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Abstract: This review describes the design strategies used for the synthesis of various
tetracyanobutadiene bridged donor-acceptor molecular architectures by a click type [2+2]
cycloaddition-retroelectrocyclization (CA-RE) reaction sequence. The photophysical and electro-
chemical properties of the tetracyanobutadiene bridged molecular architectures based on various
moieties including diketopyrrolopyrrole, isoindigo, benzothiadiazole, pyrene, pyrazabole, truxene,
boron dipyrromethene (BODIPY), phenothiazine, triphenylamine, thiazole and bisthiazole are
summarized. Further, we discuss some important applications of the tetracyanobutadiene bridged
derivatives in dye sensitized solar cells, bulk heterojunction solar cells and photothermal cancer
therapy.

Keywords: Tetracyanoethylene, Cycloaddition-retroelectrocyclization, Solar Cells, Photothermal
Therapy

1. Introduction

In recent years, tremendous growth has been observed in the
development of donor-acceptor molecular systems for opto-
electronic applications.[1,2] Small organic molecules containing
π� bridged donor-acceptor (D-π-A) frameworks are of signifi-
cant interest due to their broad absorption and low HOMO-
LUMO gap.[3]

Tetracyanoethylene (TCNE) is a highly electron deficient
organic compound consisting of four cyano groups attached to
an ethylene moiety.[4] It possesses characteristic properties such
as a strong electron withdrawing ability and is widely used for
cycloaddition reactions. The click type [2+ 2] cycloaddition-
retroelectrocyclization (CA-RE) reaction sequence of electron
rich alkynes 1 with TCNE via cyclobutene intermediates 2 is
generally a fast, atom-economic, catalyst free and high yielding
reaction providing an efficient strategy widely used for the
design of tetracyanobutadiene (TCBD) bridged donor-accept-
or molecular architectures 3.[4,5] Thus, often an improvement
of the acceptor strength and non-planarity of the molecular
structure can be achieved resulting in tunable charge-transfer
interactions.[4] Recently, a number of TCBD derivatives has
been reported in the literature, and some of them are used for

organic solar cells.[6–12] The general reaction sequence is given
in Scheme 1.[13]

To the best of our knowledge this reaction was first
reported by Bruce et al. for metal-acetylide complexes in
1981.[14] Diederich et al. explored various TCBD derivatives
by CA-RE reaction sequences of donor substituted alkynes
with TCNE.[5,15,18a] The nature and number of substituents
attached to the alkyne significantly affect the reactivity towards
TCNE as well as the reaction yield. The beauty of CA-RE
reaction is that it results in high yield without formation of by-
products.

In this review we discuss the design strategies used for the
synthesis of TCBD bridged molecular architectures based on
various chromophores including diketopyrrolopyrrole, isoindi-
go, benzothiadiazole, pyrene, pyrazabole, truxene, boron
dipyrromethene (BODIPY), phenothiazine, triphenylamine
thiazole and bisthiazole. Further, some important applications
of TCBD derivatives in solar cells and photothermal cancer
therapy are discussed.

1.1. Triphenylamine Based TCBD Derivatives

Triphenylamine and ferrocene are well known electron donors,
their alkyne substituted derivatives undergo CA-RE
reaction[17–28] with TCNE. Triphenylamine and ferrocene
based molecular systems are widely used for various techno-
logical applications in organic field effect transistors (OFETs)
and organic solar cells (OSCs).[29,30] Ferrocene derivatives
usually give one reversible low oxidation potential wave in the
cyclic voltammogram and exhibit a strong nonlinear optical
(NLO) response.

Triphenylamine derivatives (TPAs 1–3) were synthesized
by the CA-RE reaction of phenylethynyl substituted triphenyl-
amine with one, two, and three equivalents of TCNE in 50–
54% yield (Figure 1).[31] Their photophysical and electro-
chemical properties were reported which show strong intra-
molecular charge transfer (ICT) interactions (Figure 2). The
mono-TCBD bridged triphenylamine derivative TPA-1 with
two phenylethynyl substituents shows its absorption maximum
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at 510 nm, and further incorporation of a second and a third
TCBD unit blue shifts the absorption by 3 nm and 16 nm,
respectively. As the number of TCBD units in the in TPAs 1–
3 increases, the electronic absorption spectra show a blue shift
of the π!π* transition band (300–400 nm) and the ICT band
(400–700 nm). The electrochemical investigation showed that
high oxidation and reduction potentials were observed as the
number of TCBD unit’s increases in the molecular architec-
ture, which was further supported by computational calcu-
lation. DFT studies indicated that by increasing the number of
TCBD units in the phenylethynyl substituted triphenylamine,
the HOMO-LUMO gap increases from 2.32 eV in TPA-1 to
2.42 eV in TPA-2 to 2.79 eV in TPA-3.

The reaction of ferrocenyl ethynyl substituted triphenyl-
amine with TCNE in a CA-RE reaction resulted in TCBD

bridged TPAs 4–8 in 60–72% yields.[32] The photophysical
properties of the di-ferrocenyl TCBD bridged triphenylamine
derivatives with various substituents at the phenyl ring were
investigated for systems substituted with aldehyde TPA-4,
malononitrile TPA-5, 1,3-indandione TPA-6, indanone TPA-
7 and 2-tetralonylmethylene TPA-8 substituents (Figure 1).
Two ferrocenyl-TCBD substituted phenyl groups were kept
unchanged, and the acceptor at the third phenyl substituent
varied. The di-TCBD bridged TPA derivatives TPAs 4–8
exhibited two types of bands, the one at lower wavelength
region at 469–502 nm corresponding to the π! π* transition
and the other one in the longer wavelength region at 630–
700 nm region being related to ICT. The triphenylamine
derivative with 2-tetralonylmethylene as the end capping
substituent at the phenyl ring (TPA-8) exhibited a red shifted
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absorption (502 nm) followed by the triphenylamine derivative
with the indanone derived end capping substituent (TPA-7,
499 nm) compared to derivatives with malononitrile and
aldehyde end capping substituents (TPA-5, 469 nm and TPA-
4, 485 nm).

The triphenylamine derivative with indan-1,3-dione as the
end capping substituent at the phenyl ring (TPA-6) shows a
comparatively low oxidation potential of 0.39 V, whereas the
triphenylamine derivative with the malononitrile end capping
substituent (TPA-5) shows a low reduction potential of
� 0.94 V compared to other derivatives [(TPAs 4–8), Table 1].
The presence of TCBD moieties and electron withdrawing
end capping substituents in the molecular structure stabilizes
the HOMO and LUMO energy levels. As we go from
aldehyde (TPA-4) to 2-tetralonylmethylene (TPA-8), the
LUMO is more stabilized compared to the stabilization of the
HOMO resulting in a low HOMO-LUMO energy gap.

The optical and electrochemical investigation of TPAs 4–8
indicated a donor-acceptor interaction. The incorporation of
TCBD units resulted in reduced HOMO-LUMO energy gaps
in TCBD bridged TPAs 4–8 (Table 1). The DFT investiga-
tion suggested that the incorporation of the TCBD unit
disturbs the coplanarity of the TCBD unit and the substituted
cyclopentadienyl (Cp) ligand of the ferrocenyl moiety presum-
ably due to steric hindrance in the molecule.

1.2. Pyrazabole Based TCBD Derivatives

Pyrazabole is an organoboron derivative, formed by of two
pyrazole rings connected by two BBu2 bridges between the

respective nitrogen atoms. Pyrazabole is a weak electron
acceptor and synthesized by the condensation of tributylborane
and pyrazole.[33] The derivatives of pyrazabole possess excellent
stability and exhibit applications in liquid crystalline materials,
multiphoton absorption, mechanochromism and luminescent
polymers.[34] Pyrazabole derivatives show absorption in the UV
region, which limits its applicability in photovoltaics. In order
to improve their electronic absorption properties, TCBD units

Scheme 1. CA-RE reaction sequence of TCNE to donor functionalized alkyne 1.

Table 1. Photophysical, electrochemical and calculated electronic
properties of TPAs 1–8.

TPA
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E2

Oxid
(V)

E1

Oxid
(V)

E1

Red
(V)

E2

Red
(V)

Eg
(eV)

TPA-1 510 [3.1] – 1.20 � 0.50 � 1.12 2.32
TPA-2 507 [4.5] – 1.33 � 0.55 � 1.14 2.42
TPA-3 494 [8.2] – 1.35 � 0.56 � 1.18 2.79
TPA-4 485 [5.7] 1.11 0.41 � 0.97 � 1.43 2.76
TPA-5 469 [1.1] 0.99 0.42 � 0.94 � 1.39 2.74
TPA-6 488 [1.6] 0.98 0.39 � 0.97 � 1.41 2.73
TPA-7 499 [4.9] 0.93 0.43 � 0.97 � 1.37 2.67
TPA-8 502 [0.8] 0.89 0.44 � 0.97 � 1.39 2.61

Eg=HOMO-LUMO gap as calculated by DFT at B3LYP/6-31G**
level for C, H and N; and at Lanl2DZ level for Fe; Potentials (V)
measured versus Saturated Calomel Electrode (SCE) and referenced
against FcH/FcH+, Cyclic voltamograms (CVs) were recorded on
electrochemical analyzer using Glassy carbon as working electrode,
Pt wire as the counter electrode. The scan rate was 100 mVs� 1 for
CV. A solution of tetrabutylammonium hexafluorophosphate
(TBAPF6) in dichloromethane (0.1 M) was employed as the
supporting electrolyte.
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have been incorporated in ethynyl bridged donor functional-
ized pyrazaboles.[35]

The TCBD incorporated pyrazaboles Fc� Pz (85 %) and
TPA� Pz (82 %) were synthesized by the CA-RE reaction
sequence of ethynyl bridged pyrazabole dimers with two
equivalents of TCNE (Figure 3). The di-TCBD bridged
Fc� Pz and TPA� Pz show red shifted broad charge transfer
bands with low HOMO-LUMO gaps compared to their
ethynyl bridged dimers. The incorporation of TCBD units in
the triphenylamine based pyrazabole dimer TPA� Pz shifts the
absorption maximum from the UV region (342 nm) to the
visible region (489 nm) with a substantial red shift of 147 nm
(Figure 4 and Table 2), which improves its light harvesting
property.

The electrochemical study revealed low reduction potential
(� 0.91 V) in TPA� Pz compared to ferrocenyl based Fc� Pz
(� 0.96 V), whereas low oxidation potential value in ferrocenyl
based Fc� Pz (0.45 V) was observed compared to triphenyl-
amine based TPA� Pz [(0.54 V), Table 2]. A strong donor-

acceptor interaction between ferrocenyl/triphenylamine donor
moieties and TCBD unit was observed. The shift of the
absorption into the visible region, good solubility in organic
solvents and high thermal stability indicate that these TCBD
derivatives can be explored as a new class of promising
materials for photovoltaic applications.

1.3. Truxene Based TCBD derivatives

Truxene is a planar heptacyclic aromatic system regarded as a
cyclotrimer of fluorene.[36] The easy functionalization, good
solubility, and thermal as well as chemical stability make
truxene an important core for designing π-conjugated deriva-
tives for applications in organic light emitting diodes
(OLEDs), organic solar cells (OSCs), organic fluorescent
probes and liquid crystalline materials.[37–39]

The CA-RE reaction sequence of ethynyl bridged ferro-
cene, triphenylamine and phenothiazine substituted truxenes
with three equivalents of TCNE resulted in tri-TCBD bridged

Figure 1. Chemical structures of triphenylamine based TCBD derivatives TPAs 1–8.
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truxene derivatives Fc� Tx (60 %), TPA� Tx (71 %) and
Ptz� Tx (65 %), respectively (Figure 5).[40] The photonic
properties of tri-TCBD bridged truxenes containing ferrocenyl
(Fc� Tx), triphenylamine (TPA� Tx) and phenothiazine
(Ptz� Tx) end capping groups were investigated. The pheno-
thiazine based truxene Ptz� Tx exhibits a 124 nm red shifted
absorption compared to ferrocenyl truxene (Fc� Tx) and
112 nm red shifted absorption compared to triphenylamine
based truxene (TPA� Tx). The ferrocenyl based truxene

Fc� Tx shows a low intensity absorption band in the longer
wavelength region (550 nm to 750 nm) related to a d-d
transition of the ferrocenyl moiety. Photophysical properties of
Ptz� Tx show strong ground-state interactions between the
donor phenothiazine and electron-accepting TCBD units
resulting in charge-transfer states which indicated good
electronic communication between phenothiazine and truxene.

The cyclic voltammetry studies reveal the easier oxidation
of the ferrocenyl based truxene Fc� Tx compared to the

Figure 2. The normalized absorption spectra of TPAs 4–8. Reproduced with permission from reference 32, Copyright 2014, Elsevier.

Figure 3. Chemical structures of TCBD bridged pyrazabole dimers Fc� Pz and TPA� Pz.
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triphenylamine based truxene analogue TPA� Tx (Table 3 and
Figure 6). The presence of metal (iron) in Fc� Tx exhibit easy

oxidation compared to triphenylamine based TPA� Tx. On
the other hand, the reduction of the triphenylamine based

Figure 4. The normalized absorption spectra of ethyne bridged pyrazabole dimer (black line) and di-TCBD bridged pyrazabole dimer TPA� Pz (red line).
Reproduced with permission from ref. 35a, Copyright 2017, Elsevier.

Table 2. Photophysical, thermal, electrochemical and calculated electronic properties of Fc� Pz and TPA� Pz.

Pyrazabole
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

Td
(°C)

E1

Oxid (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
E4

Red (V)
Eg
(eV)

Fc� Pz 345 [2.4] 291 0.45 � 0.96 � 1.31 � 1.42 � 2.01 2.94
TPA� Pz 489 [2.3] 216 0.54 � 0.91 � 1.22 � 1.43 � 2.00 1.91

Eg=HOMO-LUMO gap calculated by DFT at B3LYP/6-31G** level for C, H and N; and at Lanl2DZ level for Fe; Td= thermal
decomposition temperature (TGA).
Potentials (V) measured versus Ag/Ag+ electrode and referenced against FcH/FcH+, Cyclic voltammograms and differential pulse
voltammograms were recorded in dichloromethane solvent using glassy carbon as working electrode, Pt wire as the counter electrode. The scan
rate was 100 mVs� 1. A solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloromethane (0.1 M) was used as supporting
electrolyte.

Figure 5. Donor functionalized three TCBD bridged truxene derivatives.
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truxene analogue TPA� Tx is easier than that of its ferrocenyl
based truxene analogue Fc� Tx, which is consistent with the
trend observed in respective pyrazabole derivatives.

1.4. Diketopyrrolopyrrole Based TCBD Derivatives

Diketopyrrolopyrrole (DPP) is a widely used electron acceptor
in the design of D� A substituted extended π systems for
applications in organic electronics.[41–43] The strong intra-
molecular hydrogen bonding and π–π interaction make DPP
insoluble in organic solvents; the incorporation of alkyl chains
at the nitrogen atoms of the lactam rings significantly improves
its solubility. In order to increase the electron accepting ability
of DPP, various electron withdrawing groups have been
attached to DPP.[44]

The investigation of the effects of the substitution of
various donor/acceptor substituents on the photonic, thermal

and electrochemical properties of the compounds showed that
the substitution of the donors and acceptors at C-3 and C-6 of
the DPP can significantly perturb the photonic properties of
DPP based molecular systems. The TCBD bridged sym-
metrical and unsymmetrical DPPs 1–13 were synthesized by
the CA-RE reaction sequence of ethynyl bridged donor
functionalized DPP with TCNE (Figure 7, Yields: DPP 1=

91%, DPP 2=85 %, DPP 3=70%, DPP 4=91 %, DPP
5=65% DPP 6=68% DPP 7=72% DPP 8=72% DPP
9=70% DPP 10=95 % DPP 11=88 % DPP 12=54%
DPP 13=67 %).[43–44]

A wide variety of end capping donors including triphenyl-
amine methoxy-substituted 4-(N,N-diphenylamino)phenyl, N-
phenyl carbazole, ferrocenyl and N,Ndimethylaminophenyl
were used to tune the optoelectronic properties of DPP. The
TCBD bridged phenyl DPP with N,N-dimethylaniline DPP
13 showed lower absorption maxima (535 nm) and higher first
reduction potentials (� 1.28 V) compared to thienyl DPP
derivatives with other donor substituents [DPP 1–12,
Table 4]. The di-TCBD bridged thienyl DPPs exhibited lower
first reduction potentials due to the presence of two electron
withdrawing TCBD moieties. The effect of the number of
TCBD incorporations was investigated and showed that, as
the number of TCBD units in the molecule increases, red shift
in the absorption was observed indicating lowering of the
HOMO-LUMO energy gap. The effect of the first TCBD
incorporation was more pronounced as compared to the
second TCBD incorporation. The analysis of Figure 8 and
Table 4 shows that, as the number of donor and acceptor
substitutions at C-3 and C-6 of the DPP increases, significant
red shift in the absorption spectrum was observed. Thermog-
ravimetric analysis (TGA) showed the ferrocenyl substituted
DPPs are thermally more stable than other donor functional-

Table 3. Photophysical, electrochemical and calculated electronic
properties of Fc� Tx, TPA� Tx and Ptz� Tx.

Truxene
λabs (nm)
[ɛ/105 (M� 1 cm� 1)]

E1

Ox (V)
E1

Red (V)
E2

Red (V)

Fc� Tx 618, 421 0.42 � 1.81 � 1.92
TPA� Tx 433 [1.5] 1.30 � 1.49 –
Ptz� Tx 545 0.70 � 0.80 1.18

Potentials (V) measured versus Saturated Calomel Electrode (SCE)
and referenced against FcH/FcH+, Cyclic voltamograms (CVs) were
recorded at room temperature on a CHI620D electrochemical
analyser using glassy carbon as the working electrode, Pt wire as the
counter electrode. The scan rate was 100 mVs� 1. A solution of
tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloro-
methane (0.1 M) was employed as the supporting electrolyte.

Figure 6. Cyclic voltammogram of TCBD bridged TPA� Tx and Fc� Tx (1.0×10� 4 M). Figure reproduced from Reference 40b.
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ized DPPs. The ferrocenyl based di-TCBD bridged DPP 10
showed a small HOMO-LUMO gap (0.71 eV) compared to
its other mono-TCBD bridged DPP derivatives 1 (0.98 eV)
and 5 (0.88 eV). On the other hand, in case of triphenylamine
substituted TCBD bridged DPPs, the mono-TCBD bridged
DPPs with additional donor units (6 and 9) show lower
HOMO-LUMO gaps compared to other mono- and di-
TCBD bridged DPPs due to strong electronic communication
between triphenylamine and acceptors.

Significant color changes were observed in day light after
the incorporation of TCBD in ethyne linked DPPs (e. g. N-
phenylcarbazole substituted DPP, Figure 8). The TCBD
bridged DPPs show systematic red shift of the absorption
spectra with decrease in HOMO-LUMO energy gap compared
to their ethynyl bridged precursors. The diketopyrrolopyrrole
derivatives with D� A substitution exhibit strong absorptions
in the visible to NIR region and can be regarded as potential
candidates for organic photovoltaics. In addition, the DPP

Figure 7. Chemical structures of mono/di-TCBD bridged DPPs 1–13.
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derivatives exhibit good thermal stability and low HOMO-
LUMO gaps required for the applicability of materials as
donor/acceptor components in organic photovoltaics.[45] The
electron accepting ability of DPP has been improved by
incorporation of TCBD, and for the first time triphenylamine
functionalized TCBD linked materials (DPPs 2 and 11) have
been used as non-fullerene acceptors in organic solar cells[43]

(OSCs) with respectable power conversion efficiency, which is
further discussed in the application section.

Recently phenothiazine based TCBD bridged donor-
acceptor DPPs 14–16 were synthesized (Figure 9) and

demonstrated the intervalence charge transfer (IVCT) process
in 16.[46] IVCT is a type of CT band commonly observed in
mixed valence compounds or in the systems where two metal
sites differing only in oxidation state. The IVCT compound
16 consist of a multi-redox centre in a single molecular
structure having TCBD incorporated to the phenothiazine-
bis(thienyl)DPP molecular system.

The DPPs 14–16 exhibit absorption maxima at 694, 736
and 753 nm, respectively. The compounds containing the
highly electron deficient TCBD entity (14–16) do not show a
significant emission which may be due to self-absorption or/

Table 4. Photophysical, thermal, electrochemical and calculated electronic properties of DPPs 1–13.

DPP
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

Td
( °C)

E4

Ox (V)
E3

Ox (V)
E2

Ox (V)
E1

Ox (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
E4

Red (V)
Eg
(eV)

DPP 1 681 [4.8] 379 – 1.07 0.75 0.56 � 0.74 � 1.01 � 1.55 � 1.85 0.98
DPP 2 683 [1.7] 357 – 1.42 0.89 0.73 � 0.70 � 0.93 � 1.31 – 1.43
DPP 3 695 [4.8] 266 – – 1.18 0.26 � 0.73 � 1.01 � 1.46 – 0.99
DPP 4 691 [3.7] - – 1.02 0.68 0.54 � 0.82 � 1.02 � 1.88 – 1.36
DPP 5 725 [4.0] 373 0.98 0.70 0.46 0.13 � 0.79 � 1.00 � 1.50 � 1.78 0.88
DPP 6 728 [3.1] 366 1.12 0.88 0.74 0.56 � 0.79 � 1.00 � 1.55 � 2.18 1.35
DPP 7 726 [4.8] 329 – – 0.77 0.51 � 0.72 � 1.00 � 1.46 – 1.23
DPP 8 723 [6.3] 367 – 1.38 0.98 0.73 � 0.56 � 0.85 � 1.38 – 1.29
DPP 9 796 [6.1] - – 1.02 0.65 0.25 � 0.76 � 1.01 � 1.85 – 1.01
DPP 10 732 [4.9] 410 – – 0.96 0.57 � 0.55 � 0.64 � 1.20 � 1.90 0.71
DPP 11 738 [1.9] 338 – – 1.41 0.90 � 0.59 � 1.04 � 1.26 1.90 1.49
DPP 12 749 [4.8] – – 1.02 0.89 0.55 � 0.63 � 0.71 � 1.14 � 2.00 1.17
DPP 13 535 [2.4] – – – – – � 1.28 � 1.60 � 2.38 – –

Eg=HOMO-LUMO gap as calculated from electrochemical data (CV); Td= thermal decomposition temperature (TGA); Potentials (V)
measured versus Ag/Ag+ electrode and referenced against FcH/FcH+, Cyclic voltammograms and differential pulse voltammograms were
recorded in dichloromethane solvent using glassy carbon as working electrode, Pt wire as the counter electrode. The scan rate was 100 mVs� 1.
A solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloromethane (0.1 M) was used as supporting electrolyte.
*For electrochemical investigation of DPP 4, DPP 9, DPP 12, Pt electrode was used as working electrode.

Figure 8. Effect of incorporation of TCBD to ethynyl bridged N-phenylcarbazole based DPP. Reproduced from ref. 44c with permission from Wiley-VCH
Verlag GmbH & Co. KGaA, Copyright 2016.
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and photoinduced charge transfer from donor to acceptor
moieties in push-pull systems. The first evidence for the
occurrence of electron exchange event in 16 was the splitting
of TCBD reduction wave as demonstrated by the electro-
chemical studies. The electron exchange process was further

confirmed by spectro-electrochemical studies which revealed
the anticipated intra-valence charge transfer band in the NIR
range (Figure 10). The origin of the IVCT transition in the
NIR region was caused by the one-electron reduction of the

Figure 9. Chemical structures of mono/di-TCBD bridged phenothiazine functionalized DPPs.

Figure 10. Spectral changes observed during first oxidation and first reduction of compounds 16 (a and b) recorded in DCB containing 0.2 M TBA(ClO4).
Reproduced with permission from ref. 46, Copyright 2017, Wiley.
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TCBD unit that encouraged the electron exchange process
between the two TCBD entities.

1.5. Isoindigo Based TCBD Derivatives

Isoindigo is a classical electron-deficient unit and can be
synthesized at low cost for various optoelectronic
applications.[47] It has been used for pharmaceutical applica-
tions as an antiproliferative agent.[48] Isoindigo possesses a
broad planar structure, absorption in the visible region, and
high photochemical stability.[49] It has been applied in the
design of donor-acceptor (D� A) based small molecules and
polymers.[50]

Recently we reported the triphenylamine functionalized
mono- and di-TCBD bridged isoindigo derivatives (Isoindigo
1 (90 %) and 2 (93 %), Figure 11), which were synthesized by
CA-RE reaction of ethynyl linked triphenylamine functional-
ized isoindigo with one and two equivalents of TCNE.[51]

The electronic absorption spectrum of mono-TCBD
bridged Isoindigo 1 shows two distinct absorption bands at
ca. 457 nm due to π–π* transition and at 594 nm related to
the intramolecular charge transfer (ICT) transition. The di-
TCBD bridged Isoindigo 2 possesses two absorption bands at
ca. 475 nm and at 554–710 nm due to the π–π* and the ICT
transition, respectively. Isoindigo 1 (mono-TCBD derivative)
shows a red-shift in the absorption spectra compared to
Isoindigo 2 (di-TCBD derivative), due to more twisted
backbones in the molecular structure of Isoindigo 2 after
incorporation of the additional TCBD unit.

The triphenylamine functionalized mono- and di-TCBD
bridged isoindigo derivatives (Isoindigo 1 and 2) exhibit three
reduction waves. The first two out of three reduction waves at
� 0.70 V, � 0.97 V in Isoindigo 1 and at � 0.57 V, � 1.16 V
in Isoindigo 2 are due to TCBD unit. The third reduction
wave in Isoindigo 1 and 2 at around � 1.25 V and � 1.27 V is
related to the isoindigo unit (Table 5). The lower reduction
values for TCBD unit(s) compared to the isoindigo unit
indicate the strong acceptor nature of TCBD. Isoindigo 1
shows two oxidation waves at 0.57 V and at 0.85 V due to the
substitution of the triphenylamine moiety, whereas the di-

TCBD bridged TCBD Isoindigo 2 exhibits one oxidation
wave around 0.85 V. The results of photophysical and DFT
studies showed that the mono-TCBD bridged ethynyl
functionalized isoindigo derivatives exhibited red shifted
electronic absorption with low HOMO-LUMO gap values.

1.6. Phenothiazine Based TCBD Derivatives

Phenothiazine is an electron-rich tricyclic heterocycle contain-
ing sulfur and nitrogen atoms.[52–53] The derivatives of
phenothiazine exhibit good thermal stability and have been
explored for various optoelectronic applications.[54–55] The
phenothiazines Phen 1–7 were designed by varying the
number and the nature of the end capping donor and acceptor
TCBD units in the molecule. The ferrocenyl and triphenyl-
amine based phenothiazines Phen 1–7 were prepared by CA-
RE reaction of ethynyl linked donor functionalized phenothia-
zines with TCNE in 80–90% yield (Figure 12).[56]

The mono-TCBD bridged ferrocenyl phenothiazine Phen
3 shows the absorption maximum at 531 nm, further
incorporation of a ferrocenylethynyl group at C-7 red shifted
the absorption maxima to 547 nm in Phen 1. The incorpo-

Figure 11. Chemical structures of mono/di-TCBD bridged Isoindigo derivatives 1 and 2.

Table 5. Photophysical, electrochemical and computational proper-
ties of Isoindigo 1 and 2.

Isoindigo
λabs (nm)
[ɛ/104

(M� 1 cm� 1)]

E1

Ox
(V)

E2

Ox
(V)

E1

Red
(V)

E2

Red
(V)

E3

Red
(V)

Eg
(eV)

1 594 [2.4] 0.57 0.85 � 0.70 � 0.97 � 1.25 1.81
2 475 [5.6] 0.85 – � 0.57 � 1.16 � 1.27 1.95

Eg=HOMO-LUMO gap as calculated by DFT at B3LYP/6-31G**
level for C, H and N;
Potentials (V) measured versus Saturated Calomel Electrode (SCE)
and referenced against FcH/FcH+, Cyclic voltammograms and
differential pulse voltammograms were recorded on a CHI620D
electrochemical analyzer in dichloromethane solvent and potentiostat
using glassy carbon as working electrode, Pt wire as the counter
electrode. The scan rate was 100 mVs� 1 for cyclic voltammetry. A
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in
dichloromethane (0.1 M) was used as supporting electrolyte.
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ration of a second TCBD unit in Phen 1 showed blue shift of
absorption by 10 nm in Phen 4 (537 nm). The incorporation
of stronger acceptor TCNQ to Phen 1 resulted in blue shift of
absorption by 23 nm in Phen 6, which exhibits its absorption
maximum at 521 nm. The mono-TCBD bridged triphenyl-
amine based phenothiazine Phen 2 shows absorption at
498 nm, and incorporation of a second TCBD caused a blue
shift of 6 nm (Phen 5). On the other hand, incorporation of
the stronger acceptor TCNQ unit to Phen 2 red shifts the
absorption by 150 nm [Phen 7, Table 6].

The incorporation of TCNQ in Phen 1 and Phen 2
results in Phen 6 and Phen 7. The ferrocenyl functionalized
phenothiazine derivative Phen 6 shows blue shifted electronic
absorption spectra compared to Phen 1, whereas triphenyl-
amine functionalized Phen 7 shows a red shift of the
absorption compared to Phen 2. The trend in HOMO-
LUMO gap calculated from DFT calculations is consistent
with the experimental absorption wavelengths for triphenyl-
amine substituted TCBD/DCNQ bridged phenothiazines.

In case of triphenylamine based Phen 2 the blue shift in
absorption was observed after incorporation of TCBD (in
Phen 5) whereas TCNQ incorporation leads to red shift in
absorption spectra (in Phen 7). On the other hand, in case of
ferrocenyl based Phen 1 the incorporation of TCBD and
TCNQ units led to blue shift in absorption (in Phen 4 and
6).

The effect of the number of TCBD units and the nature of
the end capping donor on the photonic and electronic
properties were investigated, revealing that the TCBD deriva-
tives with triphenylamine donor (Phen 2, 5 and 7) showed
low HOMO-LUMO gap values compared to the TCBD
derivatives with a ferrocenyl donor (Phen 1, 3, 4 and 6). The
electrochemical study showed lower reduction potentials in
triphenylamine based phenothiazines (Phen 2, 5 and 7)
compared to ferrocenyl phenothiazines (Phen 1, 3, 4 and 6).
On the other hand, lower oxidation potentials were observed
in ferrocenyl phenothiazines (Phen 1, 3, 4 and 6) compared to
triphenylamine based phenothiazines [(Phen 2, 5 and 7)

Figure 12. Chemical structures of mono/di TCBD substituted phenothiazines Phen 1–7.
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Table 6]. The donor-acceptor interaction was observed be-
tween donor moieties (ferrocenyl and triphenylamine) and the
acceptor TCBD unit.

1.7. BODIPY Based TCBD Derivatives

BODIPY dyes have attracted the attention of the scientific
community due to their strong accepting nature, good
solubility in organic solvents, strong electronic absorption with
high absorption coefficients and tunable redox potentials.[57]

The derivatives of BODIPY have been used for the
applications in cell imaging, logic gates and organic
photovoltaics.[58–61] The photonic and electronic properties of
BODIPY dyes can be tuned by substitution of different donor
groups at α, β and meso-positions.

The mono TCBD bridged ferrocenyl derivatives of meso-
BODIPYs BODs 1–5 (Figure 13) show the same distance

between the donor (ferrocenyl/triphenylamine/phenothiazine)
and TCBD moieties with varying distance between BODIPY
to the TCBD unit.[62–63] These BODs 1–5 were synthesized by
CA-RE reaction in 65–95% yield. The TCBD and BODIPY
moieties were connected directly by a single bond (in BOD 1),
by a phenylethynyl linkage (in BOD 2), by a vinylene linkage
(in BOD 3), or phenyl linkages (in BODs 4 and 5). The
BODIPY BOD 1, in which TCBD is directly linked with the
BODIPY core, exhibits a red shifted absorption compared to
the BODIPY derivatives in which TCBD is attached to
BODIPY via a phenyl acetylene linkage (in BOD 2) or by a
vinyl linkage (in BOD 3). The cyclic voltammetry study
reveals the lower oxidation potential of mono-TCBD bridged
ferrocenyl based BODs 1–3 compared to mono-TCBD
bridged triphenylamine/phenothiazine-based BOD 4/5 (Ta-
ble 7). On the other hand, the reduction of triphenylamine/

Table 6. Photophysical, electrochemical and calculated electronic properties of phenothiazines Phen 1–Phen 7.

Phenothi-azine λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E3

Ox (V)
E2

Ox (V)
E1

Ox (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
E4

Red (V)
Eg

d

(eV)

Phen 1 547 [6.8] 0.41 0.28 � 0.07 � 1.16 � 1.46 – – 2.49
Phen 2 498 [1.7] 0.68 0.49 0.36 � 0.98 � 1.28 – – 2.07
Phen 3 531 [6.5] – – 0.31 � 1.15 � 1.44 – – 2.64
Phen 4 537 [7.0] – 0.28 0.55 � 1.12 � 1.47 – – 2.63
Phen 5 492 [4.0] – – 0.70 � 0.92 � 1.27 – – 2.37
Phen 6 524 [7.7] 0.45 0.27 0.16 � 0.94 � 1.23 � 1.51 – 2.28/2.11
Phen 7 650 [3.6] – 0.57 0.39 � 0.77 � 0.88 � 1.04 � 1.33 1.77

Eg =HOMO-LUMO gap as calculated by DFT at B3LYP/6-31G** level for C, H and N; and at Lanl2DZ level for Fe; Potentials (V)
measured versus Saturated Calomel Electrode (SCE) and referenced against FcH/FcH+. Cyclic voltammograms and differential pulse
voltammograms were recorded on potentiostat using glassy carbon as working electrode, Pt wire as the counter electrode at room temperature.
The scan rate was 100 mVs� 1. A solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloromethane (0.1 M) was used as
supporting electrolyte.

Table 7. Photophysical, electrochemical and calculated electronic properties of BODIPYs 1–5.

BODIPY
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E3

Ox (V)
E2

Ox (V)
E1

Oxid (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
E4

Red (V)
Eg
(eV)

BOD 1 567 [3.4] – 1.28 0.52 � 0.35 � 0.71 � 1.32 � 1.80 2.22
BOD 2 561 [4.9] – 1.21 0.48 � 0.79 � 0.88 � 1.16 � 1.29 2.31
BOD 3 521 [4.5] 1.34 1.10 0.40 � 0.73 � 1.42 � 2.03 � 2.23 1.84
BOD 4 – – 1.71 1.36 � 0.20 � 0.56 � 0.91 – –
BOD 5 – – 1.67 1.04 � 0.10 � 0.47 � 0.79 – 1.97

Eg=HOMO-LUMO gap as calculated by DFT at B3LYP/6-31G** level for C, H and N; and at Lanl2DZ level for Fe; Potentials (V)
measured versus Saturated Calomel Electrode (SCE) and referenced against FcH/FcH+.
For BODIPYs 1—3: Cyclic and differential pulse voltammograms were recorded on a CHI620D electrochemical analyser in dichloromethane
solvent and 0.1 M TBAF6 as the supporting electrolyte at room temperature. The electrodes used were glassy carbon as a working electrode,
Pt wire as a counter electrode and the saturated calomel electrode as a reference electrode.
For BODIPYs 4 and 5: Differential pulse and cyclic voltammograms were recorded on an EG&G PARSTAT electrochemical analyzer using a
three electrode system. A platinum button electrode was used as the working electrode. A platinum wire served as the counter electrode and an
Ag/AgCl electrode was used as the reference electrode. The analysis was performed in benzonitrile at room temperature using
tetrabutylammonium perchlorate, (TBA)ClO4, as a supporting electrolyte.
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phenothiazine-based BOD 4/5 is easier than that of ferrocenyl
BODs 1–3.

Ziessel et al. reported symmetrical and unsymmetrical
TCBD bridged β-BODIPYs with various end capping donors
BOD 6–BOD 10 in different yields ranging from a low yield
of 36 % (BOD 9) to a high yield 81 % (BOD 10) for NLO
applications.[64] The BODs 6–10 show absorption bands at
475, 543, 574, 558 and 599 nm, respectively, and exhibited
molar absorption coefficients between 35000–
80000 M� 1 · cm� 1. The effect of the change in the end capping
donor and the number of TCBD units on the photophysical
and electrochemical properties was studied. In the case of
N,N-dimethylaniline and anisole substituted TCBD linked
BODIPYs, it was observed that BODIPYs with two electron

donating substituents attached to the β-position (BODs 6–10)
exhibit red shifted absorptions compared to TCBD bridged
BODIPY with only one donating substituent (BOD 6). The
incorporation of a second TCBD unit to N,N-dimeth-
ylaminophenyl substituted BOD 8 causes a blue shift of the
absorption from 574 nm to 558 nm in BOD 9, which
indicates poor electronic communication in di-TCBD bridged
BOD 9. The mono-TCBD bridged anisole-based BOD 6
exhibits an absorption maximum at 475 nm, and further
substitution of ethynyl anisole at the β-position (BOD 7)
causes a blue shift in the electronic absorption. On the other
hand the substitution of N,N-dimethylaniline at the α-position
via a double bond improves the conjugation which lead to red
shift in the absorption spectra (599 nm).

Figure 13. Chemical structures of mono-/di-TCBD bridged BODIPYs BODs 1–10.
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Recently N-analogue of BODIPY i. e. Aza-BODIPY with
high energy charge transfer with panchromatic absorption has
been reported (Figure 14).[65] Donor-acceptor system was
made by connecting triphenylamine (TPA) to TCBD, a high
energy charge transfer system which then linked to Aza-
BODIPY, the NIR sensitizer for the promotion of excited state
charge separation. Here successful demonstration of efficient
charge separation upon both high-energy charge transfer and
low-energy NIR excitations indicating the importance of this
donor-acceptor system for optoelectronic applications with
wide optical window from UV-Vis to NIR.

1.8. Benzothiadiazole (BTD) Based TCBD Derivatives

Benzo[c][1,2,5]thiadiazole (BTD) is an electron-withdrawing
moiety widely used for developing various small molecules and
polymers as semiconductors.[66] BTD contains a diazole ring
fused with a benzene ring, in which one of the carbon atoms
in the diazole ring is replaced by a sulfur atom.

The TCBD bridged ferrocenyl and triphenylamine based
BTDs 1–6 were synthesized by the CA-RE reaction sequence
in 70–85% (Figure 15).[25b,67] The ferrocenyl TCBD substi-
tuted BTD with triphenylamine as end capping donor BTD 2

Figure 14. Chemical structure and absorption spectra of TCBD bridged Aza-BODIPY. Reproduced from ref. 65 with permission from Wiley-VCH Verlag
GmbH & Co. KGaA, Copyright 2020.

Figure 15. Chemical structures of mono-/di-TCBD bridged BTDs 1–9.
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showed a red shift of the absorption by 52 nm compared to
ferrocenyl TCBD substituted BTD with carbazole as end
capping donor BTD 1. The electrochemical study shows that
BTD 2 exhibited easier oxidation and harder reduction
compared to BTD 1. The triphenylamine-TCBD substituted
BTD 4 with triphenylamine end capping donor on another
side showed an absorption maximum at 560 nm. Study of the
effect of the end capping donor in triphenylamine based
TCBD derivatives reveals that the substitution of a triphenyl-
amine unit with BTD by a direct bond as in BTD 4 gives a
red shifted absorption (560 nm) compared to substitution of
3-pyridylethynyl (BTD 5, 446 nm), 9-anthracenylethynyl
(BTD 6, 545 nm), and N-phenyl carbazole (BTD 3, 518 nm)
substitutions.

The electrochemical data (Table 8) reveal that the oxida-
tion of triphenylamine based BTDs 3–6 is harder compared to
ferrocenyl BTDs 1 and 2. On the other hand, the reduction of
ferrocenyl BTDs 1 and 2 is difficult compared to triphenyl-
amine based BTDs 3–6. The effect of the nature of the end
capping group on the photonic and electronic properties
indicates that the 3-pyridylethynyl based BTD 5 with
triphenylamine as the donor shows a low HOMO-LUMO gap
value compared to the other TCBD derivatives.

The di-TCBD bridged symmetrical and unsymmetrical
donor (ferrocenyl/triphenylamine) based BTDs 7–9 were
synthesized by the CA-RE reaction sequence of ethynyl
bridged ferrocenyl/triphenylamine based BTD derivatives with
two equivalents of TCNE with high yields (85–94%).[68]

The unsymmetrical donor (ferrocene and triphenylamine)
substituted TCBD bridged BTD 8 showed a red shift in
electronic absorption compared to di-ferrocenyl and di-
triphenylamine functionalized TCBD bridged BTDs 7 and 9.
The electrochemical study showed that the di-TCBD bridged
unsymmetrical BTD 8 undergo two oxidations, one at 0.50 V

and another one at 0.83 V due to the ferrocene and triphenyl-
amine moieties, respectively (Table 8). On the other hand,
only one oxidation wave was observed in the case of
symmetrical ferrocenyl based BTD 7 (at 0.50 V) and
triphenylamine based BTD 9 (at 0.64 V). The BTDs 7–9
show three reduction waves in their cyclic voltammograms, the
first two reduction waves are due to the TCBD unit(s) and the
third one is due to the BTD unit. The reduction of di-TCBD
bridged BTDs 7–9 is easier compared to mono-TCBD
bridged BTD derivatives (BTDs 1–6). The donor-acceptor
interaction was observed from the ferrocenyl/triphenylamine
donor moieties to the acceptor TCBD unit. The effect of the
number of TCBD units on the photonic and electronic
properties causes the di-TCBD bridged BTD derivatives
(BTDs 7–9) to show broad absorption, easier reduction and
low HOMO-LUMO gap values compared to the mono-
TCBD bridged BTD derivatives with ferrocenyl donor (BTDs
1–6).

1.9. Pyrene Based TCBD Derivatives

Pyrene is the smallest peri-fused polycyclic aromatic hydro-
carbon and has been explored for optoelectronic
applications.[69] It is a well-known donor and exhibits a good
fluorescence quantum yield.[70] In order to evaluate the effect
of TCBD on its photonic and electrochemical properties, the
colored mono-TCBD linked ferrocenyl substituted pyrenes
Fc� Py 1 (80%) and Fc� Py 2 (85%) were synthesized by the
CA-RE reaction sequence of ethynyl bridged ferrocenyl
substituted pyrenes with TCNE (Figure 16).[71]

Fc� Py 1 exhibits two strong charge transfer bands, one is
due to charge transfer from the ferrocenyl substituent to
TCBD at 639 nm and another one from pyrene donor to the
TCBD acceptor at 474 nm (Table 9). On the other hand,

Table 8. Photophysical, electrochemical and calculated electronic properties of BTDs 1–9.

BTD
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E3

Ox (V)
E2

Ox (V)
E1

Ox (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
Eg
(eV)

BTD 1 502 [4.6] 0.42 0.22 0.02 � 1.23 � 1.59 � 2.48 2.62
BTD 2 554 [6.1] – 0.18 0.01 � 1.25 � 1.69 � 2.55 2.37
BTD 3 466 [4.9], 518 – 0.78 0.57 � 0.76 � 1.23 � 1.43 2.46
BTD 4 560 [3.4] – 0.75 0.54 � 0.83 � 1.21 � 1.422 2.40
BTD 5 446 [6.2] – – 0.88 � 0.75 � 1.13 – 1.69
BTD 6 545 [5.9] – – 0.91 � 0.83 � 1.19 � 2.07 2.17
BTD 7 618 [4.3] – – 0.50 � 0.52 � 0.66 � 1.40 2.17
BTD 8 624 [4.2] – 0.83 0.50 � 0.51 � 0.67 � 1.36 1.83
BTD 9 490 [6.0] – – 0.64 � 0.55 � 0.70 � 1.36 2.03

Potentials (V) measured versus Saturated Calomel Electrode (SCE) and referenced against FcH/FcH+; Glassy carbon was used as working
electrode and Pt wire as the counter electrode. The scan rate was 100 mVs� 1 and solution of tetrabutylammonium hexafluorophosphate
(TBAPF6) in dichloromethane (0.1 M) was used as supporting electrolyte. Eg =HOMO-LUMO gap as calculated by at B3LYP/6-31G** level
for C, H and N; and at Lanl2DZ level for Fe.

R e v i e w TH E CH EM I C A L R E CORD

Chem. Rec. 2023, 23, e202200208 (17 of 29) © 2022 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

Wiley VCH Freitag, 13.01.2023

2301 / 268455 [S. 269/281] 1

 15280691, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tcr.202200208 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [17/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Fc� Py 2 exhibits two charge transfer bands; one is a strong
charge transfer from pyrene moiety to the TCBD unit at
483 nm, and the second one is a weak charge transfer band
from the ferrocenyl donor to the TCBD acceptor unit.

The electrochemical properties of mono-TCBD bridged
pyrenes Fc� Py 1 and 2 were investigated by cyclic voltamme-
try (CV) and differential pulse voltammetry (DPV) (Fig-
ure 17). Fc� Py 1 exhibited three oxidation waves and Fc� Py
2 showed two oxidation waves. The presence of electron
deficient TCBD unit show low ferrocenyl oxidation at 0.45 V

and 0.07 V for Fc� Py 1 and Fc� Py 2 respectively. The meta
linkage at the phenyl moiety connected with ferrocene and
TCBD hinders the electronic communication in Fc� Py 2.
Fc� Py 1 and Fc� Py 2 exhibit two reduction waves
corresponding to the mono-anion and di-anion formation at
the TCBD unit.

Figure 16. a) Chemical structures and b) colored photograph (10<M->4M) of Fc� Py 1 and Fc� Py 2 in dichloromethane solution in day light. Figure reproduced
from Reference 71.

Table 9. Photophysical, electrochemical and computational properties of Fc� Py1 and Fc� Py2.

Pyrene
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E3

Ox (V)
E2

Ox (V)
E1

Ox (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
E4

Red (V)
Eg
(eV)

Fc� Py1 639 [0.7], 474 [2.7] 1.35 1.18 0.45 � 0.82 � 1.18 � 1.31 � 1.84 2.54
Fc� Py2 483 [0.4] – 1.15 0.08 � 0.61 � 1.12 � 1.34 � 1.82 1.89

Eg =HOMO-LUMO gap as calculated by DFT at B3LYP/6-31G** level for C, H and N; and at Lanl2DZ level for Fe; Potentials (V)
measured versus Saturated Calomel Electrode (SCE) and referenced against FcH/FcH+. (Recorded in dichloromethane solvent using
tetrabutylammoniumhexafluorophosphate (Bu4NPF6) as supporting electrolyte at room temperature on a CHI620D electrochemical analyzer
using Glassy carbon as working electrode, Pt wire as the counter electrode, and Saturated Calomel Electrode (SCE) as the reference electrode).

Figure 17. CV and DPV plots of pyrene based TCBD derivatives Fc� Py 1 and Fc� Py 2. Figure reproduced from Reference 71.
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1.10. Thiazole and Bisthiazole Based TCBD Derivatives

Thiazole and bisthiazole are electron acceptor units used for
the design of π-conjugated donor-acceptor architectures.[72]

The ferrocenyl TCBD derivatives of thiazole Tz 1 and Tz 2
(Figure 18) were synthesized by the CA-RE reaction sequence
with electron rich triple bonds in 82% and 70% yield,
respectively.[73] In the formation of thiazole Tz 2, the triple
bond next to the ferrocene moiety i. e. the electron rich triple
bond reacted with TCNE, while the other triple bond next to
the thiazole moiety remained intact. The photophysical and
electrochemical properties indicated that the incorporation of
the TCBD moiety unit increased the molar absorption
coefficient (ɛ) value of π!π* transitions in Tz 1 and Tz 2.
The presence of a thiazole group adjacent to TCBD facilitates
its reduction. The presence of an additional 4-ethynylphenyl
spacer in Tz 2 caused a red shifted absorption by 30 nm
corresponding to a lower HOMO-LUMO gap. The TCBD
derivatives Tz 1 and Tz 2 showed red shifted absorption
towards NIR region with strong charge transfer bands, which
indicated good electronic communication from electron donor
to electron acceptor units. The thermoanalysis (TGA) showed
that the incorporation of the TCBD unit enhances the thermal
stability of ferrocenyl thiazoles.

The ethynyl linked ferrocenyl and triphenylamine bisthia-
zoles undergo CA-RE reaction sequence with two equivalents
of TCNE, resulting in the formation of Btz 1 and Btz 2 in
71% and 65 % yield, respectively (Figure 18).[74] The ferro-
cenyl and triphenylamine functionalized bisthiazoles upon
reaction with TCNE afford TCBD derivatives, however, an
attempt to synthesize the TCBD derivatives of the naphthali-
mide-functionalized bisthiazoles was unsuccessful. The reac-
tion was further investigated by DFT calculations performed

at B3LYP/6-31G** level for C, H and N, and at Lanl2DZ
level for Fe, which reveal that the donor functionalized
bisthiazoles favour the reaction with TCNE due to a lower
HOMO-LUMO gap; on the other hand, acceptor functional-
ized bisthiazoles disfavour the reaction because of their large
HOMO-LUMO gap. The photophysical and electrochemical
properties of di-TCBD bridged symmetrical bisthiazoles Btz 1
and Btz 2 with ferrocenyl and triphenylamine end capping
groups reveal strong donor-acceptor interactions.

The effect of the change in end capping group on the
photophysical and electrochemical properties of bisthiazole
reveals that the triphenylamine based Btz 2 shows red shifted
absorption and an easier reduction than that of ferrocenyl
based Btz 1 (Table 10). The ferrocenyl based Btz 1 shows a
less intense absorption band in the longer wavelength region
related to a d-d transition of the ferrocenyl moiety. The
oxidation of ferrocenyl based Btz 1 was easier compared to
triphenylamine based Btz 2. Thermogravimetric analysis
indicated higher thermal stability in case of ferrocenyl
substituted TCBD bridged thiazole and bisthiazole derivatives.

1.11. Comparison in di-(TPA-TCBD) Substituted
Derivatives

The photophysical and electrochemical properties of di-(TPA-
TCBD) substituted derivatives of DPP, isoindigo, BTD,
phenothiazine and bisthiazole are shown in Table 11. The
photophysical data show the di-(TPA-TCBD) substituted
derivative of DPP central core show red shifted absorption
than other derivatives with different central core as shown in
figure 19 below.

The TCBD derivative with DPP central core DPP 11
show absorption maximum towards near-infrared region

Figure 18. Chemical structures of TCBD bridged thiazole and bisthiazoles.
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whereas other derivatives (isoindigo 2, BTD 9, Phen 5and
Btz 2) exhibit absorption maxima in visible region in between
460 nm to 500 nm. This red shifted absorption in TCBD
bridged DPP 11 was corresponds to the absorption of central
DPP core and charge transfer from triphenylamine to TCBD
and DPP. The electrochemical studies recorded with CV and
DPV indicated the higher oxidation potential in DPP 11
compared to other triphenylamine based TCBD derivatives
(isoindigo 2, BTD 9, Phen 5and Btz 2). The low reduction
potential in DPP (DPP11), isoindigo (isoindigo 2), BTD
(BTD 9) and bisthiazole (Btz 2) than that of phenothiazine
(phen 5) is related to the presence of electron withdrawing
moieties in the molecular structure.

Eg=HOMO-LUMO gap as calculated from electrochem-
ical data (CV); Potentials (V) measured versus Ag/Ag+

electrode and referenced against FcH/FcH+, Cyclic voltammo-
grams and differential pulse voltammograms were recorded in
dichloromethane solvent using glassy carbon as working

Table 10. Photophysical, thermal and electrochemical properties of
TCBD linked thiazoles and bithiazoles.

λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E1

Ox (V)
E1

Red (V)
E2

Red (V)
Eg
(eV)

Td
(°C)

Tz 1 600 [4.4] 0.84 � 0.44 � 0.75 3.49 336
Tz 2 630 [4.0] 0.85 � 0.48 � 0.80 3.45 443
Btz 1 356 [7.7] 0.38 � 0.89 � 1.45 1.94 307
Btz 2 457 0.82 � 0.49 � 1.01 1.74 293

Eg =HOMO-LUMO gap as calculated by DFT at B3LYP/6-31G**
level for C, H and N, and at Lanl2DZ level for Fe; Td= thermal
decomposition temperature (TGA); Potentials measured versus
Saturated Calomel Electrode (SCE) and referenced against FcH/
FcH+. Glassy carbon was used as working electrode, saturated
calomel electrode (SCE) as the reference electrode and Pt wire as the
counter electrode. The scan rate was 100 mVs� 1 and solution of
tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloro-
methane (0.1 M) was used as supporting electrolyte.

Table 11. Photophysical, electrochemical and computaional properties of di-(TPA-TCBD) substituted derivatives.

DPP
λabs (nm)
[ɛ/104 (M� 1 cm� 1)]

E2

Ox (V)
E1

Ox (V)
E1

Red (V)
E2

Red (V)
E3

Red (V)
E4

Red (V)
Eg
(eV)

DPP 11 738 [1.9] 1.41 0.90 � 0.59 � 1.04 � 1.26 1.90 1.49
Isoindigo 2 475 [5.6] – 0.57 � 1.16 � 1.26 � 1.27 – 1.95
BTD 9 490 [6.0] – 0.64 � 0.55 � 0.70 � 1.36 – 2.03
Phen 5 492 [4.0] – 0.70 � 0.92 � 1.27 – – 2.37
Btz 2 457 – 0.82 � 0.49 � 1.01 – – 1.74

Figure 19. Chemical structure of TCBD bridged derivatives.
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electrode, Pt wire as the counter electrode. The scan rate was
100 mVs� 1. A solution of tetrabutylammonium hexafluoro-
phosphate (TBAPF6) in dichloromethane (0.1 M) was used as
supporting electrolyte.

2. Applications of TCBD Bridged Molecular
Architectures

2.1. Solar Cells

Recently organic solar cells (OSCs) have gained the attention
of researchers because of their simple device structure, easy
fabrication, light weight and low production cost.[75–77]

2.1.1. Dye sensitized Solar Cells (DSSC)

Dye sensitized solar cells represent an emerging third-
generation of solar cells attracting considerable attention due
to their low manufacturing cost, flexibility and environmental
compatibility.[78] After the first report in 1991 by Regan and
Grätzel, significant research efforts have been devoted towards
the development of efficient materials with efficiencies above
12%.[79] In spite of these advantages the main issue with
recently reported results is the stability of the devices, which
limits their use as low-cost DSSC in the market.

The di-TCBD bridged ferrocenyl substituted triphenyl-
amine TPA9 (Figure 20) was used as sensitizer for DSSCs.
The devices based on TPA9 show a higher power conversion
efficiency of 4.96 % compared to its precursor D1 (3.65 %).
The higher power conversion efficiency for TPA9 was
attributed to the increase in the light harvesting property of
dye TPA9 due to its extended absorption in the near infrared
region.[80]

2.1.2. Bulk Heterojunction Organic Solar Cells

2.1.2.1. TCBD Bridged Derivatives as Donors

The triphenylamine based TCBD bridged molecular architec-
tures have been used for organic solar cells.[81] By varying the
end group on BTD moiety, BTDs 3, 5 and 6 (Figure 15) have
been used as donors along with the fullerene derivative [6,6]-
phenyl-C71-butyric acid methyl ester (PC71BM), as an acceptor
for bulk heterojunction organic solar cells.

In order to improve the device performance, the end
capping donor group was varied while keeping the triphenyl-
amine-TCBD based benzothiadiazole as the constant moiety
(Figure 15). The carbazole substituted benzothiadiazole with
TCBD linker BTD3 was employed as the donor component
for bulk heterojunction organic solar cells along with PC71BM
as the electron acceptor, which resulted in a power conversion
efficiency of 2.76%.[82] Further, by the use of various end
capping groups in BTD based molecular systems such as 3-
pyridyl[83] BTD5 and 9-anthracenyl[84] BTD6, the power
conversion efficiency was improved. The anthracene function-
alized BTD BTD6 with an ethynyl bridge achieved a power
conversion efficiency of up to 4.61 % (Table 12).

Blanchard et al. synthesized symmetrical and unsymmet-
rical TCBD bridged push-pull derivatives (TPA-Ds 1–3,
Figure 21) with increase in thiophene moieties. These systems
showed good solubility in common organic solvents and high
stability. TPA-Ds 1–3 exhibit strong absorption in the visible
region, high oxidation potentials. The optical and electro-
chemical investigations indicated these push-pull derivatives
can be used as donor material for bilayer heterojunction solar
cells. The average power conversion efficiency of 1.05 % was
recorded from analysis of four different cells. The best
efficiency was observed for the device with power conversion
efficiency of 1.08 % with current density of 3.06 mA cm� 2,
FF=0.33and an open-circuit voltage 0.97 V.

Later in 2021, Blanchard et al. reported triphenylamine
based tetracyanobutadiene molecular systems end-capped with

Figure 20. Chemical structures of ethyne bridged D1 and TCBD bridged
TPA9.

Table 12. Photovoltaic parameters of TCBD bridged donor BTDs
3, 5 and 6 under optimized conditions along with fullerene
derivative PC71BM as an acceptor.

Active layer Jsc (mA/cm2) Voc (V) FF PCE (%)

BTD3a 7.56 0.96 0.38 2.76
BTD5b 6.34 0.98 0.36 2.24
BTD5c 9.84 0.94 0.58 5.36
BTD6d 7.45 0.94 0.45 3.15
BTD6e 9.48 0.90 0.54 4.61
aProcessed from DCM; bas cast from chloroform; ctwo step
annealing; dprocessed with THF; eprocessed with chloronaphthalene
(CN) (3vol.%)/THF, PCE=Power conversion efficiency, Jsc = current
density, Voc =open circuit voltage, FF= fill factor.
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aryl group of increasing conjugation; phenyl (TPA-D4),
naphthyl (TPA-D5) and pyrenyl (TPA-D6) (Figure 21).[85]

They explored their photophysical properties which show
broad absorption spectra covering visible region from 300 nm
to 800 nm with two absorption bands low energy charge
transfer and high energy π-π* transition. The temperature
dependent (10–70 °C), UV-vis absorption studies were per-
formed, which reveals absence of aggregation in the solution
state. The TPA-Ds 4–6 were non-emissive in the solution
state, however it was found to be emissive in the thin films
with emission maxima 760–780 nm and PMMA matrix with
emission maxima 653–665 nm, which is due to restricted
intramolecular rotation. The red shift in the emission in thin
film sate is due to p-π intermolecular interactions. The optical
properties indicated the suitability of TPA-Ds 4–6 to use these
materials as donor for organic solar cells. TPA-Ds 4–6 were
used as donor in all vacuum-processed planar hetero-junction
(PHJ) solar cell and it was observed that the PCE values were
inversely proportional to the thickness of the donor layers. The
PCE values revealed that smaller aromatic substituents show
better performance than the larger once. The phenyl derivative
TPA-D4 (PCE=1.86%) showed better performance than
naphthalene TPA-D5 (PCE=1.23 %) and pyrene TPA-D6
(PCE=0.96 %).

2.1.2.2. TCBD Linked Derivatives as a Non-Fullerene
Acceptor

Fullerene derivatives [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM) and [6,6]-Phenyl C71 butyric acid methyl ester
(PC71BM) are commonly used as electron acceptor materials
for bulk heterojunction organic solar cells because of their
excellent electron acceptor properties.[86] During the last two
decades a drastic improvement in the performance of donor
materials for solar cells has been observed,[87–88] however, the
development of acceptor materials lagged behind. Recently
various design strategies and the optimization of processes
significantly enhanced the performance of non-fullerene
acceptors.[89–90]

The introduction of TCBD in a molecular system
improves the acceptor strength of the resulting compound and
lowers the HOMO and LUMO energy levels.[91] The use of
TCBD derivatives as donors in bulk heterojunction organic
solar cells is well known in the literature,[82–84] however, the
incorporation of TCBD in donor functionalized diketopyrro-
lopyrroles (DPP) improves their acceptor strength. The DPP
molecules containing a TCBD bridge with improved acceptor
strengths exhibit energy levels, which match with the polymer
donor (Figure 22), thereby indicating that they can be used as

Figure 21. Chemical structures of the TCBD linked derivatives TPA-D 1–6 for organic solar cells.
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non-fullerene acceptors for bulk heterojunction organic solar
cells.

When triphenylamine substituted mono- and di-TCBD
bridged DPP materials (DPPs 2 and 11, Figure 23) were used
as non-fullerene acceptors along with polymer donor P1, they
showed an overall power conversion efficiency of 1.16 % and
1.57 %, respectively.[43a] By solvent vapor annealing the power
conversion efficiency was significantly improved up to 3.90 %
and 4.95 % for P1:DPP2 and P1:DPP11, respectively.

The ferrocenyl substituted TCBD bridged DPPs 1 and 10,
(Figure 7 and 23) were used as non-fullerene acceptors along
with the polymer donor P2, showed an overall power
conversion efficiency of 1.16% and 1.57%, respectively.[92]

The solvent additive treatment with 3 vol % 1,8-diiodoctane
was employed to enhance the performance and power

conversion efficiencies up to 4.23% and 4.88%, for P2:DPP1
and P2:DPP10, respectively, were observed. Thermal anneal-
ing and vacuum dried films were applied to further improve
the performance, and with vacuum dried films P2:DPP1 and
P2:DPP10 maximum power conversion efficiencies of up to
6.44 % and 6.89% were obtained, respectively.

The mono-TCBD bridged N-phenyl carbazole functional-
ized DPPs (DPPs 3 and 7, Figure 23) were used as non-
fullerene solar cells along with polymer donor P3, and the
devices based on optimized P3:DPP3 and P3:DPP7 active
layers showed maximum power conversion efficiencies of
4.86 % and 7.19%, respectively, which shows that the use of
an additional ethynyl linked N-phenyl carbazole unit signifi-
cantly improved the performance.[93] The systematic change in
the end capping donors (triphenylamine, N-phenyl carbazole

Figure 22. Chemical Structures of different polymer donors used in solar cells.

Figure 23. Development of TCBD linked DPP acceptors for organic solar cells. (OSCs picture source: https://www.ise.fraunhofer.de/en/business-areas/
photovoltaics/perovskite-and-organic-photovoltaics/organic-solar-cells-and-modules.html)
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and ferrocene) varies the performance of non-fullerene accept-
ors. The N-phenyl carbazole based devices showed better
performance and realized power conversion efficiency of
7.19 % (for DPP7) which is the respectable efficiency for
TCBD based non-fullerene acceptors (Figure 23 and Ta-
ble 13). Thereby, the use of TCBD as non-fullerene acceptor
opened up a new direction to design efficient acceptor
materials for OSCs.

Praveen et al. has reported mono- and di-TCBD derivatives
of azulene,[94] carbazole,[95] and fluorene[95] as a non-fullerene
acceptors for organic solar cells (Figure 24). The di-TCBD

based derivatives exhibit red shifted absorption, better
aggregation behavior and low HOMO-LUMO gap compared
to mono-TCBD bridged derivatives which indicated the
potential of these molecules to use as a non-fullerene acceptors.
When mono- and di-TCBD derivative of azulene Az-NFA-1
and Az-NFA-2 were used as non-fullerene acceptors along
with P3HT donor showed PCEs of 1.04 % and 1.70 %. The
better performance in di-TCBD bridged Az-NFA-2 derivatives
was related to strong electron accepting ability, deep LUMO
level, high molar absorption coefficient.

The unsymmetrical and symmetrical non-fullerene accept-
ors made up of carbazole and fluorene were used along with
the donor P3HT exhibited the PCEs in the range from 4 to
6.30 %. When these acceptors used as-cast blend showed better
performance (PCEs=4.24–5.37 %) compared to the prepared
standard P3HT:PCBM device (4.14%). The symmetrical
TCBD derivatives fabricated as-cast devices displayed better
PCEs (F-NFA2, PCE= 5.37%; Cz-NFA2, PCE=5.21 %)
compared to unsymmetrical TCBD derivatives (F-NFA1,
PCE=4.56 %; Cz-NFA1, PCE=4.24 %). When the devices
processed with additive 1,8-diiodooctane (DIO) improvement
in the performance was observed and showed 6.30 % (Cz-
NFA2), 5.42%, (F-NFA2) 5.09 % (Cz-NFA1), and 4.65 %
(F-NFA1) PCE, indicating the role of DOI in increasing the
photocurrent. The higher efficiency in case of di-TCBD
bridged derivatives is related to the broad red shifted
absorption and more number of cyano groups which improved
the acceptor strength of the molecule.

Table 13. Photovoltaic parameters of DPP based acceptors blended
with polymers P1–P3 as electron donors.

Active layer Jsc (mA/cm2) Voc (V) FF PCE (%)

DPP 1c 10.52 0.98 0.52 5.36
DPP 1d 11.34 0.98 0.58 6.44
DPP 2a 3.88 0.88 0.34 1.16
DPP 2b 8.15 0.92 0.52 3.90
DPP 3a 7.43 0.98 0.39 2.84
DPP 3b 10.56 0.94 0.49 4.86
DPP 7a 9.25 0.94 0.45 3.91
DPP 7b 13.78 0.90 0.58 7.19
DPP 10c 11.86 0.88 0.55 5.74
DPP 10d 12.66 0.88 0.62 6.89
DPP 11a 5.82 0.82 0.38 1.57
DPP 11b 10.28 0.86 0.56 4.95
acast from THF; bsolvent vapor annealing; cthermal annealing;
vacuum dried; e solvent annealing; PCE=Power conversion effi-
ciency, Jsc = current density, Voc =open circuit voltage, FF= fill
factor.

Figure 24. Chemical structures of TCBD linked non-fullerene acceptors for organic solar cells.
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2.2. Photothermal Therapy (for Cancer Treatment)

The photothermal therapy (PTT) for cancer treatment has
gained attention of the scientific community as it is a highly
selective and noninvasive therapeutic method by the use of
NIR laser-induced ablation of tumor cells.[96–97]

Dong et al. reported donor-acceptor (D� A) triphenylamine
based furan, thiophene, and selenophene functionalized DPPs
for photothermal cancer therapy,[98–99] which showed promis-
ing performance as therapeutic agents for photothermal
therapy. The triphenylamine based furan, thiophene, and
selenophene functionalized DPPs used for photothermal
cancer therapy, showed photothermal conversion efficiency
(PTC) of 47%, 34.5% and 37.9 %, respectively. This
indicates that the furan functionalized DPP has shown higher
photothermal conversion efficiency than the other thiophene
and selenophene functionalized DPPs.

In order to further improve the PTC efficiency, the authors
selected furan functionalized DPP over thiophene functional-
ized DPP, because the steric hindrance of furyl-DPP is smaller
than that of thienyl-DPP resulting in better co-planarity.
Another component is ferrocene, which itself is a cancer
therapeutic agent[100] and a good electron donor helping in
fluorescence quenching and singlet-oxygen production via a
photo-induced electron transfer (PET) process, which enhan-
ces non radiative transition. It has also been reported that
nanoparticles containing iron are useful in applications for
photothermal therapy.[101] The TCBD moiety was selected due
to its strong electron withdrawing nature, and its incorporation
into push-pull systems shows a red shift in the electronic
absorption in NIR region and can promote the PET process.
Use of the designed molecule DPPCN-Fc (Figure 25) as
cancer theranostic agent for cancer therapy achieved 59.1 % of
PTC efficiency, which is higher compared to earlier reported
DPPs.[7b]

3. Summary, Conclusion and Future Outlook

In this review we have highlighted the design strategies used
for the synthesis of various TCBD linked donor-acceptor

derivatives by the click type CA-RE reaction sequence. The
photophysical and electrochemical properties of TCBD deriv-
atives based on DPP, isoindigo, BTD, pyrene, pyrazabole,
truxene, BODIPY, phenothiazine, triphenylamine, and bis-
thiazole have been described. Further, we have highlighted the
important emerging applications of TCBD derivatives in dye
sensitized solar cells, bulk heterojunction organic solar cells
and photothermal cancer therapy.

4. Some Conclusions to be Drawn from this
Review are the Following

a. The effect of incorporation of the first TCBD is more
pronounced compared to the second and third TCBD
incorporations in terms of absorption and electrochemical
changes. The incorporation of the first TCBD exhibits a
huge red shift in the electronic absorption spectra
compared to second/third TCBD incorporations.

b. Incorporation of TCBD is more effective when TCBD is
the only acceptor in the molecular architecture. The effect
of TCBD incorporation is less effective, when another
acceptor moiety is already present in molecular architec-
ture.

c. As the number of TCBD units increases in the molecule, it
shows a red shift in absorption along with a decrease in
band gap linearly.

d. In some cases, TCBD incorporation shifts the absorption
from the UV to the Vis region (pyrazabole) as well as from
the Vis to the NIR region (DPP).

e. The incorporation of end capping donors and TCBD
(acceptor) on both sides of the building block improved
the absorption and the acceptor strength with a decrease in
band gap, which exhibited better photovoltaic performance
compared to substitution of end capping donor and TCBD
(acceptor) on only one side.

f. The TCBD incorporation improves the donor-acceptor
interaction leading to an improvement in the absorption
with a lowering of the band gap.

g. The electrochemical study reveals that the oxidation of
ferrocenyl based TCBD derivatives is easier compared to
the oxidation of triphenylamine based TCBD derivatives,
whereas the reduction of triphenylamine based TCBD
derivatives is easier compared to the ferrocenyl based
TCBD derivatives.

h. TCBD incorporation improves the acceptor strength of a
molecule, and in the case of DPP based TCBD derivatives
it was observed that the di-TCBD bridged DPPs exhibit
better photovoltaic performance than their mono-TCBD
bridged analogues.

Figure 25. Chemical structure of TCBD bridged DPPCN-Fc.
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i. The TCBD derivatives with a triphenylamine donor show
red shifted broad absorption compared to other end
capping donors.

j. The carbazole based TCBD derivatives show higher power
conversion efficiency compared to other donor based
TCBD derivatives.
The analysis of parameters for the TCBD bridged

derivatives discussed in this review shows that by selecting the
core with absorption in the visible region, one can extend the
absorption towards the NIR region by substitution of
appropriate donor and TCBD with a decrease in HOMO-
LUMO gap. The derivatives with NIR absorption and low
HOMO-LUMO gap are of great interest for OSCs and
photothermal therapy applications. This review provides a new
direction for the design of highly efficient donor-acceptor
architectures for photovoltaic and biomedical applications.
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