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Conjugated small molecules bearing the cyano group were reviewed. These organic compounds are
extensively used as active layers of solar cells and light-emitting diodes as well as materials with high
second- and third-order nonlinearities. Typical organic light conversion agents are also based on CN-
capped m-conjugated scaffolds that, in addition, are also increasingly popular for building various organic
sensors and probes. More recently, cyanoarenes and dicyanopyrazines were identified as efficient

photoredox catalysts. Fundamental structure—property relationships of CN-capped molecules used
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Accepted 18th January 2023 across the aforementioned areas were elucidated and discussed. The cyano group possessing electron
withdrawing character and linear arrangement is capable of significantly altering electronic and optical
DOI: 10.1039/d2ta09699d properties, and supramolecular arrangement. Hence, extensive property tuning/regulation through the

rsc.li/materials-a CN group has been demonstrated.
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Cyano group as a part of small
conjugated molecules

The cyano (C=N) group bearing both C and N atoms in sp-
hybridization is a popular substituent considered a powerful
electron-withdrawing moiety with high substituent constants
(Hammett o, = 0.66; Pytela ¢’ = 0.525)." The cyano group
possesses negative inductive and mesomeric effects, and the
C=N bond is highly polarized, which is sensitively reflected by
its characteristic stretching vibration in the infrared spectra
(~2200 cm™"). Hence, the CN group is tremendously used as
a linearly-arranged electron acceptor capable of (i) polarizing -
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conjugated systems, (ii) imparting intramolecular charge-
transfer (ICT) when interconnected to an electron donor, (iii)
creating an electron rich part of the molecule (due to —I/M
effects), (iv) reducing the LUMO level without altering the
HOMO, (v) narrowing the HOMO-LUMO gap, (vi) red-shifting
the longest-wavelength absorption maxima, (vii) providing
a coordination site for cations and electrophiles (via nitrogen's
lone pair), while (viii) the carbon is prone to a nucleophilic
attack.”> These fundamental properties impart organic CN-
functionalized semiconductors various exploitable features
such as red-shifted/wide absorption, intense and narrow lumi-
nescence, charge-transfer (CT) excited states with reduced
energy, low energy losses during CT, reduced electron trapping
effect, increased charge-mobility, etc.>® Hence, cyano-capped
compounds find wide applications across organic electronics
and related areas, including organic solar cells (OSCs), organic
light-emitting diodes (OLEDs), nonlinear optics (NLO), light
conversion agents, organic fluorescent probes, and photoredox
catalysis (Scheme 1). Fundamental structure-property rela-
tionships of CN-capped organic materials used across these
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Scheme 1 The main application areas of CN-capped organic mole-
cules covered in this review.

application areas will be discussed. The review does not intend
to exhaustively summarize all recent contributions but rather
demonstrate the property tuning on suitable examples.

Organic solar cells

In view of the current worldwide situation, energy seems to be
a very critical issue. Nowadays, about 85% of the energy is
produced from fossil fuels, whereas tidal, wind, biomass,
hydroelectric, and solar energy harvesting have undergone
rapid development.”® Despite their lower efficiency as
compared to inorganic counterparts, organic solar cells (OSCs)
represent an alternative technology with reduced material costs/
environmental pollution and facilitated manufacturing
process.'>™ In principle, organic photovoltaic cells are capable
of converting photons into electrons and supplying electricity
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due to an active organic layer. The used organic m-conjugated
materials are generally lightweight, low-cost, flexible, and can
be easily adjusted to absorb in the Vis region (HOMO-LUMO
gap tuning).>**** Bulk heterojunction (BHJ) solar cells utilizing
a polymeric donor and a fullerene acceptor have been the main
research focus in the recent period.”> Fullerene acceptors
possess extraordinary charge transport but also low absorption
coefficient, difficult purification, and limited property tuning.
Hence, non-fullerene acceptors (NFAs) are currently a rapidly
growing area of research with very promising preliminary
results, reaching power conversion efficiency (PCE) of up to
19%.%*-*® Small conjugated molecules that are easy to synthesize
and purify at a low cost, possessing tunable HOMO-LUMO gap
and high molar extinction coefficient, are a potential substitute
for fullerene acceptors. These organic semiconductors con-
taining CN group(s) will be the main focus of this review.

The simplest cyano-capped semiconductors used in OSCs
possess a terminal cyano group appended in a conjugated
position, acting as an electron acceptor. These push-pull
molecules showed pronounced optical properties and charge
mobilities. For instance, Ie et al. designed a series of simple -
conjugated compounds la-e based on CN-substituted benzo-
thiadiazole interconnected to variously N-substituted phthali-
mide moieties (Fig. 1, Table 1). It has been shown that
a combination of electron-deficient aromatic cycle and CN
group leads to a low-lying LUMO level, which is essential for
photovoltaic application.>® Shibata et al. synthesized two
benzothiadiazole-derived n-type materials 2a,b (Fig. 1) with two
terminal CN or CF; groups. Both derivatives were utilized in

HoCs. CaHo HeCs_ CaHo

\/ ?

Aty

Fig. 1 Small CN-substituted benzothiadiazole derivatives for appli-
cation in OSCs.

Table 1 Optoelectronic parameters of NFAs 1-5 based on cyano(-
hetero)arene/olefin

ACCEptOr Ama (nm eV ') E, (eV) Erumo (€V) Donor PCE (%) Ref.

la ca. 375/3.31 2.97 —3.48 P3HT 0.19 29
1b ca. 375/3.31 2.97 —3.47 P3HT 0.12 29
1c ca. 375/3.31 2.98 —3.48 P3HT — 29
1d ca. 310/4.00 2.95 —3.48 P3HT 0.32 29
1le ca. 315/3.94 2.94 —3.48 P3HT 0.28 29
2a 350/3.54 — —-3.33 P3HT 0.86 30
2b 335/3.70 — -3.30 P3HT 0.09 30
3 655/1.89 1.72 —3.90 P3HT 3.17 32
4 410/3.02 — —3.48 P3HT 1.86 33
5 693/1.79 1.66 —3.65 P3HT 2.37 35

This journal is © The Royal Society of Chemistry 2023
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organic photovoltaics, whereas the performance of a device
based on cyano-capped 2a was significantly enhanced. Deriva-
tive 2a bearing two CN groups showed improved crystallinity
and diminished carrier recombination and resistance.*

Sharma et al. prepared a symmetrical perylene bisimide (PBI)
derivative 3 with two cyano/nitro-substituted stilbene moieties
(Fig. 2). Compared with the devices based on five perylene
bisimide derivatives without CN groups as acceptor (they dis-
played a PCE of 1.92%, 3.11%, 2.54%, 1.54%, and 1.36%,
respectively),®* its electrochemical investigation indicated that
a device with a thermally annealed active layer of P3HT:PBI
blend possessed an enhanced PCE of 3.17%. Hence, the PBI 3
bearing the CN electron acceptor can effectively improve the
PCE by balancing the absorbance and the charge mobility of the
blend.** Fullerene-free small molecule based on fused ace-
naphthoisoindoledione 4 (Fig. 2) has been constructed by Zhou
et al.*® A blend of 4 as acceptor and P3HT donor provided the
PCE up to 1.86% in a solution-processed BH]J solar cell. Therein,
the introduction of electron-withdrawing CN group on the
fluoranthene-fused imide skeleton effectively tuned its LUMO
levels (around —3.5 eV), and optimized the open circuit voltage
(Voe) of the photovoltaic devices, making 4 a promising candi-
date as a new electron acceptor in BHJ photovoltaic cells. Most
notably, when the CN group in 4 was substituted for an
analogical and simple electron-withdrawing group (a methyl-
ester group), a new acceptor was yielded. Its blend with P3HT
only exhibited a relatively low PCE of 1.61% in the BH]J solar
cells.®*

Fluorene can be combined with diketopyrrolopyrrole (DPP)
units via 2,5-thienylene linkers as demonstrated by Li et al. in
oligomeric 5 (Fig. 2). As compared to previous small cyano-
capped molecules 1-4 (Table 1), this designed acceptor
possesses red-shifted absorption maxima, significantly reduced
HOMO-LUMO gap, deepened LUMO level, and good electron
mobility (up to 10~° em® V™" s~ "). A BHJ solar cell built on 5 and
P3HT showed PCE of 2.37%.%

Two geminal cyano groups attached to a m-conjugated
backbone via olefinic linker is well-known as dicyanovinyl
(DCV) moiety.* It is a tremendously popular electron acceptor
across organic dyes, chromophores, semiconductors, etc.,

Fig. 2 CN-capped perylene bisimide (3), acenaphthoisoindoledione
(4) and fluorene-DPP-CN (5) acceptors for OSCs.
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mostly due to its easy introduction via Knoevenagel condensa-
tion of an aldehyde and malononitrile. As compared to single
CN-substituted molecules, DCV-functionalization brings about
an enlarged m-system by an additional olefinic linker end-
capped by two CN groups. Hence, DCV-substituted
compounds possess bathochromically and hyperchromically
shifted absorption spectra, an important requirement for
photovoltaic devices.’” Central electron releasing carbazole
decorated by two benzothiadiazole acceptors further supported
by terminal DCV moieties allowed the construction of (A-A),-D
derivatives 6 (Fig. 3). Its use as an acceptor along with PCE10
polymeric donor in BH]J solar cell resulted in a device efficiency
reaching 5.3%. DCV-capped semiconductor 6 showed low-lying
LUMO (Table 2) and efficient ICT, while its rigid-planar struc-
ture enhanced intermolecular interactions and pronounced
carrier mobilities.*®

Duan et al. reported two analogous perfluorinated oligo-
thiophene derivatives 7a, 7b bearing five or seven thiophene
rings (Fig. 3). Despite Duan's research being primarily focused
on the fluorination effect, two terminal DCV moieties affected
the HOMO/LUMO levels of 7 and imparted general electron
deficiency. Hence, oligomers 7a, 7b were used as NFAs and
achieved PCEs of 4.5 and 1.8%, respectively (Table 2).*

Dicyanovinyl can be combined with other carbonyl-based
acceptors, such as indan-1,3-dione, to gain a strong electron-
withdrawing moiety - 1,1-dicyanomethylene-3-indanone (IC).
Besides the parent IC, 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile (FIC) is also often employed in
semiconductors. These planar acceptors red-shift the absorp-
tion maxima, reduce band gap, increase electron deficiency,
and enhance photovoltaic performance.**** Triphenylamine
(TPA) is very often used to construct star-shaped systems such
as 8a, 8b (Fig. 4) bearing three IC terminal acceptors and

_s, Cotr -
N1 NCBHWY gH17 N, IN

FF

7a,n=0
7b,n=1

F CgHy7 CgHyz  F

Fig. 3 Two representative examples of DCV-capped semiconductors
having (A—A),-D (6) and oligomeric (7) arrangement.
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9a, R'=R2=CgHyy

9b, R" = 2-ethylhexyl, R? = CgHy7

9¢, R' = R? = 2-ethylhexyl

9d, R' = 2-ethylhexyl, R? = 2-ethylhexyloxy

Fig. 4 The molecular structures of TPA (8)- and oligothiophene (9)-
based semiconductors bearing peripheral IC and FIC acceptors.

thiophene/bithiophene linkers. Their LUMO levels (—3.6 eV;
Table 3) are well-suited to accept electrons from P3HT donor
(—2.8 eV), and the 8a, 8b:P3HT blend showed promising
performance in flexible organic photovoltaic devices with PCE
up to 1.13% (8a). Furthermore, 8a has been reported to promote
an efficient charge extraction process while limiting charge
recombination at the interface.*

In contrast to odd-membered oligothiophenes 7 (Fig. 3),
Zhou et al. developed tetrathiophene (4T) semiconductors 9a-
d with two FIC acceptors (Fig. 4). Whereas the FICs affect mostly
optical properties, R' and R*> substituents along the 4T back-
bone allowed to effectively tune solubility, packing mode, film
morphology, and charge mobility. Derivatives 9a-d used as
acceptors along with PBDB-T/D18 donors afforded PCE up to
12.04% (Table 3).*

Subphthalocyanine core decorated with three peripheral (F)
IC acceptors (Fig. 5) with PBDB-T donor have been utilized in
OSCs by Hang et al., achieving the PCE of 4.69 and 3.80%,
respectively.” Compounds 10a, 10b showed extraordinary
broad absorption with the full width at half maximum
exceeding 260 nm and narrow optical bandgaps (~1.6 eV; Table
4). When comparing both derivatives, 10b bearing FIC acceptor
possesses deepened LUMO level and higher open-circuit voltage
(Voe = 0.81 V). Thiophene and selenophene were utilized as
linkers in ladder-type derivatives 11 (Fig. 5) bearing two IC
acceptors. A solar cell based on the 11:J51 blend afforded PCE of
8.6%.*

Enlarged seven-ring fused core of indacenodithieno[3,2-b]
thiophene end-capped with two IC acceptors is known as ITIC
12 (Fig. 6). It showed wide absorption, reduced energies of the
frontier molecular orbitals, good n-type charge mobility, and
miscibility with low band gap polymeric donors such as PTB7-
TH as well as suppressed self-aggregation of the central core

Table 2 Optoelectronic parameters of DCV-capped semiconductors 6, 7

Acceptor Amax (N eV ) Eg (eV) Erumo (eV) Donor PCE (%) Ref.
6 517/2.40 2.02 —3.64 PCE10 5.30 38
7a ca. 540/2.30 1.93 —3.48%—1.93° PCE10 4.50 39
7b ca. 555/2.23 1.81 —3.31%-1.76" PCE10 1.80 39

“ Calculated LUMO levels of 7a and 7b with B3LYP/6-31G(d,p). ° Calculated LUMO levels of 7a and 7b with wB97XD, respectively.
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Table 3 (F)IC-capped semiconductors and their fundamental properties

Acceptor Amax (nm eV ) Eq (eV) Erumo (eV) Donor PCE (%) Ref.
8a 575/2.16 1.93 —3.60 P3HT 1.13 43
8b 665/1.86 1.71 —-3.60 P3HT 0.86 43
9a 704/1.76 1.47 —4.09 PBDB-T 5.53 44
9b 654/1.90 1.54 —4.02 PBDB-T 9.09 44
9c 667/1.86 1.52 —3.98 PBDB-T/D18 10.15/12.04 44
9d 651/1.90 1.60 —3.86 PBDB-T 8.27 44

Fig. 5 The molecular structures of subphalocyanine and thiophene-
selenophene cores decorated with IC acceptor.

due to a twisted arrangement of the peripheral substituents. A
solar cell with 12:PTB7-TH blended film showed PCE of 6.80%
(Table 4).*

In order to broaden its light absorption and enhance the
photocurrent, the parent ITIC (12) has been subjected to various
further structural modifications. For example, Lu et al. have
prepared two new ITICs 13a, 13b (Fig. 6) bearing (di)methyl-
substituted IC units with slightly increased LUMO levels
(Table 4). This relatively minor structural tuning improved the
PCE of the OSC using 13a, 13b:PBDB-blend up to 12.05/
11.29%.* Further synthetic attempts (Fig. 6) were directed
towards the extension of the m-conjugated core by 2,5-thieny-
lene units (14) or introducing hexyl substituents in the position
2 of the appended phenyl rings (15), making the whole acceptor
more nonplanar. These structural features allowed obtaining
OSCs with the PCE around 10% (Table 4).*->°

Lin et al*® reported a new ITIC-inspired molecular acceptor
16 named IDIC (Fig. 6), which strongly absorbs within the
region of 500-780 nm, possesses a narrow optical bandgap (1.60

eV), and high electron mobility (1.1 x 107% em® V™" s7). It has
been used to construct OSCs along with various (polymeric)
donors (namely PDBT-T1, PTFBDT-BZS, PTZ1, and H11) with
the PCEs within the range of 8.06-9.73% (Table 4).>°-®

Indan-1,3-dione (IO) and 1,1-dicyanomethylene-3-indanone
(IC) were further utilized as parent scaffolds to study the
influence of end groups on NFA's performance (CN vs. CO). For
instance, Lin et al. have compared perylene diimide-fused
dithiophenepyrroles with the IO and IC end groups bearing
additional fluorine/chlorine atoms. The prepared large A-D-A-
D-A acceptors bearing peripheral IC groups afforded signifi-
cantly enhanced PCE up to 9.0%.%° Huang et al. have extensively
varied the IC moiety focusing on fused-ring electron acceptors
(FREAs). A large series of ITIC derivatives bearing variously
modified IC revealed facile modification of the HOMO/LUMO
levels and band gap as well as the realization of higher PCE in
organic photovoltaic cells with CN-substituted molecules.*® In
contrast, dichloroindan-1,3-dione I04Cl, similar to 12 without
CN groups (Fig. 6), showed an outstanding PCE of 26.1% as
measured under indoor illumination conditions (2700 K LED at
1000 lux).** However, a measurement at standard AM 1.5 G
conditions revealed diminished PCE = 9.80%. In summary, IC-
terminated NAFs may benefit from higher absorption coeffi-
cients, tailored HOMO/LUMO levels/band gaps, lower energy
loss, and effective charge transfer.

Dicyano rhodanine (mostly N-substituted) is another widely
used electron-withdrawing moiety with two geminal cyano
groups (DCV) and easy synthesis. As compared to the parent
rhodamine, dicyanorhodanine imparts higher ICT and makes
the m-conjugated system more electron deficient. Furthermore,
the dicyanorhodanine-based semiconductors show small
crystal domain size, uniform morphology, and smoother blend
film surface, which is advantageous for efficient charge

Table 4 Optoelectronic parameters of semiconductors bearing the IC acceptors

Acceptor Amax” (Nm eV ) Eq (eV) Erumo (eV) Donor PCE (%) Ref.
10a 629/1.97 1.68 —3.90 PBDB-T 4.69 45
10b 634/1.96 1.66 —4.06 PBDB-T 3.80 45

11 ca. 740/1.68 1.52 -3.79 J51 8.60 46
12 702/1.77 1.59 —3.83 PTB7-TH 6.80 47
13a 700/1.77 1.60 —3.98 PBDB-T 12.05 48
13b 692/1.79 1.63 —-3.93 PBDB-T 11.29 48

14 ca. 740/1.68 1.46 —3.82 PBDB-T1 9.12 51

15 ca. 700/1.77 1.58 —3.82 Je1 10.57 52

16 722/1.72 1.60 -3.91 See text 8.06-9.73 56-58

This journal is © The Royal Society of Chemistry 2023
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12,R = H (ITIC)

13a,R'=CH; R?=H R?
13b, R' =R%=CHj

14,n=1,R"=CgHy3 RZ=H g1
15,n=0,R"=H, R? = CgHq3

NCeN 16 (IDIC)
Fig. 6 ITIC family of small acceptors for OSCs.
"""" NC—ON
: X :
CeH1z—N
dicyano
. rhodanine O o}

N 7
N CioHaCroHz1 N\S’

N~ S,
s 17 N,
J  CeHis
C

Fig. 7 Dicyano rhodamine derived molecular acceptors.

transport and improved efficiency of organic photovoltaic
devices.*” For instance, a quadrupolar system 17 (Fig. 7) based
on a fluorene core, two benzothiadiazole linkers, and two
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peripheral dicyanorhodanines was investigated.®” It showed
pronounced absorption and lowered LUMO energy, and its
blend with polymeric donor (PffBT4T-20D) afforded the OSC
with the PCE of 8.4%, FF of 70.7%, and external quantum effi-
ciency (EQE) of 84% (Table 5). The wt-conjugated backbone of 17
has further been extended by two furan units, as shown for 18.
Its film with PTB7-Th polymeric donor has been used in OSC
with an improved PCE of 10.7%.% IDT core, similar to 16,
flanked by two thiophene-fused benzothiadiazole units and
terminal dicyanorhodanines was used as molecular acceptor 19
by Xu et al. (Fig. 7).** This derivative possesses a reduced band
gap (1.92 eV) because of efficient ICT between the dicyano-
rhodamine and the central auxiliary thiophene donors, and its
photovoltaic performance with PTB7-Th donor reached 9.07%

(PCE) and short circuit current density (Js) over 20.33 mA cm 2.

Organic light-emitting diodes

The recent rapid development of organic electronics is also due
to remarkable progress in the design, preparation, and under-
standing of organic light-emitting semiconductors. Organic
semiconducting materials possess a variety of advantageous
properties, including low density, easy and inexpensive prepa-
ration and structural tuning and solution processibility that
were successfully utilized in organic solid-state lasers,*® organic
light-emitting diodes (OLED),® organic field-effect transistors,*
smart materials,*® biological imaging,* biochemical sensing”
and many others. Since the first OLED reported by Kodak in
1987, this sandwich technology has evolved into commercially
very successful and popular devices. The OLED utilizes the
principle of electroluminescence - a radiative recombination of
electrons and holes in a semiconducting material, releasing the
excess of energy as photons. The organic materials used in
OLEDs involve hole/electron-injection/transport layers,
electron/hole-blocking layers, and most importantly, organic
emitting layers. According to the exciton harvesting mecha-
nism, the current organic emitters can be divided into three
main generations, including fluorescent, phosphorescent, and
thermally-activated delayed fluorophores (TADF).”> CN-
substituted small-molecules with D-A arrangement and their
TADF properties were reviewed by Cao et al.”* Mono/multicyano-
substituted benzenes, mono/dicyano-derived aromatic N-
heterocycles, and acrylonitriles were covered, and their struc-
ture-property relationships were systematically discussed. This
work provides an important reference and guidance for the
current development of TADF materials containing CN group(s)
and their manifold applications. A typical organic emitter
consists of a m-conjugated backbone functionalized with both

electron-withdrawing/releasing substituents and moieties,
Table 5 Optoelectronic parameters of dicyano rhodanine derivatives 17-19
Acceptor Amax (nm eV 1) E, (eV) LUMO (eV) Donor PCE (%) Ref.
17 498/2.49 2.16 —3.55 PffBT4T-20D 8.40 62
18 522/2.38 2.07 —-3.81 PTB7-TH 10.70 63
19 770/1.61 1.92 —3.78 PTB7-TH 9.07 64
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allowing precise color-tuning. In this respect, the cyano group
proved to be a very useful linear acceptor. N,N-Diphenylamino
and stilbene moieties are very common structural features of
OLED's fluorescent materials, e.g., see derivative 20 in Fig. 8.
This CN-functionalized red-emitting dye has been revealed as
a bipolar material allowing efficient charge injection/transport
as well as recombination. A double-layered OLED using 20
showed a luminance of 3290 cd m~> at the current density of
100 mA cm > and EQE of 1.1%.7* A very similar quadrupolar (D-
m-),A derivative 21 based on central dicyanonaphthalene core
has been investigated by Hung et al.”> An OLED based solely on
21 displayed luminous efficiency of 2.8 cd A™' and EQE of
0.80%. Biphenylene scaffold 22 decorated by N,N-diphenyla-
mino donor and phenanthroimidazole acceptor has been
investigated by Zhang et al.”® The imidazole has been further N-
substituted by 4-cyanophenyl moiety, which significantly
improved EQE up to 7.8% (Table 6) by modulating the emissive
state. The OLED based on 22 showed luminous efficiency of 10.5
cd A~ and emitted light with the CIE coordinates (0.16, 0.16)
corresponding to a pure blue. Anthracene is another prominent
m-conjugated scaffold used in the construction of fluorophores.
D-7t-A derivative 23 (Fig. 8) utilizing methoxy donor and cyano
acceptor showed the highest luminous efficiency (6.1 cd A™* at 2
mA cm™ ") across related derivatives. Moreover, the CIE coor-
dinates (0.15, 0.06; Table 6) of 23 match well with the HDTV
standard blue.”” Spiro compounds are another popular group of

@ o
o
?

HyCO

Fig. 8 The molecular structure of representative CN-substituted
OLED materials.
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sterically demanding emitters, and derivative 24 combining
benzanthrone and fluorene moieties and two peripheral CN
groups is a typical example. It has been shown that its LUMO
occupies both the central m-system and the cyanophenyl
moieties, and 24 possesses CT character. The OLED based on 24
showed luminous efficiency of 10.3 cd A~" and an EQE of 10.2%
at a constant luminance of 1000 cd m > Compound 24 is
a highly efficient deep blue emitter with the CIE coordinates
(0.14, 0.11).7® DCV moiety is less employed in organic emitters
as compared to single-CN derivatives; cyclohexane- and pyran-4-
one-derived compounds 25 and 26 represent rather simple
push-pull molecules.”*® For instance, an OLED device built on
26 showed luminous efficiency of 4.4 cd A~ and CIE coordi-
nates (0.65, 0.35) (Table 6).

Organic nonlinear-optical materials

Since the discovery of laser in 1960, various nonlinear optical
(NLO) phenomena, such as second/third-harmonic generation,
two-photon absorption, amplification, scattering, conversion,
oscillation, modulation, etc., have been experimentally
observed.®* Along with these fundamental discoveries, the
NLO community also became very interested in organic mate-
rials with pronounced NLO activity both at the molecular and
supramolecular levels.”®” It has been realized shortly that
traditional inorganic crystalline materials can be completed/
substituted by organic molecules with distinct properties such
as flexibility, facile property tuning, solution processability, and
inexpensive preparation. A general drawback of organic mole-
cules is their centrosymmetric supramolecular arrangement,
which, however, can be suppressed by proper structural
tuning.>***’ Due to its negative mesomeric effect, the CN group
shows strong D-A interaction if interconnected to an electron-
donor via a m-conjugated system (D-m-A system). Hence, CN-
capped push-pull chromophores have been tremendously
investigated as active NLOphores. D-7-A arrangement brings
pronounced ICT, dipolar character, and red-shifted absorption
- fundamental aspects of an NLO active substance. The current
trends in developing new NLO-active organic molecules involve
multichromophoric compounds having extraordinary arrange-
ments inspired by the alphabet.’*® Hence, various H-, L-, T-, V-,
X-, and Y-shaped NLOphores were developed to date. The most
popular tripodal Y-shaped molecules can be built either on
imidazole or triphenylamine (TPA) cores terminated by three
acceptors. For instance, we have decorated TPA core by

Table 6 Fundamental parameters of CN-capped OLED materials 20—-26

Emitter Amax (nm eV ) Amax. (nm eV ) CIE,,, EQE (%) Ref.
20 — 598/2.07 1.10 74
21 507/2.45 630/1.97 (0 63, 0. 37) 0.80 75
22 ca. 360/3.44 445/2.79 (0.16, 0.16) 7.80 76
23 405/3.06 452/2.74 (0 15, 0. 06) 12.00 77
24 400/3.10 450/2.76 (O 14, 0. 11) 10.20 78
25 500/2.48 650/1.91 — 79
26 520/2.38 615/2.02 ( .65, 0.35) — 80
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Table 7 Fundamental properties of CN-capped TPA chromophores 27a—%?

NLOphore Amax” ¢ (nm eV 1) Amax” 2 (nm eV D' ¢ (%) HOMO-LUMO gap (eV) 02pa° (GM)
27a 339/3.66 377/3.29 0.62 3.50 —

27b 394/3.15 460/2.70 0.48 2.86 260 (770)
27¢ 372/3.33 448/2.77 0.64 3.04 566 (760)
27d 387/3.20 458/2.71 0.59 2.89 785 (780)
27e 403/3.08 510/2.43 0.51 2.65 1100 (810)
27f 453/2.74 549/2.26 0.29 — 757 (830)
27¢ 470/2.64 611/2.03 0.29 — 667 (810)
27h 413/3.00 497/2.49 0.59 2.63 620 (810)
271 420/2.95 533/2.33 0.69 2.71 852 (810)
27j 414/3.00 499/2.48 0.55 2.59 631 (810)
27k 397/3.12 475/2.61 0.46 2.54 148 (750)
271 412/3.01 516/2.40 0.49 2.58 375 (830)

“ The longest-wavelength absorption maxima measured in THF. ° The emission maxima measured in THF. ¢ Fluorescence quantum yleld in THF.

4 The electrochemlcally determined HOMO-LUMO gap in acetonitrile. ©
cross-section is shown in parenthesis).

systematically evaluated CN-acceptors to tailor absorption/
emissive maxima, HOMO-LUMO gap, two-photon absorption
cross-section as well as thermal robustness (Table 7).**> Hence,
tripodal Y-shaped molecules 27a-1 (Fig. 9) bearing peripheral
single CN-substituted, dicyanovinyl, and dicyanobenzene/
imidazole/thiophene moieties and varied m-linkers proved to
be tunable NLOphores allowing elucidation of fundamental
structure-property relationships. 4-Cyanostyryl (e) and 2,6-
dicyanophenylethynyl (i) units turned out to be the most effi-
cient peripheral acceptors in terms of the achieved two-photon
absorption cross-sections.

Dicyanoimidazole (DCI), dicyanobenzene (DCB),
dicyanopyrazine (DCP) are other popular aromatic (hetero)
cyclic electron-withdrawing moieties of NLO active
compounds 28-30. DCI has been used in the construction of
Y-shaped imidazoles 28 bearing various electron donors D
such as methoxy, N,N-dimethylamino or ferrocenyl and
systematically enlarged m-linker.'®**®” These structural
changes allowed to shift the longest-wavelength absorption

and
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Fig. 9 Property tuning in CN-capped tripodal NLOphores based on
triphenylamine.
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Two-photo absorption cross-section (the wavelength of the maximum 2 PA

maxima by up to 70 nm, narrowed the HOMO-LUMO gap by
more than 1.1 eV, and tuned the second-order NLO response
within the range of 19-40 x 10~*° esu as measured by hyper-
Rayleigh scattering at 1064 in dichloromethane. Isolobal X-
shaped derivatives 29 and 30 were built on DCB/DCP cores
by attaching various m-linkers, which tuned their optical and
electrochemical gaps within the range of 335-458/354-
499 nm and 2.54-1.87/2.26-1.50 eV, respectively.'*®'* The
measured second-order polarizabilities B were generally
larger for pyrazines but the effect of stronger acceptor
diminishes with gradual m-linker extension.

2-(3-Cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile
(TCF) is another very powerful and popular acceptor combining
three CN groups. It has been utilized in representative Y-shaped
TPA chromophores 31a, 31b (Fig. 11). Further property tuning
has been achieved by furan or thiophene linkers, and both
chromophores showed absorption within the region of 610-
630 nm, good optical nonlinearity, and thermal stability
(Table 8).**°

Yang et al. designed a series of linear push-pull molecules 32
with either bridged diaminophenothiazine-7-TCF (a/c) or dia-
minophenyl-m-TCF (b/d) arrangement (Fig. 11). It has been
revealed that how the bridging and extension of the 7-system
affect absorption maxima, NLO and thermal properties (Table 8).
Based on these findings, derivatives 32a-d proved to be prom-
ising high-performance organic electro-optic and photorefractive

\

N
o|

N

28 (DCI)
29 Y = CH (DCB)
30,Y = N (DCP)

Fig. 10 Dicyanoimidazole, dicyanobenzene and dicyanopyrazine-
derived Y- and X-shaped chromophores.
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33a,R=H

33b,R= ?{NO N

Fig. 11 Representative TCF-functionalized NLOphores.

materials."* TCF is also a very popular acceptor unit of small
indole-derived push-pull molecules such as 33a, 33b. It has been
shown that further substitution of the indole by pyrrolidine
donor red-shifts the absorption maxima and drastically enhances
the second-order NLO response (Table 8) as well as increases
charge mobility."* Yang et al. interconnected Michler's ketone
moiety to TCF to gain simple push-pull chromophores 34a, 34b
(Fig. 11). Along with planar and polarizable olefinic/2,5-
thienylene 7-backbone; these chromophores possess enhanced
macroscopic electro-optic coefficients (Table 8).**
TCF-functionalized molecules were used to construct
anionic polymethine salts 35a—c (Fig. 12) bearing phosphonium
counterions."* Whereas (non)linear optical properties of mono-
and dicationic compounds 35a, 35b were strongly dependent on
the concentration (due to aggregation), hexacationic complex
35¢ significantly resisted intermolecular interaction at higher
concentrations. Its macroscopic third-order nonlinearity
measured by the Z-scan technique (1.55 um) in the neat film is
3.6 x 10~ " esu, which is larger than that measured for 35a, 35b

Table 8 Fundamental properties of NLOphores 31-34
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Fig. 12 Chemical structure of anionic TCF-polymethine salts 35a—c,
including the corresponding phosphonium cations.

(2.3 and 3.4 x 107'" esu). Hence, a strong intramolecular
anion-cation interaction in 35c¢ provides a steric repulsive effect
diminishing intermolecular interactions, which results in an
efficient translation between the microscopic and macroscopic
polarizabilities.

Light conversion agents

CN-capped molecules can also be utilized as light conversion
agents that are especially useful to convert unproductive yellow-

HOMO-LUMO
NLOphore Amax (Nm eV 1) gap (eV) Bmax/(107%° esu) r3sfl(pm V) Ref.
31a 621%/2.00 — 1023.00° — 110
31b 6189/2.01 —_ 1091.00° — 110
32a 599%/2.07 2.39 329.90¢ 31.00 111
32b 659%/1.88 2.17 458.87d 47.00 111
32¢ 659%/1.88 1.86 962.94¢ 72.00 111
32d 730%/1.70 1.68 1561.80¢ 95.00 111
33a 309b/4.01 — 106.40° 10.60 112
33b 550b/2.25 — 798.80°¢ 23.50 112
34a 725%1.71 1.963 713.00" 149.00 113
34b 750%/1.65 1.766 995.00" 143.00 113

% Jmax was measured in CHCl,. ?

Amax Was measured in the solutlon of THF. ¢ § values were measured by Hyper-Rayleigh Scattering technique in

CHCI, using the fundamental excitation wavelength of 1064 nm. ¢ § values were calculated using Gau531an 09 at the CAM-B3LYP/6-31+G* level and

the direction of the maximum value is directed along the charge transfer axls of the chromophores. °

The 8 components were calculated using

Gaussian 09 and dynamic (at the 1310 nm) average § values were measured.’ § values were calculated using Gaussian 03 at the B3LYP/6-31 g(d)
level and the direction of the maximum value is directed along the charge transfer axis of the chromophores. ¢ r;; values were measured at

a wavelength of 1310 nm.
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green (510-580 nm) and ultraviolet light (280-380 nm) into red-
orange (600-700 nm) and blue-violet light (400-480 nm) that are
essential wavelengths for photosynthesis. There are three types
of light conversion agents,'***** including (i) rare-earth sulfides,
(ii) rare-earth complexes bearing organic ligands (mostly Eu®*
and Sm*" complexes), and (iii) pure organic fluorescent dyes.
Rare-earth sulfides possess very good stability, but they also
tend to deliquescence and disperse, and their fabrication
requires high-temperature sintering. Rare-earth complexes
possess stronger fluorescence and generally better compatibility
with a polymer matrix, but these complexes fail to convert
yellow-green into red-orange light. In principle, organic fluo-
rescent dyes are well-soluble in organic resins and possess
fluorescence emission bands easily adjustable to an absorption
spectrum of different crops. Hence, inexpensive and easy-to-
obtain agricultural films can be produced. The organic dye
used as a light conversion agent should possess pronounced
emissive properties and high fluorescence quantum yield along
with none or minor quenching upon increasing its
concentration/embedding in a matrix. The organic dye should

Ar?

Ar1 | &l

36a, Ar' = 2-methylphenyl, Ar® = H
36b, Ar' = phenyl, Ar® = H

36¢, Ar' = 4-methoxyphenyl, Ar?> = H
36d, Ar' = H, Ar? = 2-methylphenyl
36e, Ar' = H, Ar? = phenyl

Fig. 13 Triphenylacrylonitrile family of light conversion agents.
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also withstand long-term exposure to solar radiation and not
undergo degradation and oxidation. Moreover, molecular
optical properties measured in a solution are often not fully
mirrored in a polymeric matrix, which may also result from
diminished mechanical and chemical stability upon doping
with the selected light conversion agent. Aggregation-induced
emission (AIE) and TADF were utilized as two leading mecha-
nisms in the design of organic light conversion agents.'*
Variety of m-conjugated organic scaffolds were already exam-
ined, with triphenylacrylonitrile proving to be a benchmark
compound. For instance, Wang et al. have optimized the parent
triphenylacrylonitrile backbone by attaching additional aryls at
positions 3 and 4 leading to derivatives 36a-e (Fig. 13). These
highly efficient blue-violet light conversion agents, biphenyl
derivative 36e in particular, exhibited crystallization-induced
emission accompanied by a strong fluorescence (&F of 0.833
and 0.107 in the solid state and film, respectively; Table 9). Ring-
closing oxidation has been disclosed to be the main mecha-
nism, reducing the fluorescence intensity, especially during
summer.'**

Tetraphenylethene (TPE) is another prominent scaffold used
to construct organic light conversion agents. For instance, Qi
et al. compared parent triphenylacrylonitrile with three TPE
derivatives bearing carbazole peripheral donors, and it turned
out that triphenylacrylonitrile outperformed all these deriva-
tives in terms of excellent photostability and ultraviolet light
conversion properties.'*

Carbazole-functionalized cyanostilbene 37a-d (Fig. 14) and
structurally related phenanthrenecarbonitrile 37e were inves-
tigated by Wang."** These luminophores showed various
extents of AIE and E/Z isomerization of the central double
bond. It was revealed that stilbenes 37a-d are prone to Michael
addition and intramolecular photocyclization reactions. In
contrast, phenanthrenecarbonitrile 37e does not undergo
photocyclization, shows strong fluorescence in both the solid
state and the film, and has high light-conversion efficiency
(Table 9). Its high photostability is ascribed to a reduced
electron density over the m-system due to the attached CN
group, which decreases the electrophilicity of the whole

Table 9 Emissive properties of light conversion agents 36—38 for agricultural films

Light conversion agent Amax- (nm) ¥ (%) (solid state) oF (%) (film) Ref.
36a ca. 385 57.60 5.40 124
36b ca. 389 0.50 2.70 124
36¢ ca. 375 0.40 2.90 124
36d ca. 410 30.80 4.20 124
36e ca. 400 83.30 10.70 124
Triphenylacrylonitrile 430 22.40 1.90 124/
37a 454 — 15.00 126
37b 457 — 50.00 126
37¢ 455 — 18.00 126
37d — — — 126
37e 449 — 65.00 126
TPE 478 25.32 — 125
38a 493 80.00 55.00 128
38b 485 83.00 52.00 128
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Fig. 14 Cyanostilbene and phenanthrenecarbonitrile light conversion
agents.

system and its capability to accept electrons (an opposite effect
of the carbazole moiety)."” Anthracene-functionalized cya-
nostilbenes 38a, 38b were investigated for their polymorphism
and potential application as light conversion agents for agri-
cultural films. Especially isomer 38b showed excellent
matching of its fluorescence maxima (485 nm, Table 9), high
fluorescence efficiency, and excellent photostability. The films
doped with 38b retained 94% of their initial intensity upon UV
irradiation for 20 h.***

Supramolecular arrangement is another aspect to be
considered when designing a light conversion agent. For
instance, Yang et al studied simple phenothiazine N-
substituted benzonitrile, whose molecular packing significantly
affected its room temperature phosphorescence (RTP). This
simple luminogen crystallizes in three different crystalline
polymorphs possessing different RTP lifetimes and photo-
luminescence quantum yields.** The molecular packing and
AIE theory should be considered more broadly in the design of
organic CN-functionalized molecules, as these may significantly
affect general optoelectronic performance.***

Organic sensors and probes

Accurate, quick, and easy detection of various potentially
hazardous analytes is of utmost importance to analytical and
materials chemistry and imaging/biomedical techniques. In
general, the detection should be sensitive with a low limit of
detection (LOD), specific, non-invasive, low-cost, and should
use non-ionizing irradiation. In this respect, colorimetric and
fluorometric methods are well-established and widely used even
for real-time monitoring. Fluorescence sensing technology has
developed rapidly both in vivo and in vitro, and various fluo-
rescent probes were recently developed, with many of them
being biocompatible. Organic fluorescent probes are being
routinely used as a general means to monitor molecular inter-
actions across biochemistry, medicine, environmental science
and industry."** These probes are usually composed of a prom-
inent m-conjugated backbone/chromophore such as coumarin,
xanthene (e.g., fluorescein, eosin Y or rhodamine), porphyrin,
phthalocyanine, cyanine, naphthalimide, fluoropyrrole, etc.
along with a recognition acceptor and a spacer.”***** Cyano
group connected to a m-conjugated system transmits its nega-
tive inductive and mesomeric effects that significantly influence

This journal is © The Royal Society of Chemistry 2023
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absorption and emission properties. Hence, CN-capped colori-
metric and fluorometric probes constitute another interesting
class of organic molecules covered in this review. In principle,
both electrophilic and nucleophilic species can be detected by
CN-capped probes. For instance, Mu et al. developed a dual-
response fluorescent probe 39 (Scheme 2) based on a rhoda-
mine B scaffold functionalized by DCV recognition moiety. This
probe can selectively detect hydrazine and cyanide, both envi-
ronmentally and biologically relevant analytes. Whereas
hydrazine detection is based on a replacement of malononitrile
and the formation of hydrazone, cyanide adds to the DCV
moiety. Both chemistries are accompanied by specific and easy-
to-recognize changes in the emissive properties of the originally
red-fluorescent probe 39. Yellow or blue fluorescent products
are formed upon the reaction with hydrazine or cyanide.™*
Chemically identical detection mechanism of cyanide anions
has also been utilized in D-1t-A probe 40 (Scheme 3), utilizing
both colorimetric and turn-on fluorescent sensing. The origi-
nally violet (amaranth) probe changes to yellow, allowing
naked-eye detection of cyanide ions with the LOD of 1.4 X
10~% M (Table 10). Moreover, the nucleophilic attack on the DCV
moiety interrupts efficient ICT from the N,N-dimethylamino
donor and turns on fluorescence appearing at 551 nm. A high
selectivity and sensitivity towards cyanide ions over a wide
range of competitive anions have been demonstrated. DCV-
derivative 40 possesses low toxicity and has also been success-
fully applied in the bioimaging of living cells.**”
Dicyanomethylene-4H-pyran (DCMP) is another widely
employed moiety in organic fluorescent probes due to its peculiar
optical properties, often reaching NIR region, large Stokes shifts,
and photostability."®® DCMP functionalized with thiophen-2-yl
styrylcarboxylate 41 (Scheme 4) has been used to selectively
detect cyanide ions even in the presence of interfering ions and
small molecules. Whereas the original yellow probe 41 is not
emissive, hydroxy derivative formed upon a hydrolytic cleavage of
the ester function mediated by cyanide ions is green and
possesses emission in the NIR region. Sensor 41 was found to be

FN

)

()»maxE

Oy'
) CN\*

X
red ﬂuorescem CN
(Amax = 645 nm)

NH.
=565 nm)

(AmaxE = 470 nm)

Scheme 2 Dual-response probe 39 based on rhodamine B equipped
with DCV moiety.
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(Amaxt = 551 nm)

Scheme 3 Colorimetric and fluorometric detection of cyanide ions
using probe 40.

efficient in detecting cyanide in the intracellular region of MCF-7
cells*® with the LOD of 1.44 x 10 ® M (Table 10).

Sensing methodologies of cyanide ions based on their
nucleophilic addition reactions are significantly facilitated by
the CN-functionalization of the probe structure.****** Besides
popular DCV-derived sensors, cyanovinyl analogue such as 42
are also feasible (Scheme 5). This push-pull molecule
undergoes a nucleophilic addition solely with cyanide ions
(LOD = 4.24 x 10~® M, Table 10), leading to an interrupted ICT
(decolorization) and pronounced emission at 560 nm.
Furthermore, the detection of cyanide ions in living cells was
possible due to low cytotoxicity of 42.'*

Besides nucleophiles, various electrophiles, mostly metal
cations, can also be sensed by CN-capped organic probes. AIE-
active molecules are increasingly popular in this respect.***'**
For instance, simple DCV derivative 43, prepared by Knoeve-
nagel condensation of malononitrile and N,N-dieth-
ylaminobenzaldehyde, can be used for the detection of either
cyanide anions or Fe** cations (Scheme 6). The original aggre-
gated orange and fluorescent 43 was selectively decolorized by
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41 e} S
, no fluorescent \ //

, NIR fluorescent
(Amaxt = 717 nm)

Scheme 4 DCMP-derived sensor of cyanide ions utilizing cleavage of
ester function.

N\© N\©
S €] NC, S
C=N
s *»@ES,Q—U@
N oN 42 N oN 42

, no fluorescent colorless,

(Amaxt = 560 nm)

Scheme 5 Single cyano-capped probe 42 for detection of cyanide
ions.

both analytes, accompanied by quenching/changing of the
original emissive properties. The latter is due to the destruction
of the original emissive aggregates either by producing a less
rigid structure upon attaching the third CN group or by coor-
dinating Fe*" ions via DCV moiety and thus altering its elec-
tronic properties. It should be noted that the probe did not
respond to Fe** ions.™*¢

We have screened push-pull compound 44 for sensing
various metal cations (Scheme 7), and it turned out that only
Hg”" and Cu®" ions induce spectral changes. The original yellow
color of 44 is decolorized/red-shifted in the presence of Hg>'/
Cu**. Whereas fluorescence properties persisted upon treat-
ment with Hg”*, no emission was observed for 44 and Cu*".
Investigation of the sensing mechanism revealed N-S coordi-
nation of Hg>" to imidazole/thiophene donor part, whereas Cu®*
in aqueous media induced hydrolysis of one of the CN groups
present at the DCI moiety and subsequent formation of an
imino derivative (IPIMO). In contrast to Cu**, Cu* was ineffi-
cient in inducing such transformation. Hence, interrupting/
enhancing efficient ICT in 44 resulted in either hypsochromic
or bathochromic shifts of the absorption spectra accompanied
by persisted or diminished emission. The LODs towards both
ions are 0.16 and 0.03 x 10~ ® M (Table 10). Moreover, paper
strips coated with 44 were developed for a fast track detection of

Table 10 Overview of sensed species and LODs of organic fluorescent probes 39-44

Probe Sensed species 1 LOD (uM) Sensing species 2 LOD (uM) Ref.
39 N,H, 0.08 CN 0.33 136
40 CN 0.014 — — 137
41 CN 1.44 — — 139
12 CN 0.0424 — — 143
43 Fe* 0.17 CN 0.39 146
44 cu** 0.03 Hg™" 0.16 147
45 DCP 0.20 DCNP 0.26 148
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Scheme 6 Dual responsive probe 43 utilizing quenching/reduction of
AIE as a detection mechanism.
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Scheme 7 Dicyanoimidazole D-m—A system capable of selectively
detecting Cu®* and Hg?" ions.

both ions in real samples with the visualization either by naked-
eye or handheld UV-lamp."’

Sensing of nerve gases is another important task to be
addressed by organic probes. Y-shaped CN-capped NH-
imidazole push-pull derivative 45 (Scheme 8) was revealed to
detect sarin and tabun mimics DCP and DCNP very selectively.
The originally weakly emissive aggregates of 45 react quickly
with DCP/DCNP in terms of nucleophilic substitution, affording
highly emissive N-phosphorylated adduct, which underwent

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Scheme 8 Molecular structure of sensor 45 and its mechanism of
detection and detoxification of nerve gases.
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slow hydrolysis in aqueous media to 45H" and nontoxic phos-
phoric acid derivative. Hence, 45 is able to detect and detoxify
both mimics of nerve gases with the LODs of 0.20 and 0.26 x
10~ M (Table 10), respectively.'*s

Photoredox catalysis

The use of visible light in organic synthesis is considered
a green and sustainable source of energy, allowing radical
processes that recently came back to the foreground as photo-
redox catalysis. Its renaissance has been due to synthetically
attractive visible light-initiated radical transformations that can
be accomplished at very mild reaction conditions. The current
photoredox catalysis relies on a suitable catalyst, which
undergoes facile excitation by visible light to yield a strong one-
electron reducing or oxidizing reagent. Ru- and Ir-polypyridyl
complexes are traditional and efficient photoredox catalysts
but their use can be, in particular cases, limited by the presence
of heavy metals and their high costs.™*™* In this respect,
organic photoredox catalysis seems to be a greener way of
utilizing purely organic catalysts such as xanthene dyes (e.g,
Eosin Y, Fluorescein, Rose Bengal), flavins, perylenediimide,
acridiniums, and last but not the least dicyano(hetero)arenes.
The latter cyano-capped synthetic dyes attract particular atten-
tion due to their easily tunable properties.’***** Fig. 15 shows
the molecular structure of typical CN-substituted aromatic
(hetero)cycles, including two major groups — dicyanobenzene/
naphthalene/anthracene 46-50 and dicyanopyrazines 51.
Their fundamental photophysical properties are summarized in
Table 11. The absorption maxima are important parameters
used to fit the catalyst with a suitable light source, whereas the
ground- and excited-state electrochemical properties are crucial
to determine the fundamental redox potentials and subse-
quently estimate the feasibility of a desired photoredox process.

Photophysics of cyanoarenes is well investigated, and
compounds 46-48 represent photoredox catalysts enabling
electron transfer from the singlet excited state. Due to their
high ground state reduction potentials ranging from —1.46 to
—0.91 V (Table 11), these simple dinitriles also possess high

N CN CN R CN
SOORNO NS
e L
N R CN
49a, R = 9H-carbazol-9-yl 50
49b, R = N,N-diphenylamino R = 9H-carbazol-9-yl

51c

51a, R = OCHj; (DPZ)
51b, R = SCH,

Fig. 15 The molecular structure of CN-capped photoredox catalysts
— cyanoarenes 46-50 and DPZs 51.
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Table 11 Fundamental photophysical properties of photoredox catalysts 46—51

Ground state redox Excited state redox

potentials (V vs. SCE) potentials” (V vs. SCE)
Catalysts Amax (nm eV ) Eo (eV) Eij(red) E1ja(0x) E.q E, Ref.
46 290/4.28 4.01 —1.46 — +2.55 — 153
47 325/3.82 3.57 —1.27 — +2.30 — 153
48 422/2.94 2.90 —0.91 — +1.99 — 153
49a 435/2.85 2.56 —1.04 +1.35 +1.52 —1.21 153
49b 425/2.92 2.62 —1.28 +1.10 +1.34 —1.52 153
50 463/2.68 2.43 —0.99 +1.41 +1.44 —1.02 153
51a 440/2.82 2.50 —1.14 +1.32 +1.36 —-1.18 160
51b 443/2.79 2.22 —1.01 +1.32 +1.21 —0.90 160
51c 389/3.19 2.70 —1.15 +1.57 +1.55 —-1.13 160
51d 459/2.70 2.59 —0.80 +1.46 +1.82 —1.16 161
51e 511/2.43 — —0.95 +1.11 — — 161

4 Singlet excited state redox potentials.

singlet excited energies E, ,. Extended cyanoarenes (e.g., 46 vs.
48) are better suited to photoredox catalysis due to their red-
shifted absorption maxima and longer lifetimes of the
singlet excited state. Amino-substituted dicyanobenzenes 49
and 50 bearing either 9H-carbazol-9-yl or N,N-diphenylamino
donors are relatively new D-m-A photoredox catalysts.'*
Especially catalyst 49a (4CzIPN) has been thoroughly explored
in a plethora of photoredox transformations.®® Its further
structural tuning by replacing the donor or isomerization
afforded derivatives 49b and 50."” A replacement of carbazole
by N,N-diphenylamino group (49a— 49b) led to lowered redox
potentials (—1.28 and +1.10 V, Table 11), whereas isomeriza-
tion of 49a to 50 slightly increased the redox potentials and
red-shifted the absorption maxima to 463 nm. 5,6-Disubsti-
tuted pyrazine-2,3-dicarbonitriles 51a-e (DPZ, Fig. 15) repre-
sent the family of heteroaromatic photoredox catalysts with
two cyano acceptors and two methoxy/methylthiothiophene
donors recently developed in our group.'”® These catalysts
evolved from dicyanopyrazine NLOphores 30 (Fig. 10) by
further structural tuning. Especially the parent DPZ catalyst
51a showed very broad application potential across various
photochemical transformations, including C-C bond
formation,"**% enantioselective photoreduction,***'** pH
controlled photooxygenation of indoles,*® etc. Its structure
has been further systematically modified by varying the
peripheral donor (OMe — SMe, 51a— 51b), which affected the
reduction/oxidation potentials of the excited state, and
subsequently, also the excited state energy. Isomerization of
substituents along the pyrazine core (51a— 51c) significantly
influenced the chromophore arrangement resulting in the
merging of two original absorption bands (Amay™ = 440 and 360
nm) seen for 51a into a single band of 51c appearing at
389 nm. Further extension and planarization of the -system
by additional acetylenic spacers, as in 51d resulted in slightly
red-shifted absorption and increased E,,. The attachment of
methoxy-substituted bithiophene linker (51e) significantly
supported the ICT, suppressed emissive properties, and red-
shifted the absorption maxima to 511 nm. Hence, structural
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variation of CN-capped aromatic (hetero)cycles 46-51 allowed
extensive tuning of their photoredox properties.

Conclusions

Due to its negative inductive and mesomeric effects, the cyano
group can significantly alter the electronic properties of -
conjugated systems and CN can be denoted as a linear and
increasingly popular electron acceptor. Six fundamental groups
of CN-capped small organic materials were reviewed, including
materials applicable in OSCs, OLEDs, NLO, light conversion
agents, organic sensors and probes, and photoredox catalysis.
Semiconductors used as acceptors in solar cells may contain
either single-CN group(s) or DCV moiety. The latter is often part
of larger scaffolds such as (F)IC or dicyanorhodanine with
pronounced electron-withdrawing properties. The cyano-
capped semiconductors usually possess reduced LUMO level,
narrowed bandgap, and red-shifted absorption and thus
enhanced device efficiency with the PCE reaching up to 12%.
Organic emitters for OLEDs can be easily tuned by attaching CN
groups, either single DCV moiety, and achieve a device with
improved luminance, well-tailored color, and EQE up to 12%.
Cyano-substituted push-pull molecules possess long-lasting
tradition in nonlinear optics; a variety of novel and complex
CN-based acceptors were recently developed, including cya-
noaryls, dicyanoimidazole, (di)cyanothiophene,
dicyanopyrazine/benzene, tricyanofuran, etc. These moieties
allow the construction of D-7t-A systems with the ICT of a large
extent and thus of different NLO responses. Nowadays, organic
light conversion agents are a burgeoning area of m-conjugated
compounds used to produce agricultural films affecting plant
growth. Triphenylacrylonitrile and related cyanostilbenes are
the most popular CN-capped molecules capable of converting
unproductive ultraviolet and yellow-green wavelengths into red-
orange and blue-violet light. Organic sensors and probes are
being used to detect various analytes. For instance, DCV-
substituted molecules undergo facile addition of cyanide ions
resulting in a product with different optical properties. Hence,

This journal is © The Royal Society of Chemistry 2023
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colorimetric and fluorometric detection of this environmentally
important analyte is possible. DCI-based push-pull molecules
proved to be very selective detectors of Cu®" ions, and CN-
capped imidazoles also detect and detoxify nerve gases. The
group of cyano-substituted compounds is cyanoarenes and X-
shaped dicyanopyrazines, which were recently applied as very
efficient and pure organic photoredox catalysts. These synthetic
dyes possess tunable structures and properties, and their visible
light-induced catalytic activity has been demonstrated in
various organic transformations.

The aforementioned examples clearly revealed organic CN-
capped compounds as versatile organic materials, and attach-
ing the cyano group represents well-established structural
tuning used across various branches of the current materials
chemistry.
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