,~ caused
almost no change in the color of the CA-TBMDS solution.
Interestingly, there was no noticeable color change upon the
addition of other anions together with F~, although F~ by itself led
to an immediate change from colorless to yellow (Figure 2B).

This observation indicates that fluoride anions can be detected
without interference from other anions. Thus, CA-TBMDS seems
to be a highly sensitive and selective sensor for fluoride anions.

The changes in the color and optical absorption spectrum are
plausibly  associated =~ with  the  decomposition  of
t-butyldimethylchlorosilane (TBMDS) from CA-TBMDS. Once
CA-TBMDS interacted with the fluoride anion, the CA-TBMDS
molecules were transformed to CA, which generated N-H units.
This was confirmed by the NMR test. The CA-TBMDS solution
was added by TABF solution, subsequently the mixture was
stirred for 15 min under room temperature. The mixture was
purified by the saturated NH,Cl (aq) and extracted with toluene.
The combined organic layers were washed with deionized water
then dried by MgSO, before the solvent was removed in vacuo to
afford the white product. The NMR of the product was measured,
which showed the same peaks compared to the CA. Compare to
the CA-TBMDS, the peaks of the product were shifted into
slightly lower ppm, for instance the proton of the carbazone
core of 8.61 ppm shifted into 8.58 ppm, while 7.72 ppm was
moved to 7.36 ppm. The lactam NH moiety from the CA core
was able to interact with the fluoride anions, which easily
deprotonated the -NH protons (inter-molecular proton
transfer, IPT, Figure 2A (Zhang et al, 2018)).1H NMR
experiments were carried out in DMSO-ds to confirm our
assumption and further understand the interaction between
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the fluoride anion and the CA-TBMDS acceptor. As shown in
Figure 2B, except for the signal of the amino proton at
11.56 ppm, the specific signals from the carbazole core of CA
and CA-TBMDS were similar. Once the fluoride anions were
added, the proton signal of carbazole at 8.58 ppm shifted to 8.14
ppm, while the respective proton signals at 7.67 and 7.36 ppm
shifted to 7.26 ppm. This may be due to the IPT process, which
severed the TBMDS units from the CA core, and resulted in
hydrogen bonding between the fluoride anion and the proton on
the amino N-H. In addition, the signals of the amino protons at
11.56 ppm for CA did not appear, which further confirmed this
assumption.

To further understand the electron distributions before and
after fluoride anion binding, the Frontier molecular orbital
(FMO) energy was calculated at the B3LYP/6-31 (d, p) level
using CA-TBMDS. As shown in Figure 1D, the distribution of
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) orbitals of CA-TBMDS
was similar because these orbitals were mainly localized on the
core of CA. After binding with the fluoride anions, the HOMO
orbital distributions showed almost no change, but the
electron distribution of the LUMO, which was associated
with the binding of CA to the fluoride anions, was mainly
located at both ends of the CA core. This indicates that when
the CA became excited, electron transfer from the core of CA
to both ends took place at the fluoride-bonded CA. In addition,
after binding with the fluoride anions, the bandgap of the
molecules decreased.

CONCLUSION

A novel colorimetric chemosensor for detecting fluoride anions
was designed and studied. This novel sensor, CA-TBMDS, based
on carbazole, exhibits high sensitivity and selectivity for fluoride.
CA-TBMDS reacts with fluoride anions in organic solvents,
resulting in a visible color change from colorless to yellow,
which can be detected with the naked eye. The color change is
associated with severance of the TBMDS units from CA-TBMDS
by the fluoride anion and simultaneous formation of NH units,
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Since their discovery 50years ago, conjugated conducting polymers have received
increasing attention owing to their unique conductive properties and potential
applications in energy storage, sensors, coatings, and electronic devices such as
organic field-effect transistors, photovoltaic cells, and light-emitting devices. Recently,
these materials have played a key role in providing a more comfortable environment for
humans. Consequently, the development of novel, high-performance conjugated
conductive materials is crucial. In this mini-review, the progress of conjugated
conductive materials in various applications and the relationship between the chemical
structures and their performances is reviewed. This can aid in the molecular design and
development of novel high-performance conjugated polymer materials.

Keywords: conjugated polymers, organic field-effect transistors, sensors, organic solar cells, coating

INTRODUCTION

Conjugated conducting polymers can be divided into the following three categories according to
their structural characteristics and conducting mechanism: electron conducting polymers, ionic
conducting polymer, and redox polymer. Among these, the carriers of electron conducting polymers
are free electrons and their common characteristic is a long m-conjugated system in the molecular
skeleton, which results in delocalised electrons. Thus, these molecules are called conjugated
conducting polymers. To efficiently increase the movement of electrons in the m-system, the
energy level difference caused by energy band splitting should be reduced to easily overcome the
energy difference between the full and empty bands. The ‘doping’ method can be used to change the
distribution state of electrons in the energy band because conjugated polymers are easily oxidised or
reduced. Therefore, almost 50 years ago, scientists found that the conductivity of polyacetylene can
be improved by more than 10 orders via chemical doping, which was the first report on conjugated
conducting polymers with conductive properties (Shirakawa et al., 1977). Recently, with the gradual
development and understanding of the conjugated conductive polymer mechanism, conjugated
conducting polymers have become a popular topic. They are widely used in organic solar cells
(OSCs), organic field effect transistors (OFETs), sensors, and colour-changing coatings, due to
advantages including light weight, low cost, good stability, and excellent optical and electrical
properties (Zhang et al., 2019a; Bao et al., 2020; Deng et al., 2020; Zhang et al., 2020; Dai et al., 2021).
Recently, conjugated conductive polymers have played a key role in improving our standard of living.
The development of novel, high-performance conjugated conductive materials as well as their
applications is crucial. Despite the rapid development of conjugated conducting polymers, their
application has rarely been reviewed (Guo et al., 2014; Yi et al., 2015; Deng et al., 2019). In this mini-
review, the research progress of conjugated conducting polymers in OSCs, OFETs, sensors, coatings,
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FIGURE 1 | (A) Chemical structure of the polymer as well as the J-V curves of OSC device (B) Optimised configuration of the model compound of P-BNBP-fBT, (C)
Chemical structures and energy levels of PBDTTTPD, PCBM, and P(NDI2HD-T), (D) Chemical structures of the eight polymers, (E) DFT calculations for polymer dimer
with full side chains, (F) Hydrogen-bonded naphthodipyrrolidione-based polymer, (G) Chemical structures of 1,8-benzodifuranone and 1,10-naphthodifuranone, (H)
Chemical structures of the two polymers as well as their charge transfer mobility.

and other applications, as well as the relationship between the  bipyridine (BNBP) and 3, 3'-difluoro-2, 2’-bithiophene (fBT) by
chemical structures and their performances, is reviewed.  the Schiff-base formation reaction, which exhibited a power
Furthermore, this review provides not only a reference and  conversion efficiency (PCE) of up to 6.26% at a photon energy
prospect for future applications, but also the development loss (Ejss) of only 0.51 eV (Figure 1A) (Long et al,, 2016). The
prospects of ideal conjugated conductive materials. high PCE could be attributed to: 1) the polymer has a good planar

structure because its planar conformation can be ‘locked’ by the

F...S interaction, which has been confirmed by the B3LYP/
ORGANIC SOLAR CELL 6-31G* level of theory (Figure 1B); 2) a large number of F

atoms in the easily modified main chain of the polymer helps to
The core of organic solar cells is the use of photosensitive organic ~ deepen the LUMO energy level and N atoms are conducive to the
materials as semiconductor materials which can generate voltage ~ formation of intermolecular hydrogen bonds to improve the
and current to achieve solar power generation via the  stability of the molecule. The polymer backbone configuration
photovoltaic effect. Recently, organic solar cell-based organic ~ and the locked’ coplanar conformation of the fBT unit endow
conjugated polymers, which are the leading third-generation = P-BNBP-fBT with good crystallinity and high electron mobility as
low-cost photovoltaic technology, have attracted increasing  an excellent donor in OSCs. This work demonstrates the potential
attention due to their easy processing and low cost (Chen  of conjugated conducting polymers in OSCs, such that advances
et al, 2016; Liu et al, 2017; Li et al, 2020). Till now, the in all-polymer solar cell (all-PSC) device performance can be

organic solar cells exhibited efficiency over 17% has reported,  achieved.
which is compete-able with the commercial silicon based solar The development of solar cells should include improved
cells (Zhan et al., 2020). efficiency, while simultaneously overcoming the difficulties in

For the conjugated polymer in OSC applications, the materials ~ practical applications that are ubiquitous in daily life. Theoretical
should not only have broad optical absorption matching well with ~ performance and practical application should be considered. Kim
the solar energy spectrum, but also have suitable energy levels as et al. developed highly efficient and mechanically robust all-PSCs
well as good charge transfer mobility. Thus, the molecular design ~ using poly[4, 8-bis(5-(2-ethylhexyl) thiophen-2-yl)benzol[1, 2-b:
is crucial. In 2016, Long et al. reported a polymer, P-BNBP-fBT, 4, 5-b’]dithiophene-alt-1, 3-bis(thiophen-2-yl)-5-(2-hexyldecyl)-
based on alternating copolymerisation with double B«N bridged 4H-thieno[3,4-c]pyrrole-4, 6 (5H)-dione] (PBDTTTPD) as the
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electron donor and poly[[N,N’-bis(2-hexyldecyl)-naphthalene-1,
4, 5, 8-bis(dicarboximide)-2, 6-diyl]-alt-5, 5'-thiophene]
(P(NDI2HD-T)) as the electron acceptor, which achieved a
high PCE of 6.64%, higher than that of control fullerene PSCs
(PCE = 6.12%) (Figure 1C) (Kim et al., 2016). The enhanced
performance of all-PSCs is mainly attributed to the high Voc
(1.06 V) due to the better alignment of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels. In addition, many S atoms on
PBDTTTPD enhance the electron-donating ability of the
molecule, and the large conjugated structure and good
molecular planarity provide conditions for high carrier
mobility and PCE. This work not only shows the high
performance of conjugated conductive polymers in OSCs, but
also provides strong operability for extensive use in daily life.

Recently, research has focused on non-fullerene acceptors
(NFAs) in OSCs because of their advantages, including greater
optical, electrochemical, and structural flexibility compared to
their fullerene counterparts (Lin et al., 2015; Nielsen et al., 2015;
Hou et al.,, 2018; Zhang et al., 2018a). In 2019, Reynolds’s et al.
reported a series of polymers by minimal structure modification
with varying electron donors (Figure 1D) (Jones et al., 2019).
These polymers are consisted of a fluorinated/non-fluorinated
benzothiadiazole strong acceptor moiety, a thiophene ester weak
acceptor, and various donor units composed of bithiophene,
biEDOT, and benzodithiophene to form six acceptor gradient
and two non-gradient polymers. The results showed that
optimised NFA solar cells based on ITIC-4F paired with each
of the top-performing polymers produced an average PCE of up
to 7.3% for TE2-BTDF-(T2) (non-gradient) and 3.6% for T2-
BTDF-(TE2) (gradient). The differences might be due to the
formation of an intramolecular charge transfer that occurred for
the acceptor gradient. This work stresses the importance of
acquiring accurate ionisation energies and electron affinities
when characterising solar cell energetics, since differences as
small as 0.1 eV in the offsets can make a significant impact on
overall charge collection.

ORGANIC FIELD EFFECT TRANSISTOR

Organic field-effect transistors (FETs) are indispensable
electronic devices based on organic materials, which use
electric fields to control the conductivity of materials. Research
on conjugated conductive polymers has become an important
aspect in OFETs owing to advantages including flexibility, easy
processing, rich variety, and low cost. Further breakthroughs in
the business and industry of OFETs is expected (Zou et al., 2021).
However, the low carrier mobility of these conjugated polymers
compared to the silicon-based field-effect transistors is a major
disadvantage which needs to be addressed.

There are three factors that affect the high-performance
OFET: charge transfer mobility, threshold voltage, and current
on/off ratio. Among these, the charge carrier mobility is one of the
most important and challenging, typically for high electron
transfer mobility. The polymer molecular structure and device
fabrication techniques are essential to obtain high-performance

Conjugated Conductive Polymer Materials

OFETs. In 2020, Liu et al. developed a new method to improve
carrier mobility in OFETSs using the synergistic effect of pyridine
and selenophene in the backbone of a DPP-based copolymer
(Figure 1E) (Liu et al., 2020). The study found that the pyridine
DPP- and selenophene-based copolymer (PDPPy-Se) exhibited
low LUMO and HOMO energy levels due to molecular packing
and ordering, which increased the hole transfer barrier and
decreased the electron transfer barrier. In addition, the study
concluded that the annealing process increases the formation of
microcrystals and improves m-stacking and lamellar stacking,
which is Dbeneficial to carrier migration. This work
demonstrated that the synergistic use of pyridine and
selenophene in the backbone of a diketopyrrolopyrrole-based
copolymer is a favourable energy level, typically to reduce the
LUMO energy level, for electron injection and relatively ordered
molecular packing, which is a feasible method to improve carrier
mobility and plays a key role in the development of n-type bipolar
organic transistors. It also highlights the promising future of
conjugated conductive polymers in OFETs.

In 2018, Zhang et al. (2017) reported that introducing
hydrogen bonding between the amide and carbonyl into the
polymer not only result in polymer self-assembly, but also
increases the electron mobility by a factor of 40 compared to
its precursor polymer (Figure 1F). Recently, Deng et al. (2018)
introduced S and F atoms to adjust the polymer backbone and
obtained a polymer with hole mobility up to 0.65cm® V™" s7".
Zhang et al. then reported that the main chain coplanarity of
polymer semiconductors is more essential than the sole extension
of m-conjugation (especially perpendicularly to polymer main
chains) after investigating two benzo/naphtodifuranone-based
polymers (Figure 1G) (Li et al., 2021). The same group also
found that substituting the oxygen atoms for sulfur atoms in the
diketopyrrolopyrrole core could not only improve the charge
transfer mobility, but also convert p-type materials into
ambipolar type semiconductors (Figure 1H) (Zhang et al,
2018¢; Zhang et al.,, 2019a).

SENSORS

A sensor is a type of detection device that can respond to external
conditions and transform the stimulation into electrical signals or
other required output information to meet the requirements of
information transmission, storage, control, monitor, display, as
well as recording (Charoenthai et al., 2011; Pattanatornchai et al.,
2013; Xu et al., 2013; Lu et al.,, 2014).

Sensors are one of the key applications of conjugated
conductive polymers. In most cases, sensors provide a signal
as a response to the stimulation of environmental conditions such
as light, gas, anions, and solvents. In 2020, Stewart et al. developed
a volatile organic compound (VOC) gas sensor with highly
sensitive and selective characteristics using p-conjugated
polymer (P3HT)/solid-state ionic liquid (SSIL) blends. They
determined that the strong chemical interaction between n-CP
and SSIL adjusts the conductivity by applying an electric field
(Stewart et al, 2020). The sensor will exhibit different
conductivity and transmit signals to distinguish different
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substances under exposure with VOCs of different polarity. The
results show that the sensor has better accuracy and stability. This
work proved that conjugated conductive polymers have potential
applications in the creation of more accurate, cheaper, and easier-
to-fabricate sensing arrays.

In addition to gas, the conjugated polymers change colour
under different temperatures which can be used for
temperature monitoring, biosensors, building materials,
and intelligent screens. Kamphan et al. introduced different
lengths of side chains into a polydiacetylene (PDA) system,
resulting in a series of PDA-based polymers. These polymers
exhibited A, at approximately 640 nm, where A, shifted to
approximately 585 nm when the temperature increased to
75°C, that is, a colour change from blue to purple was
noticed (Figure 2A) (Kamphan et al., 2016). The colour
change might be because the extended n-conjugation
system results in an absorption peak at 640 nm, appearing
blue, while the twisting of the polymer backbone as well as the
changes in the degree of conjugation in the system result in a
red colour. Recently, a series of PDA-based polymers with
reversible colour change responses to temperature have been
reported; these could be potentially used in various
applications, including biomedicine, optical storage,
sensing, building materials, and anti-counterfeiting.

Various anions exist in the environment. Although anions are
generally beneficial for human health, an excessive amount is
disadvantageous for human and animal health. Thus, the
development of highly sensitive and selective sensors is
important. These materials can also be found in conjugated

conductive polymers. Recently, Zhang et al. developed a
diketopyrrolo[3,4-c] pyrrole (DPP)-based polymer with NH
units on the polymer backbone. The functional group NH
reacts with the fluoride anions in the organic solvents,
resulting in a colour change from red to blue, which is visible
to the naked eye (Figure 2B). Moreover, these polymers not only
detect the fluoride anion with high sensitivity and selectivity with
a detection limit as low as 10-* M, but also work as fluoride anion
extractors (Zhang et al, 2018b). Very recently, some novel
designed insulated conjugated bimetallopolymer for the sensor
application were also developed ( Kaneko et al., 2020; Masai et al.,
2020).

COATING

Coating is a material that covers the surface of objects via
different construction processes to form a solid film with firm
adhesion, a certain strength, and continuity. This kind of material
is widely used in building decoration, functional coating,
intelligent control, and other daily-life applications.

Further development of high-performance coatings is
necessary (typically functionality coating) as they have
significantly improved daily life. Recently, Zhang and Zhou
et al. introduced conjugated benzodifuranone dyes into an
epoxy-polyamine-composited polymer system (Zeng et al,
2019). This coating exhibited a change from dark blue into
yellow in response to a change in temperature, PH values, or
after exposure to UV-light (Figure 2C). Subsequently, the same
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group investigated the mechanism and found that the colour
change is ascribed to the dissociation of the hydrogen bonding
(Zhang et al., 2019b). These types of coatings are potentially used
in temperature or UV-light sensors.

Coating, on the top of the materials, worked as a protective
functionality. In 2009, Yan et al. reported a neutral conjugated
polymer with the ability to cathodically protect exposed alloy in a
defect, which was the first report of cathodic protection of an all-
organic coating based on a conjugated conductive polymer. In
this experiment, SVET current density maps were generated to
illustrate the ability of the reaction with the oxygen of the neutral
conjugated polymer (Yan et al., 2009). The results showed that
oxidation current centered on the defect and most of the
reduction current distributed on the surface of the polymer
after 2h, which determined that the polymer is oxidised on
the cathode instead of the metal electrode so as to better
protect the cathode. In summary, this type of material can
protect the cathode. Applications for conjugated conductive
polymer coatings are currently being investigated.

CONCLUSION AND FUTURE PROSPECTS

In summary, a series of conjugated conductive polymers and their
applications are reviewed. Regarding OSC-conjugated materials,
novel chemical structures with broad optical absorption (typically
absorbing light from the visible light to the NIR region), high
charge mobility, and low LUMOs as non-fullerene acceptors are
popular. Conjugated polymers with multi-fluorides, nitrogen,
and sulfur atoms in the backbone are promising. High PCE
and device stability are important to modify the OSCs. The
chemical structures of conjugated polymers, typically the
backbone, play a key role in the performance OFETs. To
obtain high charge mobility semiconductors, the materials
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