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Recent progress in the usage of tetrabromo-
substituted naphthalenetetracarboxylic
dianhydride as a building block to construct
organic semiconductors and their applications

Cheng Zhang,*? Zongrui Wang, Hua Li,** Jianmei Lu & *? and Qichun Zhang @ *><

Tetrabromo-substituted naphthalenetetracarboxylic dianhydrides (TBNDA) have attracted considerable
attention in constructing organic semiconductors (OSCs) for diverse applications in the past decade. A
series of synthetic strategies have been developed to modify the parent structure, including longitudinal
imidization and lateral core-functionalization. The as-obtained small molecular and polymeric materials
present expanded conjugated systems with unique characteristics of near-infrared absorption, outstand-
ing m-acidity, and low-lying LUMO levels. In this review, recent progress in the synthetic methods of the
TBNDI derivatives and their applications in organic field-effect transistors (OFETs), gas sensors, fluoride
sensors, and supramolecular self-assembly are summarized. The remaining opportunities and challenges
are elaborated to give specific guidance on preparing abundant TBNDA derivatives and their anticipated
applications.

1. Introduction

Organic semiconducting materials (OSCs), including n-type,
p-type, and ambipolar, have been extensively investigated over
the past three decades for their intrinsic properties and a
variety of applications in organic optoelectronics such as
photovoltaic cells, solar cells, field-effect transistors, energy
storage devices, memory devices, and so on."” Among them,
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naphthalene tetracarboxylic dianhydride (NDA) and its deriva-
tives have been demonstrated as one of the most promising
electron-deficient building blocks to construct air-stable n-type
0SCs."”"* NDA moieties, with the features of a coplanar conju-
gated structure, high electron affinity, and thermal and photo-
chemical stability, have been diversely functionalized through
attaching different groups on the nitrogen atoms of diimide or
the aromatic core. Such modifications could create various
high-performance solution-processable materials with low-
lying highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) as well as high
crystallinity.

The high-yield synthesis of 2,3,6,7-tetrabromonaphthalene
dianhydride (TBNDA) and 2,3,6,7-tetrabromonaphthalene
diimide (TBNDI) was firstly reported through the bromination
and imidization of NDA by Zhu et al. and Wiirthner et al.,
which successfully opened a new door for the construction of
tetrasubstituted NDA derivatives.'*"> As a promising building
block for expanding the =-conjugation of the NDA core,
TBNDA has attracted much attention due to the possibility of
realizing superior optical and electrical properties through the
core functionalization. Compared to 2,6-dichloronaphthalene
dianhydride (DCNDA) or 2-bromonathalene dianhydride
(MBNDA) and 2,6-dibromonaphthalene dianhydride (DBNDA),
TBNDA exhibits a greater advantage in the core-expansion with
heterocyclic rings (containing heterocyclic atoms, i.e., O, S, N)
through a nucleophilic halogen-exchange reaction, nucleophi-
lic substitution, and a metal-catalyzed Suzuki or Stille cross-
coupling reaction, where the unfavorable polymerization could
be excluded due to the detrimental multi-reaction sites."®™°

Starting with NDA, the building unit TBNDA could be pre-
pared as a yellow but highly insoluble compound, which was
directly used for the next step without further purification. As
shown in Scheme 1, three strategies have been explored to
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produce different TBNDA derivatives over the years. In strategy
I, the esterification of dianhydride can improve solution pro-
cessability, which ensures that the hydrolyzation can efficiently
introduce a series of functional monomeric units through the
replacement of the Br group, although the reactivity of four Br
atoms is somewhat decreased. Strategy II with the direct
functionalization of the TBNDA core is rarely reported due to
its extremely poor solubility. Strategy III has been widely uti-
lized in many reports, where the longitudinal imidization of
TBNDA was firstly performed on N atoms with different side
chains, such as linear or branched alkyl chains, semifluor-
oalkyl side chains, and hybrid siloxane chains. These as-
obtained TBNDI intermediates would act as new building
blocks to construct a series of organic n-conjugated semicon-
ducting materials. In the context of TBNDI-based materials
(TBNDISs), the reported designs of molecular structures can be
divided into three types: (a) flanking annulations (i.e., unilat-
eral and bilateral annulation, symmetric and asymmetric
annulation) are selected to extend the n-system with heteroaro-
matic rings (containing N, S, O) or carbocyclic rings; (b) the
flanking Br atoms are replaced by non-annulation moieties
such as cyano, amino, alkyl and aryl groups; and, (c) extension
of n-conjugated dimeric TBNDI (bis-TBNDI) precursors and
analogues (bis-TBNDIs) could be realized through a nucleophi-
lic or C-C coupling reaction.

In this review, we summarize recent strategies for the struc-
tural extensions of TBNDA and the physical properties of as-
obtained materials. Moreover, diverse applications are also
presented, including organic field-effect transistors (OFETS),
fluoride sensors with high selectivity and sensitivity, supramo-
lecular self-assembly and polymorphic transitions, OFET-
based gas sensors and thermoelectric devices, stable radical
anions, self-colored nanoparticles for DNA probes and NIR
J-aggregation behaviors. Given that the exploration of TBNDA
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Scheme 1 Commonly-used synthetic strategies with TBNDA and TBNDI derivatives as building blocks.

is a relatively young area, we believe that this review will
provide some guidelines in exploiting more promising TBNDA-
based materials with superior properties in the future.

2. Synthesis and molecular design
2.1 Synthesis of TBNDA precursor

Although TBNDA was observed in the reaction between NDA
and bromine (Br,) in H,SO, in 1981, it was always considered
as a byproduct.""> Until 2006, high-purity TBNDA was firstly
obtained in a large amount by brominating NDA with elemen-
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tal bromine (Br,) in a mixture of 98 wt% H,SO, and oleum at
140 °C for 4 weeks."* Piyakulawat et al. duplicated this reaction
with oleum (65% SO;) at a mild room temperature (r.t.).>°
Wiirthner et al. reported a more efficient bromination in
oleum (20% SO3) at r.t. in the presence of dibromoisocyanuric
acid (DBI). This methodology selectively produced TBNDA in
high purity and yield, which was confirmed by "H NMR spec-
troscopy (DMSO-d,) without any proton resonance, elemental
analysis (EA) and EI mass spectrometry.’®> The modified reac-
tion conditions of the first oleum (20% SO;) at 55 °C for 2 h
and then at 85 °C for 50 h were applied, but afforded over-
equivalent products because of the unknown purity.>* Since
the products are insoluble, the desired TBNDA was difficult to
isolate or further purify. Thus, the actual yields of TBNDA
could be much lower than the reported results. Subsequently,
some other regioselective brominating reagents including 5,5-
dimethyl-1,3-dibromohydantoin (DBH), tribromoisocyanuric
acid (TBCA), and sodium bromide (NaBr), and different reac-
tion conditions were utilized to fulfill this reaction.”*>* All the
bromination methods obtained from the literature are listed in
Table 1, where Govindaraju et al. realized the synthesis of
TBNDA (yield: 96%) by stirring 98% H,SO, and 3 eq. of DBH
at r.t. for 4 h and then at 80 °C for 12 h.** For additional con-
firmation of the purity of TBNDA gained with DBH reagent,
TBNDA was converted into the alkyl-substituted product via
imidization with 3-eq. (equivalent) of n-octylamine in glacial
acetic acid (HOAc) at 130 °C for 6 h. The majority of the
obtained ring-opening tetrabromo-substituted product and a
trace of core-substituted products demonstrated the reliability
of the high yield and purity.>*> For the TBCA method, it
revealed a highly regioselective bromination to afford MBNDA,
DBNDA and TBNDA by modifying the equivalents of TBCA and
the reaction time. Under the reaction conditions of r.t. for 8 h

Org. Chem. Front,, 2020, 7, 3001-3026 | 3003
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Table 1 The summary of various synthetic conditions to produce
TBNDA

Brominating Reaction
reagent Solvent & catalyst conditions Yield Ref.
Br, (5.3 eq.) 98 wt% H,S0, and 140 °C, 4 96% 14
oleum (V:vV=4:1), weeks
iodine
Br, (2.1 eq.) Oleum (65% SO3), R.t,15h 95% 20
iodine
DBI (2.5 eq.) Oleum (20% SO5) Rt,3h 93% 15
DBI (2.0 eq.) Oleum (20% SO;) 55 °C, 2 h; — 21
85 °C, 50 h
DBH (3.0 eq.) Conc. H,SO, R.t., 4 h; 96% 22
80°C,12 h
TBCA (2.5 eq.) Conc. H,SO, R.t., 8 h; 67% 23
80°C, 8 h
NaBr (4.4 eq.) Oleum (20% SO3) 180°C,4 h 62% 24

and then at 80 °C for 8 h, a pale yellow crude product with
98% yield was obtained, followed by recrystallization in DMF
to give the pure product as white crystals in 87% yield.** NDA,
4.4-eq. NaBr and oleum (20% SO;) were stirred in a Carrius
tube at 180 °C for 4 h, followed by slow addition of propionic
acid (CAUTION: highly exothermic) to give desired TBNDA in
62% yield, which was characterized by mass spectrometry and
the diagnostic isotopic pattern.>* Crystals of TBNDA were
grown by the method of vapor diffusion from water vapor to
DMSO solution. A twisted aromatic core was observed, which
could be attributed to the steric effect of the four ortho bro-
mines.>* To sum up, the advantages and disadvantages of
these agents are apparent. For example, Br,, as a reagent in
the presence of a catalytic amount of iodine, always brought
several difficulties in the reaction and product treatment due
to the hazardous and corrosive nature of unreacted Br, and
the byproduct HBr. For NaBr as a reagent, a high temperature
(180 °C) was required to carry out this reaction. Therefore, the
brominating reagents DBI, DBH and TBCA were recommended
as efficient, low-cost, regioselective and high atom-economy
for the synthesis of MBNDA, DBNDA and TBNDA with the

: C3Hy
12:R=
_____ CHy_
0._0_O
2
Br. N Br

Reaction conditions: % OR OAD
(a): Esterification: n-BuBr, K,COj3, H,0, reflux, 2 h or Etl, K,CO3, EtOH, reflux, overnight,
yield 86%;

(b): Toluene, Pd(PPh,),, reflux, 12 h, yield 35%; 2 MPa, H,, Raney Nickel, 135 °C, 7 days;
(c): Toluene, Pd(PPhj3),, 90 °C, 3 days, yield 78%; K,CO3; MeOH, THF, r.t., 10 min;

(d): Condensation: p-toluenesulfonic acid, 110 °C, 5 h, yield 94%;

View Article Online

Organic Chemistry Frontiers

advantages of mild reaction conditions, short reaction times,
and high conversions. Furthermore the recrystallization tech-
nique could be effectively utilized to isolate the desired
product in high purity.

2.2 Strategy I: esterification of dianhydride

As shown in Scheme 2, esterification of dianhydride was
employed to improve the solubility of TBNDA, as well as to
enhance the molecular self-assembly and stacking. For
example, TBNDA could be esterified with n-bromobutane
(n-BuBr) or iodoethane (EtI) under alkaline conditions to
produce a white compound TBNDE with a high yield.
Subsequently, the Stille cross-coupling reaction between orga-
notin reagents and tetra-ester TBNDE would be carried out
more easily in toluene to afford compounds 1 and 2, where the
yield could be increased with a prolonged reaction time. The
tetra-alkyl substituted NDA intermediate (compound 3) was
prepared successfully, which could be used as building blocks
to construct large n-conjugated backbones at the longitudinal
positions.”® Thus, the TBNDI derivative (4) and ladder-like
n-conjugated molecules (5 and 6) could be obtained through
the condensation reactions between 3 and the respective alkyl-
amine and o-phenylenediamine. The ladder-like n-conjugated
compounds 5 and 6 with a rigid two-dimensional planar
ribbon-pattern framework were classified as poly(benzobisimi-
dazobenzophen-anthroline) (BBL) analogues,
attracted significant interest due to the excellent stability and
exceptional n-channel behaviors. The success in synthesizing
high soluble rigid compounds 5 and 6 also indicates that this
strategy is an efficient method to address the issue of insolubi-
lity for the common rigid structures, which permits that more
intriguing BBL-like polymers or small molecules with
enhanced solubility will be developed in the near future.*®>®
Compounds 7 with annulated four-membered rings could be
prepared through attaching two triple bonds onto TBNDE to
form compound 2, followed by the annulation with di(tri-
methylsilane)acytelyene in the presence of the catalyst CpCo
(CO), and then hydrolysis with trifluoroacetic acid (TFA) in

which have

OVN N O. N__N
-CeHiz Can\I S CaHaz CgHyr _CgHy7
|
\, / N aN
CgHy7 CgHyz CgHiz CgHyp ™
0% N N N o

~CeHr 9:R= —(_ —F,
o/ N 3o Cm"u F 1

OR ORo

(e): Imidization: amine, propionic acid, reﬂux 5 h or Zn(OAc),, SnCly2H,0 ortho-diaminobenzene,
propionic acid, reflux, 8 h;

(f): CPCO(CO),, hv, THF, 140 °C, 24 h, CH,Cl,; TFA, rt., 4 days;

(9): Condensation: t-BuOH, KOH, reflux, overnight, yield 88%; Ci i amine, imi

140°C, 18 h.

Scheme 2 Strategy I: synthetic pathway of tetra-substitution of the NDA core and its derivatives through esterification, condensation and imidiza-

tion, in sequence.

3004 | Org. Chem. Front.,, 2020, 7, 3001-3026

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qo00637h

Published on 22 jdlius 2020. Downloaded on 2025. 10. 18. 18:42:11.

Organic Chemistry Frontiers

View Article Online

Review

Reaction conditions:
(a): Stille-coupling: toluene, Pd(PPhj),, reflux, 24 h, yield 88-92.6%,

(b): Imidization: quinoline, Zn(Ac),, 180 °C, 24 h, yield 35-57%;
(c, d, f): Bromination: THF, NBS, 60 °C, 15 h, yield 70-96%;
Stille-coupling: DMF, Pd(PPhs),, 100 °C, yield 62-72%;

(e): Imidization: quinoline, Zn(Ac),, 150 °C, 5 h, yield 38%.

Scheme 3 Strategy Il: the synthetic routes to star-shaped thiophene-NDI derivatives by direct core-functionalization of TBNDA.

CH,Cl, solution. After sequential condensation and imidiza-
tion, the targeted 8 and 9 were obtained as red powders.>® A
similar annulation process provides more possibilities to
expand the flanking TBNDI core, whereas it could not be repli-
cated in tetra-ethynyl-substituted TBNDI.

2.3 Strategy II: direct core-functionalization of TBNDA

To the best of our knowledge, the examples of direct core-
functionalization of TBNDA are rare due to its poor solubility,
tedious separation, and low yield. However, there are still
some successful research studies. For example, as shown in
Scheme 3, a soluble red compound 10 was obtained after the
functionalization of TBNDA with four thiophene groups. Four
substitutions were performed at 2, 3, 6 and 7 positions of
TBNDA by Stille-coupling with 2-tributylstannyl-thiophen.
With 10 as an intermediate, two synthetic routes could be con-
ducted: one is to perform imidization first to give 11 and 12,
followed by Stille-coupling reactions with 2-tributylstannyl-
thiophen to form 14, 15 or 16. The other one is to conduct
Stille-coupling reactions with 2-tributylstannyl-thiophene first
to produce 13, followed by imidization to give 14 and 15.
Additionally, 12 and 15 could act as copolymerizing agents to
bind onto the other polymer chains due to the presence of
2-methylallyl groups.”®>°

2.4 Strategy III: synthesis of TBNDI precursor

Introducing substituents onto the N atoms of imide is a
common way to realize the chemical modification of TBNDA.
The longitudinal N-substitution chains decide the solubility,
molecular aggregation behavior, and the ability to form high-
quality films for broad applications in organic semiconducting
devices. Besides, the electrophilic imide carbonyl groups have
a significant effect on the polarization of n-systems, leading to
a low m-electron density and high n-acidity. Zhu et al. found
that some amino-substituted byproducts were very difficult to
be purified or isolated throughout the whole imidization reac-
tion between TBNDA and n-octylamine in acetic acid, due to
the large conjugated structure and strong electrophilic ability
of four Br atoms. Fortunately, an efficient methodology was
finally explored at a yield of 31.4% with TBNDA as the starting
material, where TBNDA refluxed with 4-eq. of n-octylamines in

This journal is © the Partner Organisations 2020

HOAc for 30 min, followed by isolating the intermediate
product and reacting with excess PBr; in refluxing toluene.'
Later on, a modified synthetic method was presented, where a
single solvent and mild temperature were used, and a whop-
ping 72% yield was achieved.*' However, Wiirthner et al. could
prepare the desired TBNDI by reacting TBNDA with nucleophi-
lic 2,6-diisopropylaniline in glacial HOAc for 6 h at 120 °C."?
The less nucleophilic arylamine reagent was essential to
decrease the nucleophilic substitution of bromine atoms. This
synthetic condition was further confirmed and optimized by
the Facchetti group in 2013, and a high yield (96%) of TBNDI
was achieved by using 3-eq. of 2-octyldodecylamine in mixed
solvents of o-xylene and propionic acid at 140 °C for 2 h.*!
However, Govindaraju et al. followed the procedure with 3 eq.
of n-octylamine in glacial HOAc at 130 °C for 6 h to give the
desired products only in >10% yield, together with major ring-
opening products and a trace of core-substituted products.**
Finally, the targeted product was synthesized in good yield by
two-step synthesis reported by Zhu et al.'* Besides, a micro-
wave-assisted reaction was performed at 100 W for 45 s and
then at 35-50 W for 30 min to maintain 150 °C in an open
reaction vessel, to give a better yield (65%) with a reduced
amount of byproducts due to the complete or partial reductive
dehalogenation.** All the reaction conditions are summarized
in Table 2.

Table 2 The summary of various synthetic conditions for producing
TBNDI via imidization

Reaction conditions Yield  Ref.
(1) n-Octylamine, HOAc, reflux, 30 min 31.4% 14
(2) Excess PBr3, toluene, reflux, 12 h

(1) n-Octylamine, CH,Cl, or THF, reflux 72% 31
(2) PBr3, CH,Cl,, reflux

2,6-Diisopropylaniline, HOAc, 120 °C, 6 h 29% 15

2-Octyldodecylamine, o-xylene, propionic acid, 140 °C,  96% 21
2h

(1) Microwave, 100 W, 45 s 65% 32
(2) Microwave, 35-50 W, 30 min, 150 °C

Org. Chem. Front,, 2020, 7, 3001-3026 | 3005
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2.5 Core-annulated TBNDIs

Core-functionalization through the replacement of halogen
atoms with nucleophiles is the most efficient method to
produce a broad range of TBNDI derivatives with various
optical and electrochemical properties. Typically, Pd-catalyzed
coupling reactions have been widely applied to link the central
NDA core and versatile functionalized reagents together to con-
struct large polycyclic aromatic analogues.**® These novel
TBNDI derivatives could be divided into several categories,
including heterocyclic annulations (S-, N-, S/N- and
O/N-containing heterocycles), carbocyclic annulations or the
fusion with N-heterocycles, bis-TBNDI core analogues, and
non-annulated TBNDI cores.

2.5.1 S-Containing heterocycles

Unilateral annulation. The incorporation of S-containing het-
erocycles becomes an efficient way to realize the annulation
with the NDA core as well as to enhance intermolecular inter-
actions. The HOMO and LUMO energy levels of the as-pre-
pared compounds could be finely tuned to promote the elec-
tron injection and air-stable electron transport. Unilateral
S-containing heterocyclic TBNDI derivatives through one-side
nucleophilic aromatic substitution (SNAr) reactions are rare.
Although different reaction conditions have been tried, Gao
and co-workers still failed to produce unilateral products by
using dicyano-substituted S-containing reagent I (Scheme 4)
and TBNDI as starting materials.>** According to their trials
and previous findings, they figured out that the unilateral
S-containing heterocycle might be more electron-deficient
than unreacted TBNDI, which made the second-step SNAr
reaction more prone to directly forming the bilateral-annula-
tion product instead of staying in the stage of the unilateral
annulation intermediate. To avoid a bilateral annulation reac-
tion, a less reactive nucleophilic reagent (cyano-containing

View Article Online
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reagent II, Scheme 4) was dropwise added into the THF solu-
tion of TBNDI at r.t.,, and finally, the unilateral annulation
product was harvested in a moderate yield (36%)."° The
remaining bromine groups could be sequentially reduced in
the presence of NaBH, and Pd-catalyst or performed other
modification reactions to construct new 7-conjugation
materials. Additionally, another method to produce unilateral
sulfur-heterocycle fused annulation from mono- or di-bromo
substituted NDI (MBNDI and DBNDI) has been reported by
Gao et al.*** 1t’s worth mentioning that the reaction processes
of MBNDI or DBNDI with reagent I are different from that of
TBNDI. Thus, the persuasive mechanism was proposed that an
intermolecular nucleophilic attack and further a Michael
addition reaction proceeded, followed by an oxidative aromati-
zation process to afford the final products. For the monolateral
derivatives from DBNDI, the reactive site of bromo provided
more possibilities for ambipolar OSCs with fine-tuned energy
levels.>*”?

Symmetric bilateral annulation. The formation of bilateral
S-containing heterocycle-fused TBNDIs has been widely
reported via the SNAr reaction. As listed in Table 3, the repre-
sentative centrosymmetric compounds 17-27 were obtained in
good yields under mild reaction conditions. Typically, the
corresponding structures of S-containing nucleophilic reagents
are provided in Scheme 4, marked as I to XIL>“*'™*® The
reagents VII, VIII, IX and X are zinc salts prepared from
different dithiols, while reagents VI and XI could react with
NaH and CS, to afford the corresponding sodium salts.
Among these bilaterally annulated products, compound 17, as
a promising n-channel organic semiconductor, has drawn
much attention due to its potential value for organic electronic
applications. Compound 17 was first synthesized in 50% yield
by stirring TBNDI and reagent I at 50 °C for 1 h.** Later on, the
one-pot synthesis of compound 17 was developed directly from
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N 07 N"o
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Table 3 Synthetic conditions for symmetric and asymmetric bilateral
S-containing heterocycle fused NDIs

S-Containing

Compound reagent Reaction conditions Yield Ref.
17 I THF, 50 °C, 1 h 50% 41
I DMF, r.t., 50 °C, 6 h 28%- 42
(one-pot synthesis 55%
from TBNDA)
18 I THF, r.t., 3 h 90% 43
19 111 THF, r.t.,, 1 h 30% 44
20 v THF, 50 °C,1 h 64% 31
21 \% THEF, 30 °C, 30 min 35% 45
22 VI (1) NaH, CS,, THF, 73% 44
0-5°C
(2)Rt,5h
23 VII THF, r.t.,, 2 h 98% 46
24 VIII THF. r.t., 2 h 86% 46
25 IX THF, r.t., 1 h 72% 47
26 X THF, r.t.,, 3 h 35% 48
27 XI (1) NaH, CS,, THF, 91% 44
5-10 °C, 30 min
(2)Rt,5h
28 X+1I 1) X, THF rt,1h 26% 48
(2)1, THF, r.t., 3 h
29 I+V (1) L, V, THF, Z10°C 70% 44
(2)R.t, 2.5 h
30 VII+1 (1) vII, THF, r.t., 59% 46
30 min
(2)1, THF, r.t., 2 h
31 VIII + I (1) VIII, THF, r.t., 38% 46
30 min

(2)1, THF, r.t., 2 h

TBNDA through a feasible SNAr and then an imidization reac-
tion under mild conditions.*” Gao et al. also found that com-
pound 17 could be produced as the only product from DBNDI
in DMF rather than dichloromethane (CH,Cl,) at r.t., indicat-
ing that the solvent polarity acts as a significant factor for the
reaction between hydrophilic salts and hydrophobic molecu-
les.**® The lower yield of 27% was attributed to the impaired
reactivity of the dibromo group of DBNDI.

Asymmetric bilateral annulation. Few cases of asymmetric
bilateral annulation have been presented in the
literature.***®*® As listed in Table 3, compounds 28-31 were
synthesized sequentially or simultaneously using the two
S-containing reagents at low temperature. Compounds 28, 30
and 31 were obtained in decent yields by the first-step reaction
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between equivalent TBNDI and the respective zinc salts, fol-
lowed by the addition of reagent I and sequential stirring at r.
t. to yield targeted products.*®*® The preparation of 29 could
be realized by adding reagents I and V in one portion to the
TBNDI solution at —10 °C, followed by additionally stirring at
r.t. for 2.5 h.** Given that the asymmetric bilateral annulation
with a S-containing heterocycle could be successfully syn-
thesized with zinc salts or other reagents, there remains plenty
of room for chemical modification of TBNDI to develop new
good performance OSCs.

Further functionalization. Some of the bilateral S-containing
heterocycles could be further functionalized (Scheme 5). For
example, due to the existence of two reactive sites in the sym-
metric bilateral annulation compound 18, it could be further
halogenated to afford 32. The introduction of Br atoms on the
extended NDI skeleton could enable the construction of func-
tional analogues through a Pd-catalyzed cross-coupling reac-
tion, where small molecules (33, 34, 35) and donor-acceptor
(D/A) copolymers (36 and 37) were synthesized to show near-
infrared (NIR) optical absorptions.***® An example of six-mem-
bered compound 21 was converted into a mixture of five-mem-
bered 38 (syn) and 39 (anti) isomers.*> The S-rich compound
25 could be oxidized into the oxygen-containing compound 40
with Hg(OAc), at room temperature.*” Thereby, the functionali-
zation of S-containing heterocycles could be considered as a
viable protocol to prepare more S-containing electron-trans-
porting materials.

2.5.2 N-Containing heterocycles

Unilateral annulation. As shown in Scheme 6, unilateral
annulation derivatives (41-46) could be readily prepared by
refluxing TBNDI with ortho diamines in DMF at 120-135 °C for
a while (15-60 min). The high yield (70-90%) of 41-46 might
be attributed to the weak nucleophilicity of anilines and the
deactivating effect of two amino groups to preclude further
tetra-substitution.’®>> Chi et al. found that the debrominated
side products were always accompanied by compound 47 when
the reaction was conducted in DMF at 135 °C, leading to an
unseparated product with a poor yield. To address this issue,
the same group employed CHCI; to replace DMF and con-
ducted the reaction at r.t. to push the yield to 83%.® With the
usage of less nucleophilic diamine reagents, SNAr reactions
could only take place in alkaline conditions (excess KOAc or

Reaction conditions:

(a): Bromination: Bry, CHCI3, r.t.; 1
(b): Stille or Suzuki coupling; 133: Ar=

36 37R 1

R R

Scheme 5 Synthetic strategies for further functionalization of bilateral S-containing heterocycles.
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Compounds 41-46: DMF, 120-135 °C, 15-60 min, yield 70-90%;
Compound 47: CHCI,, rt., overnight, yield 83%;

Compound 48: DMF, K,COg, reflux, 2 h, yield 87%;
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Scheme 6 Structures and synthesis of unilateral and bilateral N-heterocycle derivatives.

K,CO;) and afford 48, 49 and 50 (Scheme 6).>">> Although the
remaining two aryl bromide groups could not react with extra
diamines under the same conditions, it could still provide
more possibilities to modify the NDA core with different func-
tional groups at Br sites.

Symmetric and asymmetric bilateral annulation. During the
preparation of 49, trace bilateral annulation compounds as
two isomers were observed and separated.”® Under harsh con-
ditions (180 °C and more than two days), those unilaterally
annulated compounds could further react with extra diamines
to give 63 and 66 in low yields of 28%-31%."* Considering the
tedious synthesis, the research on bilateral N-containing annu-
lation as well as further modification received less attention.

Further modification. These N-containing heterocyclic
TBNDIs could be explored into highly sophisticated structures.
For example, compounds 52 and 53 were prepared via con-
structing a rigid aromatic diaza bridge to link a free- or zinc-
tetraphenylporphyrin. The two donor-bridge-acceptor entities
exhibited a large electron coupling interaction and weak nega-
tive driving force.>® Most of the N-heterocyclic TBNDIs contain-
ing NH groups showed weak aromaticity across the entire core,
which might reduce the efficiency of charge-transfer.
Therefore, further deprotonation of NH groups in mono- and
di-annulation was carried out. Quantitative unilateral oxi-
dation products 54, 55 and 57, 58 were easily obtained in the

3008 | Org. Chem. Front, 2020, 7, 3001-3026

presence of PbO, or MnO, under mild conditions, whereas the
oxidation reaction of 48 required a higher temperature. The as-
obtained oxidation product 56 could be converted into 48 in
silica gel during the purification process, due to its intrinsic
low LUMO level. A cyanation reaction of 55 was realized in the
presence of Pd,(dba);, dppf and CuCN in dioxane, where
mono- and di-cyanated intermediates with the reduction of the
imine bonds (59 and 60) could be harvested in the yields of
30% and 24%, respectively. Note that 60 was very sensitive to
silica gel or water due to its ultrahigh electron affinity.”® These
results indicate that the stability of the mono-annulated oxi-
dation products is closely correlated with their LUMO energy
levels. A dehalogenation reaction of 57 could happen in the
presence of Pd/C catalyst, formic acid, and triethylamine.
Furthermore, 61 and 62 could be prepared through the
removal of one or two bromine atoms in 57 together with the
reduction of the imine bonds, then followed by the oxidation.
For bi-annulation compound 63, the oxidation reaction was
accomplished smoothly under mild conditions to afford a
mixture of two tautomers (benzenoid-type compound 64 and
quinonoid-type compound 65). The tautomers could be swiftly
reverted to 63 using reductive agents (NaBH, and CoCl,). The
oxidation product of 66 generated three tautomers, including
two benzenoid-type products 67 and 68, and a quinonoid-type
product 69.

This journal is © the Partner Organisations 2020
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(9): CHaCly, PbO,, £, 30 min, 30%.

Compound 78: K,C03, THF, 50 °C;

Scheme 7 Structures and synthesis of S/N- and O/N-containing heterocycle derivatives.

2.5.3 S/N- and O/N-containing heterocycles

Symmetric bilateral heterocyclic annulation. As displayed in
Scheme 7, several S/N and O/N-containing bilateral annula-
tions with the coexistence of anti- and syn-isomers (70-77)
were synthesized. Solvents and reaction temperature strongly
influenced the selectivity and yields of these anti- and syn-
isomers, particularly, the synergetic effects of polarity variance
in solvents, hydrogen bonding, and the changed nucleophili-
city of N and S. Note that only anti-isomers could be oxidized
into the fixed quinonoid-type structures. Besides, in contrast
to 63, the incorporation of O or S could effectively change the
tautomerization during the oxidation of NH moieties. Thus,
quinonoid-type structures with impressive stability and
notable electron-transporting capabilities were readily
obtained.’” This strategy was also deemed as an efficient way
to isolate and purify the syn- and anti-isomers. Compounds
74-77 fused with dithiazole containing a coplanar skeleton
and an enhanced conjugation length could also be synthesized
with DBNDI as a starting compound without any solvents and
metallic catalysts.>®

Asymmetric bilateral heterocyclic annulation. A series of five-
and six-membered asymmetric annulated products were
attained by the condensation reaction between TBNDI and
o-phenylenediamine, thiophene-2-carbothioamide, 1,2-benze-
nedithiol or 2-aminothiophenol.’*®" Firstly, the mono-annula-
tion process was involved to afford the intermediates 78, 47
and 43 (Scheme 7). Further asymmetric bilateral annulations
and subsequent oxidations could produce 79-86. All the oxi-
dation process took place in a finely mild way to give a quanti-
tative yield. Intriguingly, the oxidation reaction of compound
81 could only smoothly happen on the two NH moieties at the
same side, which produced benzenoid-type product 82 rather
than a quinonoid-type product.®® The deactivation of the 6,7-
positions of 43 was ascribed to the introduction of a strong

This journal is © the Partner Organisations 2020

electron-donor group. Thus, the asymmetric core-extended
compound 85 with a D-A configuration was synthesized in a
moderate yield (30%) through the reaction between 43 and the
corresponding S-containing nucleophilic reagent. A high-yield
debromination reaction was observed during an attempt to
oxidize 43, which might be caused by the twisted aromatic
plane relating to the neighboring bromine groups.®®

2.5.4 Carbocyclic annulation and heterocycle-fused carbo-
cyclic annulation

Symmetric bilateral carbocyclic annulation. The bilateral car-
bocycle-extensions were realized through the formation of C-C
bonds in cross-coupling reactions in the presence of organo-
metallic reagents such as zirconacyclopentadiene reagents (Zr-
1-7Zr-5), which were prepared from the reaction between
alkynes and zirconocene in anhydrous toluene. The coupling
reaction between metallacyclopentadiene and the corres-
ponding organometallic reagents in the presence of copper
chloride (CuCl) produced 87-90 (Scheme 8) with a moderate
yield.®* However, the attempts of further dehydrogenation of
cyclohexene-fused compound 89 to generate large acene
imides were failed.®®> Pd-Catalyzed double cross-coupling was
also recognized as a straightforward method to develop TBNDI
derivatives. The cross-coupling reactions between stannane
reagents (Sn-1 and Sn-2) and TBNDI were conducted success-
fully in the presence of Pd(P(¢-Bu);), and CsF at 70 °C to afford
new aromatic annulations 91 and 92.

Asymmetric heterocycle-fused carbocyclic annulation. Inspired
by bilateral core-extensions, unilateral carbocyclic annulation
was also developed with the N-heterocyclic compound 47 as a
starting material. Specifically, the reaction between 47 and the
respective zirconacyclopentadiene reagents (Zr-3 and Zr-5) in
refluxing toluene in the presence of 2-eq. of CuCl gave 93
(vield: 24%) and 95 (yield: 45%). Subsequent dehydrogenative
aromatizations were conducted in 5 min to give 94 and 96

Org. Chem. Front,, 2020, 7, 3001-3026 | 3009
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Scheme 8 Synthetic routes of carbocyclic annulation and heterocycle-fused carbocyclic annulation.

with high yields (87% and 83%). Such a strategy to fuse the
N-heteroarenes and carbocyclic rings together opens a broad
avenue to construct new TBNDI-based electron-transporting
systems.

2.6 Bis-TBNDI core analogues

Bis-TBNDI analogues composed of two NDI cores are seldom
reported, due to the rigorous requirement of elaborated mole-
cular design and synthetic routes. Only a limited number of
representative examples with core-expanded heterocyclic rings
and red-to-NIR absorptions are summarized here. According
to different synthetic routes, these examples are separated into
two parts: one type is to carry out unilateral annulation first
before the formation of bis-TBNDI systems, and the other is to
construct bis-TBNDI systems first, followed by lateral
annulations.

2.6.1 From lateral annulation to bis-TBNDI. In Scheme 9,
asymmetric bilateral S-containing annulation compound 97
was readily prepared by the one-step SNAr reaction in 34%
yield. A brominated intermediate was conveniently formed in a
yield of 88% via treating 97 with Br,. However, the bis-TBNDI
compound was failed to be obtained by the straightforward
oxidative coupling reactions with commonly-used synthetic
conditions, for instance directly reacting with distannane-
mediated reagents. Fortunately, bis-TBNDI compound 98 was
finally achieved in a good yield with the aid of catalysts Pd
(OAc), and 'Pr,EtN in DMF. Besides, the model molecule 98
showed nonplanar molecular backbones with the intra-
molecular dihedral angle of 123°, calculated on the Gaussian
09 program at the B3LYP/6-31G(d,p) level. Such twisted mole-
cular backbone structures endowed the bis-TBNDI derivatives
with good solubility in organic solvents.*** Another work is to
incorporate different end-capped groups at compound 18 pre-
cursor. By the reaction of one-side bromination and then
Suzuki-Miyaura cross-coupling, intermediates 99, 100, and
101 were achieved in good yield. The three compounds were
further modified to afford the corresponding bis-TBNDI
derivatives 102, 103, and 104 through vinyl C-H/C-H homo-
couplings in high yields of 85-94%. All the dimeric products

3010 | Org. Chem. Front., 2020, 7, 3001-3026

exhibited broad optical absorptions with narrow bandgaps
and low-lying LUMO energies, revealing potential applications
for ambient stable organic electronic devices.*’”

2.6.2 From bis-TBNDI to lateral annulation. Seven-ring-
expanded bis-TBNDI intermediates and 9- or 11-membered
D/A derivatives have been reported in recent years. Zhao et al.
found that a 1:1 condensation happened between TBNDI and
benzene-1,2,4,5-tetraamine at 35 °C. Only when the reaction
temperature was raised to 80 °C, seven-ring-expanded bis-
TBNDI intermediate 105 could be prepared as a deep green
solid. Intriguingly, compound 105 containing a tetramine skel-
eton had a planar structure with NIR J-aggregation behaviors
in aliphatic solvents.®* Only benzenoid-type product 106 was
identified using NMR spectra after its oxidation. Moreover, 105
and 106 were hardly extended to larger m-conjugation back-
bones due to the deactivation of C-Br bonds with the introduc-
tion of electron-donating NH groups. To avoid this issue, a
new S-containing bis-TBNDI intermediate 107 was synthesized,
which could be smoothly converted into eleven-membered
compound 108 and nine-membered 109 by reacting with the
S-containing nucleophile.®® In contrast to intermediates 105
and 107, the intermediate 110 was constructed via a one-pot
tandem reaction, involving a primary SNAr attack and a
sequent metal-free C-C coupling reaction. Presumably, the
first introduced electron-donating NH moiety activated its
para-CH for the next intramolecular C-C coupling reaction.
This novel mechanism could explain the tandem process well,
which might be utilized to guide the synthesis of more
extended annulation based on the TBNDI core. Further
functionalization (oxidation and SNAr) of intermediate 110
proceeded to produce 111 and 112 under the respective con-
ditions, shown in Scheme 9. The quinoid-type compound 111
was swiftly reduced to intermediate 110 in a few seconds in
the presence of p-phenylenediamine in CHCl, at r.t.*®

2.7 Non-annulated TBNDI analogues

A majority of non-annulated TBNDI derivatives consisting of
mono-, di-, tri- and tetra-substitution have been invented as
distinctive TBNDA synthons. Similar to the annulation reac-
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Scheme 9 Synthetic routes of symmetric bis-TBNDI analogues and their core-annulations.

tions, non-annulated analogues could also be obtained by the
nucleophilic substitutions (i.e., N-, S-, or O-containing alkyl-
substitution) or Pd-catalyzed cross-coupling reactions (tetra-
aryl- and tetraethynyl-substitution). The site selectivity of the
above N-containing nucleophilic substitution reactions was
provided more advantages to build more TBNDI blocks.
Besides, some other functional strategies, such as dehalogena-
tion, halogen-exchange and cyano-substitution, are also con-
cisely summarized in this part.

2.7.1 Alkyl substitution. The alkyl-substituted TBNDI
derivatives have been efficiently synthesized by the nucleophi-
lic substitution reaction via utilizing alkoxy-, alkylthio-, or alky-
lamino-nucleophiles. In Scheme 10, the ring-closed compound
113 was produced by the reaction between TBNDI and ethylene
diamine at 135 °C or a microwave-assisted protocol.** Core-tet-
raamino-functionalized compound 114 could be obtained by
refluxing TBNDI and alkylamino nucleophiles together in

This journal is © the Partner Organisations 2020
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Compound 118: EtSH, K,CO3, CHCI3, 80°C,3.5h.

150 °C, 250 psi, 200 W, 10 min
or 135 °C, 30 min;

Scheme 10 Synthetic routes to alkyl substitution of TBNDI.
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Scheme 11 Synthetic routes to other non-annulated TBNDI derivatives.

toluene or DMF, or through the reaction between TBNDA and
alkylamino in a one-step process.>>?* Bilateral and unilateral
diamino-substitution products 115 and 116 were prepared
under modified reaction conditions with different equivalents
of nucleophilic reagents.®” Tetraethoxy-substituted compound
117 was available under the alkaline reaction conditions invol-
ving sodium ethanolate at r.t., while tetraethylthio-substituted
compound 118 was harvested in the presence of potassium
carbonate in chloroform at 80 °C.°® Furthermore, through the
reaction between n-donating sulfide 118 and excess m-chloro-
peroxybenzoic acid (mCPBA), the most n-acidic NDI derivative
119 with m-accepting sulfone groups and superior anion trans-
port activity could be formed.*

2.7.2  Aryl and heteroaryl substitution. Aryl and heteroaryl-
substituted TBNDI derivatives can be obtained through the
nucleophilic reactions or Pd-catalyzed Stille cross-coupling
reactions. The regioselectivity of nucleophilic substitutions
and the further formation of expanded annulations have
attracted a lot of interest. Wiirthner et al. found that the
diamino-substituted regioselectivity of TBNDI was greatly
influenced by the reaction solvents and additives in the pres-
ence of monodentate nucleophiles. For example, the existence
or not of fluoride anion additives in the SNAr reaction under
the same conditions gave different proportions of regio-
isomers. The reaction mechanism was speculated that the
deprotonated intermediate was formed by the reaction
between the monoamino-TBNDI intermediate and fluoride
anions, leading to the sequential regioselective attack to give
the preferential diamino-substituted product. On this basis,
unilateral dianiline-substituted compound 120 was achieved
with a high yield in the presence of tetrabutylammonium flu-
oride (TBAF) refluxing in CHCl; for 2 h. Compound 120,
similar to the annulated compound 43, held the potential to
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Reaction conditions:

Product 120: CHCI;, TBAF-3H,0, reflux, 2 h;

Product 122: CHCI,, reflux or toluene, 70 °C;

Products 124, 126: Pd(PPh;),, toluene, 90 °C, overnight;
Products 131, 132: Pd(PPh;),, toluene, reflux or Pd(dba),, PhsAs,
(o] toluene, reflux;

z

R 133, 135: Dip one drop water, 160 °C,
o N 16 h;
E Product 136: CsF, 18-crown-6, dry dioxane, reflux, 18 h;
2 j@: or KF, 18-crown-6, 200 °C, dry dioxane, microwave, 12 h;
F” S CN  Product 139: Pd,(dba)s, dppf, CuCN, dioxane, 55 °C, 40 h; PPh,;
07N Products 141, 142: Zn, HOAc, 90 °C;
1385 (9): Dioxane, r.t., 3 h; Oxidation: PbO,, rt., 2 h;

(h): THF, NaH, r.t., 24 h; Oxidation: PbO,, r.t., 2 h;
(i): CsF, MeCN; NOBF,, MeCN.

expand the n-conjugated skeleton via further modification, for
instance the formation of asymmetrical core-substituted com-
pound 121 as shown in Scheme 11.”° Bilaterally dianiline-sub-
stituted compound 122 was readily acquired through the regio-
selective nucleophilic substitution. The subsequent intra-
molecular arylation by C-C cross-coupling afforded the syn-iso-
meric five-membered heterocyclic compound 123.”*

The non-annulated tetraaryl-, tetraethynyl- or tetrathio-
phene-substituted Stille coupling reaction could proceed with
the Pd-catalyst, where the four substituents were restricted due
to the inevitable steric constraints. In contrast to the tetra-
thiophthene-substituted TBNDI derivatives synthesized from
TBNDA in Scheme 3, compounds 124 and 126 were originated
from a 4-fold Stille coupling of TBNDI synthon with the
respective yield of 63% and 56%, respectively. Light-blocking
bromination of compound 126 with NBS in DMF produced
compound 127 in 87% yield, followed by a 4-fold Suzuki coup-
ling reaction to give 128-130 in a quantitative yield. Ferric
chloride mediated oxidative cyclization of 124 was smoothly
performed to give 125 in 80% yield, while 128-130 failed to
complete the cyclization reaction even with the prolonged reac-
tion time, different loading amounts of oxidants, and various
reaction temperatures.”” The failures were speculated that the
as-formed radical cations might delocalize when the electron-
rich thienyl groups were introduced as the substituents, which
may lead to the deactivation of the radical cation, inter-
molecular coupling and chlorination. This result demonstrates
that the oxidation potential of the reactants has a significant
impact on the oxidative cyclization reaction. Moderate yields
(25%-54%) of 131 and 132 were obtained by refluxing dry
toluene with Pd(PPh;), or Pd(dba), and Ph;As as catalysts.
However, the copper(i)-catalyzed Sonogashira reactions
between TBNDI and phenylacetylene or trimethylsilylacetylene
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produced a complex mixture and a small amount (4-8%) of
the desired products.”?

2.7.3 Other designing strategies. As shown in Scheme 11,
some other modifications of TBNDI, such as tetraamino-sub-
stitution, halogen-exchange, tetracyano-substitution and deb-
romination, were also reported. SNAr substitution of TBNDI
with benzophenone imine happened at 150-160 °C to afford
133 in 59% yield, where an unexpected byproduct 135 was
observed with the addition of a drop of water. Compound 135
could also be prepared by direct hydrolysis of 133 in DMSO
with a drop of HCL.’* Tetraamino-substituted compound 134
(TANDI) was synthesized through further hydrolysis of 133
under mild conditions in 42% yield.”” As a rare type of NDA-
based p-type semiconductor, compound 134 acted as a promis-
ing building block to construct more abundant n-conjugated
0OSC materials.”® The tetrafluoro-substituted NDI precursor
(TFNDI) was synthesized from the TBNDI by halogen-exchange
reactions under the conditions of CsF (approximately 101 °C)
or KF and microwave heating (200 °C). TFNDI (136) was intrin-
sically unstable to water in refluxing dioxane during the reac-
tion due to the strong electron-deficient core. However, the
high reactivity of TFNDI ensured facile SNAr and subsequent
oxidation to give 137 and 138.”” Thus, more core-functionaliza-
tions based on the TFNDI precursor need to be exploited for
various m-expanded OSCs. Stepwise cyanation of TBNDI was
carried out to produce expectant mono-, di-, tri- and tetra-
cyano-substituted derivatives. However, it was difficult to
isolate tri- and tetracyano-substituted derivatives due to their
high sensitivity to moisture.”® Mukhopadhyay et al. illustrated
the first isolated tetracyano-substituted compound 140 and
anionic state 139 with PPh," ion-pairing, which were highly
stable to air and chromatography.”® Some dehalogenation reac-
tions of the above-mentioned annulated derivatives could also
happen with the catalysis of PbO, or Pd/C. Direct dehalogena-
tion on TBNDI with Zn powder catalyst took place in the mixed
solvent of isopropyl alcohol, HOAc and water. The regio-
selective reductive debromination afforded isomeric dibro-
mides 141 and 142, which could also occur under microwave
radiation.*® Further regioirregular polymerization of isomeric
dibromide mixtures could be achieved through Stille coupling
with organotin reagents and Pd-catalyst.”*

2.8 Polymerization from TBNDA

Although hundreds of conjugated NDI-based polymers and oli-
gomers have been investigated over the past few decades, most
of them were attained from DBNDI and its derivatives.'’
Syntheses of largely m-extended polymers from TBNDA or
TBNDA derivatives are rare due to the inevitable steric con-
straints and complex active sites in the presence of four
bromo-atoms. To address this issue, several synthetic method-
ologies have been exploited. As shown in Scheme 12, some
promising polymeric precursors synthesized from TBNDI are
listed. Compound 3 and its analogues with excellent solubility
can proceed a condensation reaction with diamino monomers
or benzenetetramine. Addition polymerization can be per-
formed between compound 12 and styrene monomer. Notably,
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Scheme 12 Promising polymeric precursors synthesized from TBNDI.

the commonly-used method is to transform the tetrabromo- to
dibromo-substitution NDI derivatives via SNAr with
S-containing reagent and then bromination, regional dehalo-
genation or cyano-substitution, giving polymerization precur-
sors 32, 141, 142 and 143.%°

3. Optoelectronic properties and
applications
3.1 OFET devices

3.1.1 Molecular structure strategy. The development of
high-performance ambient stable n-type OSCs for OFETs has
made significant progress over the past few decades.’
Numerous functionalized NDA-based n-type OSCs have been
designed for air-stable n-channel OFETs.**® As an essential
branch of NDI derivatives, TBNDI emerged as a promising
building block to construct abundant OSC materials for high-
performance solution-processed OFET devices.***° It has been
known that the unfunctionalized NDI exhibited high electron
mobilities of 6.2 cm® V™' s™" in an argon atmosphere, but low
electron mobilities in air.** Similarly, for some of the TBNDI
derivatives (e.g., compound 60) cannot meet the requirement
in OFETs because of their sensitivity to air and water caused
by their high LUMO energies. To address this issue, the
rational molecular design based on TBNDA is expected to
obtain low-lying LUMO energies. A majority of molecular struc-
ture strategies and methodologies have been discussed in
section 2. To the best of our knowledge, by introducing strong
electron-withdrawing groups (e.g., F, CN, fluoroalkyl groups) at
the longitudinal N-position of the imide or lateral NDI core,
stable n-type OSCs with low-lying LUMO energies can be
achieved. In another way, the conjugated NDI framework
incorporated electron-donating groups (e.g., carbazole, thio-
phene groups) can regulate the HOMO/LUMO energies to
afford ambipolar and p-type semiconducting
properties.*>*®”>7% In general, the intrinsic energy level of
TBNDI derivatives, particularly the LUMO energy level, is
closely related to the air-stable electron injection and trans-
port. It has been proven that the LUMO energy levels of the
OSCs below —4.0 eV, precisely ranging from —4.3 to —4.4 eV,
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Table 4 Optical bandgaps (Eg). energy levels, and OFET performance of different TBNDI derivatives
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E, HOMO LUMO Deposition & treatment Helpin Measurement
Compound (eV) (eV) (eV) process (em®>Vv~'s™h conditions Ref.
17 (R = 2-decyl-tetracosyl) 210  — —4.30 Spin-coating & annealing 180 °C 0.15/— In air 41
17 (R = 2-octyl-dodecyl) 2.00 — —-4.30 Spin-coating & annealing 180 °C 0.51/— In air 41
17 (R = 2-octyl-dodecyl) 2.00 — —4.30 Spin-coating & annealing 3.5/— In N, or air 88
17 (R = 2-octyl-dodecyl) 2.00 — —4.30 Spin-coating 1.2/— In air 89
17 (R = 2-octyl-dodecyl) 2.00 — —4.30 Dip-coating 0.005/— In air 90
19 (R = 2-octyl-dodecyl) 250  —6.60 —4.10 Spin-coating & annealing 120 °C 0.0014/— In air 44
23 1.73 —5.66 -3.93 Spin-coating & annealing 120 °C 0.0026/0.0029 In N, or air 46
24 1.82 —5.73 -3.91 Spin-coating & annealing 140 °C 0.047/0.016 In N, or air 46
25 1.51 —6.17 —4.02 Spin-coating & annealing 180 °C 0.05/— In air 47
26 (R = butyl) 0.80 5.1 —-4.30 Spin-coating & annealing 160 °C —/0.31 In air 48
27 2.00 —5.80 —-3.80 Spin-coating 0.027/— In air 44
28 (R = hexyl) 0.9 —5.00 —4.10 Spin-coating & annealing 160 °C 0.003/0.03 In air 48
29 (R = 2-octyl-dodecyl) 240  —6.80 —4.40 Spin-coating & annealing 80 °C 0.018/— In air 44
30 1.66 —5.88 —4.22 Spin-coating & annealing 120 °C 0.22/— In N, or air 46
31 1.66 —5.89 —4.23 Spin-coating & annealing 120 °C 0.05/— In N, or air 46
33 1.49 —5.94 —4.23 Spin-coaling & annealing 120 °C 0.37/— In air 49
34 1.56 —5.93 -4.15 Spin-coating & annealing 160 °C 0.24/— In air 49
35 1.70 —5.56 -4.17 Spin-coating & annealing 120 °C 0.10/— In air 49
36 1.52 —5.82 —4.25 Spin-coating & annealing 120 °C 0.38/— In air 43
37 1.15 —5.63 —4.29 Spin-coating & annealing 120 °C 0.08/— In air 43
40 1.61 —6.24 -3.93 Spin-coating & annealing 170 °C 0.04/— In air 47
55 1.99 —6.29 —4.30 Spin-coating & annealing 150 OC 0.002/— In N, 53
59 2.01 —6.54 —4.53 Spin-coating & annealing 150 °C 0.005/— In N, 53
62 2.38 —6.83 —4.45 Dip-coating 0.03/— In air 54
73 1.42 —4.98 —3.56 Spin-coating & annealing 140 °C —/0.02 In air 57
74/76 2.38 —6.37 -3.99 Spin-coating & annealing 160 °C 0.15/— In air 58
75177 2.24 —6.22 -3.98 Spin-coating & annealing 160 °C 0.071/— In air 58
90 (R = 2-octyl-decyl) 115  —-5.56 —4.41 Single-crystal 2.17/0.30 In air 63
98 1.7 — —4.25 Spin-coating & annealing 0.1/— In air 40
108 — —5.08 —4.05 Spin-coating 0.02/0.01 In air 65
109 — 5.10 —4.49 Spin-coating 0.0002/— In air 65
110 1.09 —5.27 —4.35 Spin-coating & annealing 0.007/— In air 66
112 0.99 —5.30 —4.72 Spin-coating & annealing 0.96/— In air 66
125 1.64 —5.62 -4.10 Spin-coating & annealing 90 °C 0.00074/0.0009 In air 72
134 — —4.87 -3.18 Spin-coating & annealing 80 °C —/0.000082 In air 75
134/135 (mixed molar ratio 1: 3) — — — Spin-coating & annealing 80 °C 0.01/0.001 In N, or air 75
136 (R = hexyl) — —-7.03 —-3.85 Vacuum deposition at 100 °C 0.02/— In air 77

are most suitable for the air-stable OFET devices.

86,87

Systemic
molecular designs have been performed to figure out the
relationship between the D/A structures and the corresponding
optoelectronic properties. Optical bandgaps, energy levels, and
OFET characteristics (ue/in, electron mobility/hole mobility)
are summarized in Table 4. In this principle, more and more
TBNDI-based compounds with low-lying LUMO and stable
architectures have been designed and synthesized for high-per-
formance OFETs.

3.1.2 n-Type TBNDI-based OSCs. A majority of n-type small
molecules synthesized from TBNDA have been developed as
superior contenders for OFET devices. For instance, Zhu and Gao
et al. have reported various malonitrile-based NDI derivatives with
different substituted side chains and branching positions, such as
compounds 17, 33, 98, etc. This strategy not only improves inter-
molecular n-x stacking, but also lowers the LUMO energies. Fig. 1
displays the HOMO and LUMO of the representative compounds
17, 110, 112, 108, and 109. It can be seen that good electron delo-
calization states could form by rational molecular design. Thus,
air-stable charge carrier transport behaviors could be successfully
achieved. To further investigate the relationship between structural

3014 | Org. Chem. Front, 2020, 7, 3001-3026

factors and charge transport properties through the measurement
of the OFET performance, they found that the length and branch-
ing positions of alkyl chains effectively affected the intermolecular
packing, crystallinity, and thin-film morphology, which may lead
to variable semiconducting properties. For the OFETs based on
bilateral S-containing annulation 17, the improved lamellar order-
ing and crystallinity with the increasing annealing temperature
were responsible for the superior electron mobility of 0.51 cm® V™"
s~ and high current on/off ratios of 10°-10”.*" The derivative of
compound 17 with three-branched N-alkyl substituents of C;; 6 (R
= 2-octyl-dodecyl) exhibited an unprecedented electron mobility of
3.50 ecm® V' s7.5%% Some other TBNDI-based small molecules
for n-type or ambipolar transport behavior are summarized in
Table 4. For n-type pure electron polymers, most of their bottom
gate OFET devices generally exhibited mobilities <0.3 ecm® V' 57",
However, Gao et al. reported that compound 36 showed unipolar
n-channel charge transport with an electron mobility of 0.38 cm?>
V™' s7', an on/off current ratio of 10° and a threshold voltage of
—4.32 V, which was superior to most of the n-type polymers.*®

3.1.3 p-Type and ambipolar TBNDI-based OSCs. Till now,
only a few cases of core-extended NDI derivatives have been

This journal is © the Partner Organisations 2020
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Fig.1 HOMO and LUMO orbitals of the representative compounds 17,
110, 112, 108, 109. Reproduced with permission.** Copyright 2010,
American Chemical Society. Reproduced with permission.®® Copyright
2016, Royal Society of Chemistry. Reproduced with permission.®
Copyright 2019, American Chemical Society.

reported to exhibit p-type (hole) transport properties. In 2011,
Wiirthner et al. reported the first p-channel transport of core-
carbazole-annulated NDI with branched alkyl chains. The
HOMO and LUMO levels were calculated to be —3.73 and
—5.91 eV. By measuring the output and transfer characteristics
of this compound in ambient air on Si/SiO, (100 nm)/AlO,
(8 nm)/SAM (a fluoroalkyl phosphonic acid (FC18-PA) self-
assembled monolayer), a p-type behavior was observed with a
field-effect mobility of 0.56 cm® V™' s7*, vanishingly small elec-
tron mobility and an on/off current ratio of 10°. Further inves-
tigation manifested that ambipolar properties could be
obtained with the hole mobility of 0.03 cm®* V™' s™" and an
electron mobility of 0.02 cm® V™' s™" on a different dielectric
architecture (Si/Al (20 nm)/AlO, (3.6 nm)/SAM) with a different
SAM layer (FC18-PA or an alkyl phosphonic acid (HC14-PA)
SAM). The outstanding p-type transport behavior could be
explained by its structural features, which was in favor of inter-
molecular HOMO overlapping by the stacking modes of the
extended m-core.”®® Inspired by this concept, ambipolar OSC
compound 125 was designed and synthesized. It was found
that compound 125 based OFETs exhibited n-type behavior
under a N, atmosphere with an average electron mobility of
4.83 x 107 em® V™' 57" and the on/off current ratio of 5 x 10°.
However, the device exhibited typical ambipolar feature in air
with a mobility of 7.4 x 107 for electrons and 9.0 x 10~* cm?
V™' s7" for holes and the on/off current ratio of 10°-10%
Zhang et al. reported D/A compound 26 as a p-type semi-
conductor and compound 28 as an ambipolar semiconductor.
Compound 26 showed the best hole mobility of 0.31 cm® V™"
s~! and on/off current ratio of 10* after annealing at 160 °C,
whereas compound 28 exhibited the respective mobility of
0.03 and 0.003 cm® V" s~ for holes and electrons in air after
annealing.*® Moreover, compound TANDI (134) behaves as a

4 72
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p-type semiconductor with a high HOMO energy (4.87 eV) and
a low hole mobility of 8.2 x 107> ecm® V™' s7'. In order to
enhance the performance, an efficient strategy was proposed
that blending compounds 134 and 135 to form D-A complexes
could improve ambipolar charge-transport behavior. The
results showed that when the mixed molar ratio reached 1: 3,
the best performance was achieved with individual electron
and hole mobilities of 0.01 and 0.001 cm® V' s~ respect-
ively.”* Further studies on D-A complexes and novel p-type or
ambipolar air-stable OSCs are needed to develop TBNDI-based
high-performance OFET devices.

3.1.4 OFET device manufacture. Besides the molecular
structural design, device fabrication conditions (spin-coating
or vacuum evaporation), the treatment process (annealing
time and temperature), and the thickness and morphology of
ultrathin films and electrodes all act as significant factors for
the OFET performance. Pei et al. designed and synthesized the
bis-TBNDI derivatives 110 and 112. It was noticed that 112
revealed high sensitivity to the annealing temperature. Its elec-
tron mobility can be modified from 0.12 to 1.0 cm* V' s7*
with the increased annealing temperature from 100 to 250 °C.
The desired performances with low threshold voltages of —5 to
0V can be obtained at the optimized annealing temperature.®®
Gao et al. found that the OFET properties of a compound 17
derivative (R = 2-octyl-dodecyl) can be affected by the working
electrodes. A lower contact resistance can be generated
between the Ag-source/drain electrodes and the Ag-source/
drain electrodes affording a higher electron mobility of
0.51 cm? V' s7!, while Au-contact devices exhibited satisfac-
tory operating stability under ambient conditions.*!
Furthermore, precise thin-film thickness was controlled by
depositing OSC materials on OTS-modified SiO, surfaces.
Mono- and bi-layer thin-films of compound 17 derivatives were
prepared and applied in OFET devices, which showed that the
defined few-layer films demonstrated a decent electron mobi-
lity up to 1.2 ecm® V™' s7.%° Additionally, morphology engineer-
ing and molecular ordering also play a crucial role in influen-
cing their OFET performances.”’ For example, the ultrathin
film of compound 17 (R = 2-octyl-dodecyl) fabricated via the
dip-coating method exhibited a much lower electron mobility
of 0.005 cm® V' 57" than the reported value, which was par-
tially attributed to the lower molecular ordering.”® Thus,
research on efficient film-preparation and morphology-control-
ling techniques proves to be an appealing topic for OFET
applications.

3.2 Fluoride sensor

The sensing and recognition of ions have been studied for
several decades in supramolecular and biological chemistry
based on several driving forces (i.e., classic hydrogen-bonding
and electrostatic interactions).”> Notably, the selectivity and
sensitivity are two dominant criteria to evaluate anion
chemosensors.”*” Core-substituted TBNDI derivatives are
considered as ideal materials for sensors due to their excellent
spectroscopic and electrochemical properties. In Fig. 2a, the
unilateral N-heterocyclic compound 42 with a functionalized
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Fig. 2 (a) Anion sensor structure illustrating where the anion binds. (b) Sensing capability with color changes upon addition of 3 eq. of anions (F~,
H,PO4~, AcO™, CL~, Br~, I7, HSO,4™ as their tetrabutylammonium salts) to compound 42 (1 x 10™* M in chloroform). Reproduced with permission.>?
Copyright 2009, American Chemical Society. (c) Anion sensor structure illustrating the recognition of fluoride via an ICT effect. (d) Color changes
upon the addition of 5 eq. of anions (as their tetrabutylammonium salts) to compound 41 (1 x 10~° M in chloroform). Reproduced with permission.>*

Copyright 2015, Elsevier.

disulfonamide group was designed as a sensor receptor. When
different tetrabutylammonium salts (3 eq.) containing
different anions (i.e., F~, H,PO,~, AcO™, CI7, Br™, I'", or HSO,")
were added to the CHCI; solution of 42, respectively (Fig. 2b),
compound 42 was found to display a high selectivity to fluor-
ide, demonstrating the viable application in colorimetric F~
sensors. To explore the detection mechanism, UV-Vis, fluo-
rescence, electrochemistry, "H NMR spectroscopy and DFT cal-
culations were performed to monitor and quantify the fluor-
ide-induced spectral changes with different anion proportions
and solvents. In addition, compound 47 was employed as a
contrast test, where no change was observed after adding the
same anions, manifesting that the fluoride detection had no
connection with the protons in the NH groups or anion-n
interactions. After analyzing these results, a deprotonation
mechanism was proposed in Fig. 2a. The addition of the first
F~ ion realized the formation of an H-bonded complex, fol-
lowed by the deprotonation of the bis-sulfonamide with the
second F~ ion, leading to the creation of HF, . The deprotona-
tion process could be reversed by adding polar protic solvents,
such as CH;0H or EtOH.>> Compound 41 was also reported to
possess high selectivity and sensitivity for fluoride over other
anions (i.e., AcO”, HSO,™, Br~, CI7, I, ClO,”, H,PO,”, and
NO;"), as shown in Fig. 2d. The possible detection mechanism
is shown in Fig. 2c. It was speculated that the H-bonding inter-
action and subsequent deprotonation happened between the
NH moiety and the firstly-added F~ anion. The interaction
between excess F~ anions and the remaining NH moiety
induced the delocalization of negative charges over the mole-

3016 | Org. Chem. Front., 2020, 7, 3001-3026

cule, which created an intramolecular charge transfer (ICT)
effect.”’ Furthermore, Zhu et al. proposed a new detection
mechanism based on compound 20 that the observed para-
magnetic radical anions and the ICT process from F~ to NDI
core dominated the F~ anion sensing. However, the radical-
anion-ICT mechanism remains unintelligible and requires
intensive research.’ The sensing behaviors of 133 in organic
and aqueous solutions has already been investigated.
Compound 133 could act as an efficient F~ anion sensor in the
organic solution due to the existence of NH fragments.”* From
the above results, it can be concluded that N-heterocyclic
TBNDI derivatives are well suitable for anion sensing appli-
cation. More modified TBNDI-based compounds should be
considered as promising candidates for the detection of
different anions or metal cations (i.e., F~, Cl~, I", Hg", Cu®")
and other applications (e.g., anion transport and purification).
More importantly, the specific mechanisms of ion detection
are required to be figured out in the future.

3.3 Molecular self-assembly

The controllable micro- and nano-scale assemblies of organic
conjugated materials (including NDI analogues) via self-assem-
bly have been widely investigated in sensors, catalysis and elec-
tronic devices.”®* %> For example, some non-halogenated NDA
derivatives presented intriguing self-assembly behaviors due to
their abundant crystal form and numerous polymorphic
transitions.'®'®" For example, dibromide-substituted NDA
derivatives with rational molecular modification could also
achieve diverse self-assemblies by strategically tailoring non-

This journal is © the Partner Organisations 2020
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Fig. 3 (a) Molecular structures of NDI-4N-alkyl and the respective SEM
micrographs (A-D) revealing the formation of supramolecular nano-
structures. Reproduced with permission.°® Copyright 2014, Wiley-VCH.
(b) Molecular structures of NDI-4NPh-alkyl and NDI-4NPh-mTEG and
the respective SEM micrographs (A—C) revealing the formation of supra-
molecular nanostructures. Reproduced with permission.''® Copyright
2013, Royal Society of Chemistry. (c) Molecular structure of a dendro-
nized TBNDI derivative functionalized with the semifluorinated group
(NDI-mF), and the electron density map overlaid with the schematic rep-
resentation of the column structure for the low-temperature ®h'® phase
and the high-temperature ®h°. Reproduced with permission.'*?
Copyright 2014, American Chemical Society.

covalent interactions such as H-bonds, hydrophobic inter-
actions, intermolecular n-n stacking, ionic and electrostatic
interactions, van der Waals interactions, etc. Thus, well-
designed functionalization at the longitudinal imide nitrogen
atoms and lateral halogen atoms of NDI and DBNDI provides
an efficient strategy to fulfill diverse self-assembly
methodologies.'®™'°® However, the research on functionalized
TBNDIs is inadequate to clearly understand the self-assembly
mechanism affected by lateral and longitudinal substituents.
Tetra-alkylamino-substituted compounds NDI-4N-alkyl with
different alkyl chain lengths (CgH;7, C1,Hss5, and C;6Hss) were
synthesized to investigate self-assembly behavior. As shown in
Fig. 3a, a variety of well-defined nanoarchitectures, such as
nanorods, vesicular, belts, twisted ribbons and donut-like mor-
phologies, were produced via solvophobic control, which was
mainly attributed to the packing mode of hydrophobic alkyl
chains and the n-n stacking interaction of the TBNDI core."
Examples of self-assembly of the bilateral alkyl-annulated
TBNDIs are shown in Fig. 3b. The bilateral core-annulation
TBNDI derivatives with long alkyl chains (NDI-4NPh-alkyl) or
methoxytriethyleneglycol ~(NDI-4NPh-mTEG) could form
various controllable nanostructures (including tubular nano-
fiber, donut-, needle-, flake- and leaf-like microstructures) by
solvophobic control.''® Similarly, the unilateral alkyl-annu-
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lated derivatives self-assembled into wormlike nanostructures,
while mTEG-annulated derivatives self-assembled into multila-
mellar vesicular aggregates with a defined diameter.’®''! A
series of compound 17 derivatives with chiral racemic semi-
fluorinated groups and AB;-type minidendrons (m = 1, 2 or 3)
were reported for supramolecular assembly. The TBNDI deriva-
tives with a semifluorinated group and dendron alkyl units (m
= 2) self-organized in lamellar crystals via a thermodynamically
controlled process. The dendronized TBNDI derivative (m = 1)
self-organized in lamellar crystals via a kinetically controlled
process. Besides, the dendronized TBNDI derivative with m = 3
thermodynamically self-organized in a columnar hexagonal
periodic array with an unprecedentedly complex and ordered
column, that is, a columnar hexagonal lattice (®h®) at low
temperatures and a superlattice at high temperatures (®h®") in
Fig. 3c. Although thermodynamically controlled processes
dominated both assemblies and periodic arrays of TBNDI
derivatives with m = 3, no first-order phase transition could be
observed.""” Therefore, supramolecular nanoarchitectures and
rigorous methodologies of TBNDI derivatives should be elabo-
rated for a better understanding of self-assembly behavior.

3.4 Other applications: gas sensors, self-colored
nanoparticles, J-aggregation behaviors and stable radical
anions

The elaboration of TBNDI-based OSCs has attracted tremen-
dous interest in their applications in other fields, including
gas sensors, the formation of radical anions, self-colored nano-
particles, and J-aggregation behaviors. As shown in Fig. 4a, a
specific and reproducible OFET-based gas sensor was devel-
oped with the electron-deficient TBNDI-derivative (compound
17) as the receptor element. The operation of this device
involved the process of gas adsorption, reacting with the active
layer, and then the change in charge transport. The chemical
reactivity of the receptor molecules plays a vital role in sensing
performance. Specifically, the non-covalent interactions or
chemical reactions between the analytes and active layer could
affect the carrier density and/or charge transport in the con-
duction channel, which can be monitored by the electrical
signal on OFET devices. As a result, specific and reproducible
gas-phase (HCl, NO,, and NHj;) detection has been realized."*?
Fig. 4b displays the fabrication of self-colored nanoparticles by
mini-emulsion copolymerization between styrene monomer
and TBDA derivatives (compounds 12 and 15). The as-obtained
self-colored nanoparticles could act as the protein solid for
application in diagnostic fields, e.g., latex agglutination assay
or lateral flow immunochromatographic assay.>’ Furthermore,
some other essential properties of TBNDI-based materials have
been explored, such as intermolecular redox doping, near-
infrared J-aggregation behavior, ambient stability of the radical
anion, and so on. The intensive comprehension of the ener-
getic prerequisites for electron transport may guide the
rational design of TBNDI derivatives with the controllable con-
ductivity through self-doping, which could be applied in
organic thermoelectric devices."* In Fig. 4c, well-defined near-
infrared J-aggregation behaviors of 105 and 106 elucidated
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Fig. 4 (a) Molecular structures of the n-type TBNDI derivative and p-type pentacene, and a schematic diagram of the device structure and sensing
mechanism. Reproduced with permission.™* Copyright 2014, Wiley-VCH. (b) Preparation of self-colored nanoparticles containing TBNDI derivatives.
Reproduced with permission.?° Copyright 2011, Elsevier. (c) Schematic representation of the proposed packing motifs of the studied bis-TBNDIs and
absorption (solid) and emission (dash) spectra (1.0 x 107® M) in CHCls (green and pink) and n-hexane (red and blue). Reproduced with permission.®*
Copyright 2014, American Chemical Society. (d) Structure of compound 140 and its radical anion compound 139 stabilized by supramolecular inter-
actions. ESP (electrostatic surface potential) maps of compound 140 (left) and its radical anion (right). ESP contours are color-coded from red (elec-

tron-rich) to blue (electron-deficient). Reproduced with permission.”® Copyright 2018, Wiley-VCH.

specific queries, appealing to more applications such as
organic photovoltaics (OPVs), heat-blocking coating, optical
filter, information-security display, and so on.®® In Fig. 4d, tet-
racyano-TBNDI and its radical anion stabilized by supramole-
cular interactions were first isolated as planar radical ion
systems. Anion-n interactions, and magnetic and conductive
properties of TBNDI n-systems are attractive for anion reco-
gnition and transport, ionic assembly in the radical anions,
medicinal and materials chemistry, and switchable
electronics.”®

3.5 Promising applications: thermoelectric devices, and
resistive memory devices

Although these TBNDI derivatives have the features of a
n-conjugated framework, an impressive LUMO energy level
and a good ability, these OSC materials still remain in an
inadequate development stage. In order to exploit more appli-
cations, here, some of the promising applications are pro-
posed, such as thermoelectric and resistive memory fields. As
we have known, organic thermoelectric materials (OTEs) have
achieved considerable progress in the past few decades, which
realize the heat-electricity conversion from solar energy or
waste heat. Most of the OSC-based thermoelectric (TE) devices
require optimal architectures of n- and p-type OSCs and
dopants to control the charge carrier for high electrical con-
ductivities and Seebeck coefficients."'> Some NDI-based
polymer fused thiophene or thiazole groups have been suc-
cessfully applied to TE devices with high electrical conductivity
and stable thermoelectric response.''® However, till now, most
of the TBNDI derivatives have not received adequate attention
in TE application. Few examples of compound 17 derivatives

3018 | Org. Chem. Front., 2020, 7, 3001-3026

have been reported.’'” Analogously, organic resistive memory
devices (ORMDs) have emerged as a potential contender to
realize ultrahigh-density data storage in the near future. A
variety of functional D-A conjugated OSC materials have been
developed.® However, the long-term stability of the fabricated
device remains as one of the obstacles in the way to practical
application. Thus, we expect these TBNDI derivatives to be
applied in ORMDs for anticipated performance.

4. Conclusions

In this review, we focus on the recent progress in the synthetic
strategies of TBNDA derivatives and their applications. The key
synthetic strategies and rational molecular design are eluci-
dated in a precise and complete way, where esterification,
longitudinal imidization and direct core-functionalization of
TBNDA are the primary approaches to produce different syn-
thons (e.g., TBNDI, TBNDE, TBNDF). In particular, TBNDI
derived from TBNDA has been recognized as the most versatile
intermediate for further annulated or non-annulated modifi-
cation on the lateral TBNDI core. The electron-deficient TBNDI
with tetrabromo-substituents ensures efficient stepwise SNAr
reaction with electron-donating S-, N-, O-containing nucleo-
philes. Moreover, polyacene and heterocycle-fused polyacene
analogues are feasible to be prepared through the SNAr and
metal-catalyzed cross-couplings reactions. In particular,
dimers, oligomers and polymers are discussed to form a meti-
culous summary. Besides, many other reactions such as con-
densation, bromination, dehalogenation, halogen-exchange,
oxidation and reduction could also be conducted in TBNDA/
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TBNDI-based derivatives, where these materials could be
classified as unilateral and bilateral annulation compounds,
non-annulated tetra-substitution materials, and selective sub-
stitution products.

Motivated by the advantages of diverse molecular design,
ambipolar nature, intensive absorption in the NIR region, out-
standing m-acidity and low lying LUMO levels, etc., various
potential applications are also presented. High-performance
ambient-stable n-type, p-type and ambipolar TBNDI-based
OFETs have been fabricated with the electron mobility ranging
from 10" to 3.5 ecm® V' 57! and the hole mobility ranging
from 107 to 0.3 cm® V™! 571, Systemic molecular designs have
been discussed to figure out the relationship between the D/A
structures and the corresponding optoelectronic properties. It
has been found that stable n-type OSCs with low-lying LUMO
energies can be readily fabricated by incorporating strong elec-
tron-withdrawing groups, whereas p-type OFET behavior could
be obtained with the introduction of electron-donating groups
at the longitudinal N-position of imide or the lateral NDI core.
However, ambipolar OFET performance can be realized by
adjusting the experimental conditions. On the other hand, the
formation of proper D-A complexes by the blending method is
also deemed as an efficient strategy to improve ambipolar
charge-transport behavior. Furthermore, the device fabrication
conditions, the treatment process, and the thickness and mor-
phology of ultrathin films and electrodes have been taken into
consideration. Some other applications, such as fluoride
sensors with high selectivity and sensitivity, supramolecular
self-assembly and polymorphic transitions, OFET-based gas
sensors, stable radical anions, self-colored nanoparticles and
NIR J-aggregation behaviors, are also investigated in depth.

However, a lot of challenges still remain in the way to
develop TBNDA derivatives and expand their applications: (1)
additional synthetic strategies and molecular design to con-
struct more tailored TBNDA-based small molecules and poly-
mers are highly desirable for diverse potential applications; (2)
an intensive comprehension of structure-property relation-
ships to obtain better electronic properties or self-assembly
behaviors is urgent; and (3) although some of the TBNDI
derivatives have been demonstrated to exhibit excellent elec-
tron mobility, there is still plenty of room left to explore the
possibilities of the applications of these materials in a broad
range of fields, such as catalysis, biomedicine, diagnosis, solar
cells, OPVs, thermoelectric devices, resistive memory devices,
and so on.
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