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Abstract: Thieno[3,2-b]thiophene and isomeric thieno[2,3-b]thiophene represent fused, bicyclic and
electron rich heterocycles. These small planar organic compounds belong to the remarkable family of
annulated building blocks for various organic materials. The first part of this review focuses on the
synthesis of the primary unsubstituted thienothiophene scaffolds. All synthetic pathways available
in the literature, dating from the 19th century, are summarized. The second part is devoted to the
applications of the thienothiophene-derived materials across (opto)electronics. Organic light emitting
diodes, organic solar cells, organic field-effect transistors and nonlinear optics were identified as the
most successful application areas of both thienothiophenes. The fundamental structure-property
relationships were evaluated for each particular group of derivatives.
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1. Introduction

Nitrogen, oxygen and sulfur represent the traditional triad of elements incorporated
within the molecular structure of organic compounds, while only sulphur is capable to
accommodate electrons in d atomic orbitals. Due to this electronic feature, sulfur possesses
unique binding possibilities and can be integrated into a π-conjugated system. These are
typically found in organic push–pull chromophores [1–3] and active substances of various
(opto)electronic and photonic devices [4–6]. The simplest five-membered sulphur-based
heteroaromatic compound, known since 19th century [7], is thiophene. It is found in many
functional materials (e.g., poly-3-hexylthiophene or poly(3,4-ethylenedioxythiophene) (PE-
DOT) [8]). Thiophene derivatives are often used as semiconducting [9], light-harvesting [10]
or electroluminescent [11] substances. Electronic communication and intramolecular charge
transfer (ICT) across molecules built from thiophene units, mostly depend on their con-
nectivity and structural arrangement. A large dihedral angle and non-planar arrangement
are general obstacles hindering the efficient ICT. On the contrary, thienothiophenes (TT),
formed by two annulated thiophene rings, represent fully the planar system, whose embed-
ding into a molecular architecture can significantly improve/alter the fundamental proper-
ties of organic, π-conjugated materials. Principally, there are four TT isomers differing in
mutual orientation of both cycles (Figure 1) [12]. Thieno[3,2-b]thiophene 1 and thieno[2,3-
b]thiophene 2 are the most stable derivatives, as compared to thieno[3,4-b]thiophene 3
and the very unstable thieno[3,4-c]thiophene 4. Thus, this review focuses on the synthetic
procedures leading to 1 and 2 and their utilization as (opto)electronic materials.

Thieno[3,2-b]thiophene 1 or its structural analogue thieno[2,3-b]thiophene 2, can serve
as an auxiliary electron-donor unit [13] or π-linker mediating the ICT between the donor
and acceptor [14]. The latter can be considered as a suitable alternative to commonly used
π-linkers (e.g., 1,4-phenylene or 2,5-thienylene [15]) (Figure 2).
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Figure 1. Molecular structure of four possible TT isomers 1–4. 
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Figure 2. π-Linker examples commonly used in push–pull molecules. 

The main limitation of thienothiophenes is instability of the unsubstituted isomers 3 
and 4 preventing their facile preparation. Moreover, a successful synthetic method to-
wards TTs 1 and 2 depends mostly on the attained overall yield, the number of reaction 
steps and the availability of the used starting materials. The method should be also oper-
ationally easy and should proceed via stable intermediates. Methods 1–14, listed below 
and their comparison, summarized in Table 1, review the current synthetic state-of-the-art 
towards 1 and 2. 

Based on the aforementioned structural features and consequent properties, TT de-
rivatives found wide applications across material sciences. TTs were applied as an active 
emissive layer of organic light emitting diodes (OLEDs) [16]. The colour of the emitted 
light in the OLED fundamentally depends on the level of the highest/lowest (un)occupied 
molecular orbitals (HOMO/LUMO) of the used organic emitter. Hence, the colour can be 
easily adjusted by the structural variation of the organic chromophore, (e.g., by embed-
ding TT moiety). The opposite physical principle to OLEDs is found in organic solar cells 
(OSCs) converting light energy into the electricity. For instance, thienothiophene deriva-
tives were used in bulk heterojunction solar cells (BHJ) [17]. The dye sensitized solar cell 
(DSSC) represents another type of OSC, where TTs were also investigated [18]. Here, TT 
derivatives, bearing anchoring groups are used as a dye harvesting the light and transfer-
ring the electrons to a n-type semiconductor, typically TiO2. Currently the most exploited 
organic solar cells are the perovskite solar cell (PSC), containing lead, alkylammonium 
and halide ions. In this type of solar cell, TTs were used as hole transporting material 
(HTM) [19]. With the exception of transporting electron-holes, the HTM organic layer also 
forms an efficient barrier to the undesired recombination of electrons and holes. Another 
electronic device applied (e.g., in flexible displays or electronic tags) is the organic field-ef-
fect transistor (OFET). These devices can also be operated by TT-derived molecules, owing 
to their semiconducting properties [20]. TTs can be used as n-, p- or ambipolar organic 
semiconductors [20–22]. An individual chapter will be devoted to TT derivatives in the D-
π-A arrangement (D/A = electron donor/acceptor, π = conjugated system), especially for 
nonlinear optics (NLO) [23], where the push–pull molecule with the ICT constitutes a di-
pole. Due to the nonlinear dependence of the polarization and electric field strength, a 
number of second- and third-order NLO phenomena can be observed using laser beams. 
Second/third harmonic generations (SHG/THG) or the two photon absorption are typical 
NLO processes utilized across organic electronics. First of all, we will focus on the prepa-
ration of both scaffolds. 
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Figure 2. π-Linker examples commonly used in push–pull molecules.

The main limitation of thienothiophenes is instability of the unsubstituted isomers 3
and 4 preventing their facile preparation. Moreover, a successful synthetic method towards
TTs 1 and 2 depends mostly on the attained overall yield, the number of reaction steps and
the availability of the used starting materials. The method should be also operationally
easy and should proceed via stable intermediates. Methods 1–14, listed below and their
comparison, summarized in Table 1, review the current synthetic state-of-the-art towards 1
and 2.

Based on the aforementioned structural features and consequent properties, TT deriva-
tives found wide applications across material sciences. TTs were applied as an active
emissive layer of organic light emitting diodes (OLEDs) [16]. The colour of the emitted
light in the OLED fundamentally depends on the level of the highest/lowest (un)occupied
molecular orbitals (HOMO/LUMO) of the used organic emitter. Hence, the colour can
be easily adjusted by the structural variation of the organic chromophore, (e.g., by em-
bedding TT moiety). The opposite physical principle to OLEDs is found in organic solar
cells (OSCs) converting light energy into the electricity. For instance, thienothiophene
derivatives were used in bulk heterojunction solar cells (BHJ) [17]. The dye sensitized
solar cell (DSSC) represents another type of OSC, where TTs were also investigated [18].
Here, TT derivatives, bearing anchoring groups are used as a dye harvesting the light and
transferring the electrons to a n-type semiconductor, typically TiO2. Currently the most
exploited organic solar cells are the perovskite solar cell (PSC), containing lead, alkylam-
monium and halide ions. In this type of solar cell, TTs were used as hole transporting
material (HTM) [19]. With the exception of transporting electron-holes, the HTM organic
layer also forms an efficient barrier to the undesired recombination of electrons and holes.
Another electronic device applied (e.g., in flexible displays or electronic tags) is the organic
field-effect transistor (OFET). These devices can also be operated by TT-derived molecules,
owing to their semiconducting properties [20]. TTs can be used as n-, p- or ambipolar
organic semiconductors [20–22]. An individual chapter will be devoted to TT derivatives in
the D-π-A arrangement (D/A = electron donor/acceptor, π = conjugated system), especially
for nonlinear optics (NLO) [23], where the push–pull molecule with the ICT constitutes a
dipole. Due to the nonlinear dependence of the polarization and electric field strength, a
number of second- and third-order NLO phenomena can be observed using laser beams.
Second/third harmonic generations (SHG/THG) or the two photon absorption are typ-
ical NLO processes utilized across organic electronics. First of all, we will focus on the
preparation of both scaffolds.

2. Synthesis
2.1. Synthesis of Thieno[3,2-b]hiophene 1

The current literature reports six principal synthetic routes towards thieno[3,2-b]thiophene
1, which were sorted into Methods 1–6, as discussed in the following text.
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2.1.1. Method 1

The first synthetic approach outlined in Scheme 1, consists of a four-step reaction
sequence entitled Method 1 [24–28]. 3-bromothiophene 5 was selectively lithiated at
position 2 using LDA and the formed lithium species was trapped by the reaction with
N-formylpiperidine [24,25,28] or N,N-dimethylformamide (DMF) [26], affording aldehyde
6. It further underwent a cyclization with ethyl thioglycolate, in the presence of potassium
carbonate as a base. Both C=C and C-S bonds in 7 were established within this step.
Using lithium or sodium hydroxide, ester 7 was hydrolysed to carboxylic acid 8, which
underwent a final decarboxylation, accomplished either by Cu/quinoline [25] or Cu2O/N-
methyl-2-pyrrolidone (NMP) [28]. The overall yield of this reaction sequence is about
50%.
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2.1.2. Method 2

This method also starts from 3-bromothiophene 5 and involves three main reaction
steps (Scheme 2) [29–31]. The lithiation of 5 and subsequent reaction with elementary
sulphur afforded in-situ thiolate intermediate, which further substituted halogen atom in ei-
ther potassium chloroacetate [29,30] or potassium bromoacetate [31] to give carboxylic acid
9. The subsequent cyclization can be performed in two ways. The first one involves acid-
catalysed (H2SO4) cyclization [29,30], while Leriche et al. [31] prepared the corresponding
acyl chloride first, which underwent the subsequent intramolecular Friedel–Crafts acylation.
The formed ketone 10 was reduced to the intermediate alcohol 11, either by NaBH4 [29,31]
or LiAlH4 [30]. Alcohol 11 forms 1 by the subsequent acid work up. This reaction sequence
affords 1 in the 36% overall yield.
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2.1.3. Method 3

TT 1 can be also prepared by a two-step synthesis via acetal 13, as a key precur-
sor (Scheme 3). It can be prepared either from 3-bromothiophene 5 or thiophene-3-thiol
14 [32,33]. The lithiation of 5 provided intermediate 3-lithiumthiophene, which reacted
with disulfide 12 [33]. Alternatively, thiolate generated by deprotonation of the start-
ing thiophene-3-thiol 14, substitutes bromine in 2,2-diethoxyethylbromide [32]. The final
cyclization of 13 to 1 was assisted either by poly(4-styrene)sulphonic acid (PSSA) or phos-
phorous oxide [32,33]. The overall yields were 12% [32] and 67% [33], respectively.
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Scheme 3. Preparation of 1 via acetal 13—Method 3.

2.1.4. Method 4

A comprehensive eight-step synthetic sequence towards TT 1 has been reported by
Schroth et al. [34] (Scheme 4). The starting 3-bromothiophene 5 was converted to sulphide
15 via lithiation and the reaction with dibenzyldisulphide. The further synthetic steps
involved the preparation of alkyne 18, either via the Vilsmeier–Haack formylation (15–16),
the Corey–Fuchs dibromoolefination (16–17) and treatment with n-BuLi or the bromination
with N-bromosuccinimide (NBS), affording 19 with the subsequent Sonogashira cross-
coupling (19–20) and the final deprotection of the formed acetylene with sodium hydroxide.
The next joint step is an addition of benzylthiol and the replacement of two benzyl groups
in 21, by the acetyl groups by lithium 1-(N,N-dimethylamino)naphtalenide (LDMAN) and
acetyl chloride. Thioester 22 underwent an alkaline hydrolysis and oxidation affording
bisulphide intermediate 23, which rearranged to 1 under the irradiation with daylight.
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The overall yield of Method 4 is 2% for pathway, using the Vilsmeier–Haack formylation.
Considering the pathway containing the Sonogashira reaction, the overall yield toward the
final intermediate 23, is 6%. The yield of the last photochemical reaction step is given in the
literature.

Organics 2022, 3, FOR PEER REVIEW 5 
 

 

(LDMAN) and acetyl chloride. Thioester 22 underwent an alkaline hydrolysis and oxida-
tion affording bisulphide intermediate 23, which rearranged to 1 under the irradiation 
with daylight. The overall yield of Method 4 is 2% for pathway, using the Vilsmeier–
Haack formylation. Considering the pathway containing the Sonogashira reaction, the 
overall yield toward the final intermediate 23, is 6%. The yield of the last photochemical 
reaction step is given in the literature. 

 
Scheme 4. Synthesis of thieno[3,2-b]thiophene 1 via Method 4. 

2.1.5. Method 5 
3-Bromothiophene-2-carbaldehyde 6 was used in a three-step synthetic pathway 

(Scheme 5) [35]. The bromine atom in 6 was substituted with the aid of sodium tert-bu-
tylthiolate to aldehyde 24, which underwent the Seyferth–Gilbert homologization, using 
dimethyl-1-diazo-2-oxo-phenylethylphosphonate. In the final step, the terminal alkyne 25 
was cyclized to target 1 under the catalysis of gold(I) chloride with an overall yield of 48%. 

 
Scheme 5. Method 5, starting from 3-bromothiophene-2-carbaldehyde. 

S

SBn

1. n-BuLi

15

S

Br5
2. (BnS)2

S

SBn

O

16

POCl3
DMF

S

SBn

BrBr
S

SBn

S

SBn

Br

NBS

PPh3, CuI, NEt3

OH
PdCl2(PPh3)2

S

SBn

OH

S

SBn

BnS

S

SAc

AcS

2.AcCl
1. KOH
2. I2

S

S S

1. LDMAN h
DMSO

S

S

1

BnSH17 18

19

20

21 22 23

AcOH
CHCl3

CBr4

PPh3

NaOH

KOH

Bn =

n-BuLi

78 %

79 % 50 %

60 %

25 %

91 %

95 %

87 %

40 % 50 %

Scheme 4. Synthesis of thieno[3,2-b]thiophene 1 via Method 4.

2.1.5. Method 5

3-Bromothiophene-2-carbaldehyde 6 was used in a three-step synthetic pathway
(Scheme 5) [35]. The bromine atom in 6 was substituted with the aid of sodium tert-
butylthiolate to aldehyde 24, which underwent the Seyferth–Gilbert homologization, using
dimethyl-1-diazo-2-oxo-phenylethylphosphonate. In the final step, the terminal alkyne 25
was cyclized to target 1 under the catalysis of gold(I) chloride with an overall yield of 48%.
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2.1.6. Method 6

The last of the six synthetic pathways towards TT 1 utilizes a selective Sonogashira
cross-coupling of 3-bromo-2-iodothiophene 26 and trimethylsilyl(TMS)acetylene
(Scheme 6) [36]. The TMS-terminated alkyne 27 further underwent reduction with di(iso-
butyl)aluminium hydride (DIBAL) and bromination with NBS. The resulting dibromo
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derivative 28 was lithiated to 29, which subsequently reacted with bis(phenylsulphonyl)
sulphide. The final TMS-group removal by tetrabutylammonium fluoride (TBAF) afforded
1. The yields of the particular reaction steps are not given in the literature.
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2.2. Synthesis of Thieno[2,3-b]thiophene 2

Methods 7–14 represent the currently available synthetic pathways to thieno[2,3-
b]thiophene 2.

2.2.1. Method 7

1-Methoxy-1-en-3-yne 31 was utilized in Method 7 (Scheme 7) [37–40]. Its TMS-
protection, lithiation (33) and methylation with iodomethane afforded diyne 34. These
transformations can be also performed as a one-pot reaction [39]. The final step(s) involved
three in-situ potassium intermediates 35–37. The first allene 35 is generated by treating 34
with the superbase LiC-KOR. Further reaction with carbon disulfide afforded 36, which
provided diyne-bis(thiolate) 37, by adding LiC-KOR again. The cyclization of diyne-
bis(thiolate) 37 in the presence of hexamethylphosphoric acid triamide (HMPA) yielded
the target TT 2 in a 40% overall yield.
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2.2.2. Method 8

Similarly to the key intermediate of Method 7—diyne-bis(thiolate) 37, Method 8 uti-
lizes dicyano-bis(thiolate) 38 (Scheme 8) [41], which was prepared from malononitrile and
carbon disulphide. Its reaction with two ethyl-bromoacetates provided the tetrasubstituted
TT derivative 39. The amino groups at positions 3 and 4 were removed by diazotization
(40) and the reaction with hypophosphorous acid towards molecule 41. The esters were hy-
drolysed and the corresponding dicarboxylic acid 42 underwent the final decarboxylation
to the unsubstituted thieno[2,3-b]thiophene 2 in a 30% overall yield.
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2.2.3. Method 9

Gas phase one-step synthesis starting from allyl(thiophen-2-yl)sulphide 43 is shown in
Scheme 9 [42]. The sulphide 43 was thermally cleaved, providing the radical 44, which sub-
sequently reacted with acetylene. In the last step, the formed (thiophen-2-yl)vinylsulphide
radical 45 cyclized to thieno[2,3-b]thiophene 2, as a major product (25% yield) at 460 ◦C.
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2.2.4. Method 10

One of the oldest synthetic attempts towards TT 2, is depicted in Scheme 10 [43–46].
Among other side products, a gas phase condensation of acetylene with various mixtures
of sulphane, hydrogen or elementary sulphur at 600 ◦C afforded 2 with an unspecified
yield. Hence, the synthetic utilization of this procedure is rather low.
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2.2.5. Method 11

Another older procedure reported the preparation of thieno[2,3-b]thiophene 2 from
aconitic acid 46a [47] or the structurally related citric acid 46b (Method 11, Scheme 11) [48–50].
Both acids can be cyclized to 2 in the presence of elementary sulphur and phosphorous
sulphides, such as P2S3 or P4S3. However, the yields of this procedure were not given.
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2.2.6. Method 12

Method 12 towards 2, is a similar reaction pathway to Method 6 (see Schemes 6 and 12)
used for the construction of 1 [36]. Both methods differ in the halide substitution of the
starting thiophene 47 vs. 26. Starting from 2-bromo-3-iodothiophene 47 and involving the
Sonogashira reaction, reduction, bromination, lithiation, cyclization and the TMS-group
removal, TT derivative 2 can be prepared in an 18% overall yield (Scheme 12).
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2.2.7. Method 13

This method, utilizing acetal 53, is analogous to Method 3 working with acetal 13 (see
Schemes 3 and 13) [32,51]. The starting 2-sulphanylthiophene 52 replaced the bromine atom
in 1,1-dimethoxyethylbromide as S-nucleophile in the presence of potassium carbonate [51]
or sodium ethanolate [32]. The formed acetal 53 was cyclized to 2, using phosphorous
oxide [32] or polyphosphoric acid (PPA) [51]. The overall yield of this reaction sequence
is 7%.
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2.2.8. Method 14

Thiophene-3-carbaldehyde 54 has been utilized as a suitable starting material within
our synthetic approach to 2 (Scheme 14) [28]. The aldehyde was firstly converted to
acetal 55, which was lithiated, reacted with elementary sulphur and the produced S-
nucleophile reacted with methyl-bromoacetate to intermediate 56. The deprotection of
formyl group (57) allowed the cyclization to the thienothiophene scaffold in the presence
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). The resulting ester 58 was hydrolysed to
carboxylic acid 59, which underwent decarboxylation to target thieno[2,3-b]thiophene 2.
This procedure provides 2 in 13% overall yield.
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Scheme 14. Method 14, starting from thiophene-3-carbaldehyde.

All six listed synthetic methods towards TT 1, start from the 3-monosubstituted
or 2,3-disubstituted thiophene heterocycle, while the second ring is created during the
synthesis. The sulphur atom is mostly incorporated through the reactions based on the
nucleophilic aromatic substitution mechanism, with the exception of Method 6, where
sulphur is inserted within the cyclization step. The prepared intermediates are cyclized
via addition-elimination (Method 1–3) or by the triple bond reduction (Method 4 and
5). The achieved overall yields and the number of reaction steps are summarized in
Table 1. Considering the number of involved steps and the overall yield, Method 3 (2/67%)
seems to be the best synthetic route. However, the used reagents are rather unavailable
and expensive, which makes Method 3 economically less feasible, similarly to Method
5 (3/48%). The four-step Method 1, with the 50% overall yield, commercially available
reagents and feasible chemical transformation, is probably the most rational synthetic
approach towards TT 1.
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Table 1. The summary of the reviewed synthetic methods.

Method Target TT
Molecule

Number of
Steps

Overall Yield
[%]

References

1 1 4 50 [24–28]
2 1 4 36 [29–31]
3 1 2 12/67 [32,33]
4 1 8 - [34]
5 1 3 48 [35]
6 1 4 - [36]
7 2 4 40 [37–40]
8 2 4 30 [41]
9 2 1 25 [42]
10 2 1 - [43–46]
11 2 1 - [47–50]
12 2 4 18 [36]
13 2 2 7 [32,51]
14 2 6 13 [28]

Methods 7–14 towards TT 2 are very different in the used starting compounds, often
with a simple molecular structure (e.g., malononitrile (Method 8), carbon disulphide
(Method 7 and 8) or acetylene (Method 10)). Some synthetic routes (Method 9 and 12–14)
use substituted thiophenes analogously to TT 1. Except carbon disulphide, sulphur is
incorporated from simple substances, such as sulphane, various sulphides or elementary
sulphur. At the first sight, the highest overall yield (40%) was found for the four-step
Method 7. However, the commercial availability of the starting compound 31 makes it less
useful. One-step syntheses (Method 9–11) seem to be tempting, but the gas phase reactions
(Method 9 and 10) at high temperatures (460 or 600 ◦C, respectively) and obtained complex
mixtures are rather unfit for a gram-scale preparation of TT 2. Furthermore, there are no
yields given for Methods 10 and 11. Methods 12 and 13 work with expensive reagents
and provide a very low yield of 2. Our developed strategy (Method 14) operates with easy
steps, uses only commercially available and inexpensive reagents, and TT 2 can be isolated
in a 13% overall yield after six steps.

3. Applications of TTs in (Opto)Electronics

The following chapters will illustrate the application potential of the TT derivatives
across the organic electronics. The particular examples were sorted according to the
device/phenomena used: OLED, OSC, OFET and NLO.

3.1. Organic Light Emitting Diodes (OLEDs)

The emitting layer of OLEDs can be built-up on TT derivatives, Figure 3 shows two
selected examples 60 and 61 with thieno[3,2-b]thiophene incorporated into a polymeric
backbone [16]. Both derivatives differ in the pentyl substitution of the thienothiophene
scaffold.
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Table 2 lists the HOMO/LUMO levels, their differences, positions of the absorption/
emission maxima and the device current efficiency of the prepared devices. Despite the
fact that the fundamental electronic parameters are similar, the pentyl substitution in 61,
assuring a better solubility, shifted the emission maxima hypsochromically, and proved to
be detrimental to the recorded current efficiency values.

Table 2. The optoelectronic properties of polymers 60 and 61 bearing the TT scaffold.

Compound EHOMO
a

[eV]
ELUMO

a

[eV]
∆E

[eV]
λmax(abs) b

[nm]
λmax(em) b

[nm]
ηl

[cd·A−1]

60 −5.18 −2.71 2.47 411 492 1.01
61 −5.24 −2.73 2.51 409 475 0.37

a Measured by cyclic voltammetry in the DCM solution; b Measured in a thin layer prepared by spin-coating from
the chloroform solution.

Thieno[2,3-b]thiophene 2 was used as a part of the polyamide polymers 62a–c that
were utilized as a hole injection layer in an OLED (Figure 4) [52]. The measured emission
maxima and brightness values for the fabricated OLED samples are listed in Table 3. As
can be seen, the extension of the chain by the acridine moiety brings the slightly red-shifted
emission and the lowered brightness, as compared to the parent pyridine.
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Figure 4. Examples of the basic structural units of polymers 62a–c, containing thieno[2,3-b]thiophene
applied in OLEDs.

Table 3. Emissive properties and brightness of the OLEDs containing polymers 62a–c.

Compound λmax(em) [nm] L [cd·m−2]

62a 635 14
62b 638 11
62c 641 11
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A series of substituted thieno[3,2-b]thiophene derivatives 63–67 was developed as
OLED emitters, by Isci et al. (Figure 5) [53]. A common feature of all derivatives is
the 4-cyanophenyl substituent at position 3, while the additional fluorescent π-systems,
such as triphenylamine (TPA) or the tetraphenylethylene (TPE) moieties were appended.
When judging the fundamental parameters in Table 4, the derivative 63, bearing one
triphenylamine moiety, showed the highest brightness and current efficiency.
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Figure 5. A library of structurally varied fluorophores, based on thieno[3,2-b]thiophene.

Table 4. The optoelectronic properties of TTs 63–67 applied in OLEDs.

Com. λmax(abs) a

[nm]
λmax(em) a

[nm]
L b

[cd·m−2]
ηl

[cd·A−1]
EHOMO

c

[eV]
ELUMO

d

[eV]
∆Eopt

e

[eV]

63 365 523 2790 4.70 −5.50 −2.62 2.88
64 396 511 1190 0.90 −5.24 −2.61 2.63
65 391 526 1710 1.30 −5.22 −2.52 2.70
66 352 - 280 1.70 −5.80 −2.78 3.02
67 381 501 400 1.30 −5.53 −2.74 2.79

a Measured in the THF solution; b Maximum luminance; c HOMO = −(Eonset(ox) + 4.40); d LUMO = HOMO +
∆Eopt; e Calculated from the onset of the absorption spectra [53].

3.2. Organic Solar Cells (OSCs)
3.2.1. Bulk Heterojunction Solar Cells (BHJs)

Electron rich thieno[3,2-b]thiophene derivatives 68 [17] and 69 [54] (Figure 6) may be
also utilized as electron-donor materials in BHJs. The monomeric 68 possesses an A-π-D-π-
A arrangement with the TT 1 central core, equipped with additional thienyl linkers and
terminal acceptors, at positions 2 and 5. TT 1 has also been used as an alternating structural
motif of the polymeric 69. As can be seen from Table 5, the hole mobility and fill factors (FF)
of both derivatives are almost identical but the BHJ constructed with 68 showed a higher
power conversion efficiency (PCE 7.91 vs. 5.21%). Structurally similar to 69, TT 2 can be
also combined with the diketopyrrolopyrrole units to gain the D/A alternating polymer 70
(Figure 7) [55]. The BHJ bearing 70, as an active layer, reached the PCE of 2.9% (Table 5).
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Figure 6. Examples of thieno[3,2-b]thiophene derivatives applied in BHJ solar cells.

Table 5. The optoelectronic properties of derivatives 68–72 applied in BHJs.

Com. λmax(abs) a

[nm]
EHOMO

[eV]
ELUMO

[eV]
∆E

[eV]
µh

[cm2V−1s−1]
PCE
[%]

FF
[%]

68 608 −5.05 b −3.46 b 1.62 6.40 × 10−4 7.91 65.5
69 505 −5.42 c −3.36 d 2.06 e 6.21 × 10−4 f 5.21 g 67.0
70 723 −5.40 c −3.74 c 1.66 1.60 × 10−1 f 2.90 51.0
71 818 −5.19 h −3.85 i 1.34 j - 6.62 59.7
72 819 −5.33 h −3.98 i 1.35 j - 6.92 58.5

a Measured in the thin film; b Measured by cyclic voltammetry in the DCM solution; c Measured by cyclic
voltammetry in the acetonitrile solution; d LUMO = HOMO + ∆E; e Estimated from the onset wavelength of the
optical absorption in the thin film; f Estimated from the organic field-effect transistor, g Average PCE values of
five devices; h HOMO = LUMO − ∆E; i Measured by cyclic voltammetry in the chloroform solution; j Optical
band gap determined from the onset wavelength of the optical absorption in the chloroform solution.

Organics 2022, 3, FOR PEER REVIEW 14 
 

 

a Measured in the thin film; b Measured by cyclic voltammetry in the DCM solution; c Measured by 
cyclic voltammetry in the acetonitrile solution; d LUMO = HOMO + ΔE; e Estimated from the onset 
wavelength of the optical absorption in the thin film; f Estimated from the organic field-effect tran-
sistor, g Average PCE values of five devices; h HOMO = LUMO − ΔE; i Measured by cyclic voltam-
metry in the chloroform solution; j Optical band gap determined from the onset wavelength of the 
optical absorption in the chloroform solution. 

 
Figure 7. Polymeric thieno[2,3-b]thiophene combined with diketopyrrolopyrrole. 

Thieno[3,2-b]thiophene TT 1 has been used as a π-linker in the push–pull chromo-
phores interconnecting the tetracyanoquinodimethane (TCNQ) acceptor and the diphe-
nylamino donor, as shown in Figure 8 [56]. The two chromophores 71 and 72 differ slightly 
in the appended peripheral thiophene. This structural feature has only a negligible effect 
on their performance in BHJs, as can be judged from the PCE and FF values (Table 5). The 
push–pull arrangement of 71 and 72 brings the pronounced absorption with the absorp-
tion maxima exceeding 800 nm. 

 
Figure 8. Thieno[3,2-b]thiophene as a π-linker in the push–pull chromophores. 

3.2.2. Dye Sensitized Solar Cells (DSSCs) 
Four examples of organic sensitizers 73–76 containing thieno[3,2-b]thiophene scaf-

fold, are shown in Figure 9, while their fundamental properties are summarized in Table 
6. In contrast to the previous TT derivatives, all dyes 73–76 intended for DSSCs possess a 
linear D-π-A arrangement with a cyanoacrylic acid fragment acting as an electron accep-
tor and anchoring group. When comparing the structurally related small dyes 73 [18] and 
75 [57], that differ in the peripheral donor (hexylbithiophene vs. ethoxyphenyl), their per-
formance in DSSC is quite similar (PCE is 2.49 vs. 2.21, Table 6). The extension of the π-
system and involving the amino or carbazole donors as in dyes 74 [58] and 76 [59], bring 

S S

S N

N

O

O

C10H21

C8H17

C10H21

C8H17

S

n
70

Figure 7. Polymeric thieno[2,3-b]thiophene combined with diketopyrrolopyrrole.



Organics 2022, 3 459

Thieno[3,2-b]thiophene TT 1 has been used as a π-linker in the push–pull chro-
mophores interconnecting the tetracyanoquinodimethane (TCNQ) acceptor and the dipheny-
lamino donor, as shown in Figure 8 [56]. The two chromophores 71 and 72 differ slightly
in the appended peripheral thiophene. This structural feature has only a negligible effect
on their performance in BHJs, as can be judged from the PCE and FF values (Table 5). The
push–pull arrangement of 71 and 72 brings the pronounced absorption with the absorption
maxima exceeding 800 nm.
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3.2.2. Dye Sensitized Solar Cells (DSSCs)

Four examples of organic sensitizers 73–76 containing thieno[3,2-b]thiophene scaffold,
are shown in Figure 9, while their fundamental properties are summarized in Table 6. In
contrast to the previous TT derivatives, all dyes 73–76 intended for DSSCs possess a linear
D-π-A arrangement with a cyanoacrylic acid fragment acting as an electron acceptor and
anchoring group. When comparing the structurally related small dyes 73 [18] and 75 [57],
that differ in the peripheral donor (hexylbithiophene vs. ethoxyphenyl), their performance
in DSSC is quite similar (PCE is 2.49 vs. 2.21, Table 6). The extension of the π-system and
involving the amino or carbazole donors as in dyes 74 [58] and 76 [59], bring slightly higher
PCE values of 7.37% and 6.50%, respectively. Whereas 74 utilized TT 1 as a central core
between the acceptor and donor moieties, derivative 76 bears two thieno[3,2-b]thiophene
units inserted as auxiliary donors supporting the carbazole moiety.

Table 6. Fundamental properties of dyes 73–76.

Com. λmax(abs)
[nm]

EHOMO
[eV]

ELUMO
[eV]

∆E
[eV]

PCE
[%]

FF
[%]

73 433 a −5.04 b −2.34 b 2.70 2.49 65.3
74 488 c −4.95 d −3.75 d 1.20 7.38 66.0
75 399 a −5.22 b −2.74 b 2.48 2.21 63.0
76 474 e −5.41 f −3.59 f 1.82 6.50 74.0

a Measured in an ethanol solution; b Measured by cyclic voltammetry in the DMF solution; c Measured in
acetonitrile: DCM solution (1:1, volume ratio); d Measured by cyclic voltammetry in acetonitrile: DCM solution
(3:1, volume ratio); e Measured in the DCM solution; f Determined by the TD-DFT calculations.
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7. While 77 [60] represents a small molecule, derivatives 78 [19], 79 [19] and 80 [61] possess 
TT units embedded into a polymeric chain. As can be seen, the derivative 79 featuring the 
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the other HTMs in the hole mobility value (1.11 cm2V−1s−1). However, the highest PCE 

Figure 9. Push–pull thieno[3,2-b]thiophene derivatives 73–76 for DSSCs.

3.2.3. Perovskite Solar Cells (PSCs)

Figure 10 shows thieno[3,2-b]thiophene derivatives 77–80 utilized as a hole trans-
porting material in PSCs. Their optoelectronic and photovoltaic properties are listed in
Table 7. While 77 [60] represents a small molecule, derivatives 78 [19], 79 [19] and 80 [61]
possess TT units embedded into a polymeric chain. As can be seen, the derivative 79
featuring the thienothiophene and diketopyrrolopyrrole structural units, significantly out-
performed the other HTMs in the hole mobility value (1.11 cm2V−1s−1). However, the
highest PCE (15.80%) was recorded for 80, with the most enlarged π-system bearing four
embedded/fused TT units.

Table 7. The optoelectronic properties overview of derivatives 77–81, applied in PSCs as HTM.

Com. λmax(abs)
[nm]

EHOMO
[eV]

ELUMO
[eV]

∆E
[eV]

µh
[cm2V−1s−1]

PCE
[%]

FF
[%]

77 410 a −5.20 b −2.49 b 2.71 4.05 × 10−5 11.11 64.2
78 - −5.26 b −3.10 b 2.16 1.64 × 10−6 4.40 51.0
79 - −5.30 b −3.40 b 1.90 1.11 9.31 67.2
80 - −5.36 b −3.33 c 2.03 d 1.24 × 10−4 15.80 66.6
81 - −5.44 e −2.42 c 3.02 d 3.76 × 10−4 18.78 76.2

a Measured in DCM solution; b Measured by cyclic voltammetry; c Calculated from the optical band gap; d Optical
band gap; e Measured by ultraviolet photoelectron spectroscopy in thin film.
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as HTM [62]. The latter moiety is a typical structural feature of Spiro-OMeTAD—the most 
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TT 2 can be also utilized in materials for Perovskite solar cells. For instance, the
symmetrical compound 81 (Figure 11), bearing the thieno[2,3-b]thiophene central scaffold
with four peripheral 4-[bis(4-methoxyphenyl)amino]phenyl substituents, has been used as
HTM [62]. The latter moiety is a typical structural feature of Spiro-OMeTAD—the most
common HTM used in PSCs [63]. As compared to the aforementioned TT 1 derivatives
77–80 (Table 7), the PCE and FF values of 81 (18.78% and 76.2%) are significantly higher.
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3.3. Organic Field-Effect Transistors (OFETs)

The semiconducting properties of the TT derivatives can be utilized in OFETs. For
instance, the thieno[3,2-b]thiophene derivatives 82 [64] and 83 [20] (Figure 12) are typical
examples of n type organic semiconductors with almost identical absorption, electron
mobility and a HOMO–LUMO gap but different HOMO/LUMO levels (Table 8). Polymeric
84 [21] and 86 [65] are representative p type semiconducting materials with red-shifted
absorption and a quite different hole mobility (28 vs. 3.5 × 10−1 cm2V−1s−1). In addition,
the derivative 85 [22] possesses an ambipolar semiconductivity with a prevailing electron
mobility. The centrosymmetric derivative 87 with the thieno[3,2-b]thiophene central unit,
diphenylamino donors and trifluorophenyl acceptors has been reported as a semiconductor
with a notable photostability and charge mobility [66].

Thieno[2,3-b]thiophene derivatives 70 [55] and 88 [67], used in OFETs, are shown in
Figure 13. In both cases, the bicyclic TT scaffold was utilized as a part of the π-conjugated
polymeric backbone featuring the p type semiconductivity. Derivative 88 was deposited
along the silane self-assembled monolayers, while a combination with octadecyltrichlorosi-
lane brought the highest hole mobility (Table 9).
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Table 8. Electronic and optical properties of semiconductors 82–87.

Compound λmax(abs)
[nm]

EHOMO
[eV]

ELUMO
[eV]

∆E
[eV]

µ
[cm2V−1s−1]

82 443 a −5.69 b −3.20 c 2.49 d (e) 3.00 × 10−1

83 445 e −6.29 f −4.23 g 2.06 d (e) 2.00 × 10−1

84 552 h −4.51 i −2.70 i 1.78 d (h) 28.00 × 10−1

85 423 j −5.91 i −3.16 i 2.75 (e) 1.30 × 10−1

(h) 0.85 × 10−1

86 626 k −5.32 l −3.09 l 2.23 (h) 3.50 × 10−1

87 389 a −4.92 c −2.30 c 2.62 (N/S) 7.2 × 10−1

a Measured in the DCM solution; b HOMO = LUMO − ∆E; c Measured by cyclic voltammetry in the DCM
solution; d Optical band gap; e Measured in thin film; f Measured by ultraviolet photoelectron spectroscopy;
g LUMO = HOMO − ∆E; h Measured in the 1,2-dichlorobenzene solution; i Determined by the DFT calcula-
tions; j Measured in the chloroform solution; k Measured in the chlorobenzene solution; l Measured by cyclic
voltammetry.
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Table 9. The optoelectronic properties overview of derivatives 70 and 88 applied in OFETs.

Compound λmax(abs)
[nm]

EHOMO
[eV]

ELUMO
[eV]

∆E
[eV]

µh
[cm2V−1s−1]

70 706 a −5.40 b −3.74 b 1.66 1.60 × 10−1

88 - - - - 0.21 × 10−1

a Measured in the chloroform solution; b Measured by cyclic voltammetry in the acetonitrile solution.

3.4. Nonlinear Optics (NLO)

In principle, the heterocyclic system of TTs with a polarizable cloud of π-electrons
can be used as a NLO medium. For instance, the switchable second-order NLO properties
were reported for the thieno[3,2-b]thiophene derivative 89 (Figure 14) doped by graphene
quantum dots [68]. A significant polarization of the electron cloud of 89 occurred when
exposed to the electric field with the subsequent electron transfer to the graphene quantum
dots. The push–,pull derivative 90 (Figure 14) bearing the TT moiety in a quinoid arrange-
ment, was exploited for the xerogel structure study [69]. Micrographs of this derivative
were studied by SHG microscopy.
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Push–pull derivatives 91–94 (Figure 14), bearing thieno[3,2-b]thiophene as a π-linker
between the diphenylpyran donor and thiobarbituric acid and the tricyanofuran accep-
tors [70], were studied as second order NLOphores by the electric field induced second
harmonic generation (EFISH). The achieved µβ and the zero-frequency µβ0 values are
listed in Table 10. Extension and planarization of the π-system by an additional olefinic
linker and the variation of the acceptor have been used to tune the optical nonlinearity with
the highest second-order NLO response recorded for 94. The TT moiety was also utilized
in the construction of small organic push–pull chromophores 95–96 [71]. Considering their
truncated π-system, the achieved NLO response is appreciable (Table 10).

Table 10. The (non)linear optic and electronic properties overview of derivatives 91–96.

Com. λmax(abs)
[nm]

EHOMO
b

[eV]
ELUMO

b

[eV]
∆E

[eV]
µβ

[10−48 esu]
µβ d

[10−48 esu]
µ b

[D]

91 653 a −5.68 −3.42 2.26 2800 c 1310 13.6
92 677 a −5.62 −3.55 2.07 5400 c 2340 14.6
93 711 a −5.84 −3.85 1.99 14,900 c 5670 24.1
94 708 a −5.75 −3.90 1.85 21,900 c 8500 25.1
95 450 e - - - 380 f 280 -
96 570 e - - - 2200 1287 -

a Measured in the DCM solution; b Determined by the DFT calculations; c Determined in DCM at 1907 nm;
d Calculated using the two-level model; e Measured in the 1,4-dioxane solution; f Determined in 1,4-dioxane at
1907 nm.
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Blenkle et al. [23] compared the effect of the chalcogen atom on absorption, dipole mo-
ment µ and the first hyperpolarizability β values of the thieno[3,2-b]thiophene derivatives
97a–b and 98a–d (Figure 15). The optical nonlinearity of these small push–pull molecules
was experimentally recorded by EFISH (Table 11). Methylthio-derivatives 97a and 98b
(X = S) were revealed to bring the highest second-order NLO response. Tricyanovinyl
proved to be a significantly stronger electron acceptor, as compared to the original formyl
group (98 vs. 97).
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Table 11. The (non)linear optical properties of derivatives 97a–b and 98a–d.

Compound X Atom λmax(abs) a

[nm]
β

[10−30 esu]
β c

[10−30 esu]
µ

[D]

97a S 350 26 b 17 4.6
97b Se 350 22 b 15 4.6
98a O 502 65 b 25 9.0
98b S 516 124 b 43 9.5
98c Se 518 115 b 39 10.0
98d Te 538 125 d 37 10.0

a Measured in the chloroform solution. b Determined at 1320 nm; c Calculated using the two-level dispersion
model; d Determined at 1340 nm.

Nonlinear properties of the thieno[2,3-b]thiophene derived compounds were inves-
tigated by Mashraqui et al. Two series of TT derivatives 99a–d and 100a–f (Figure 16),
bearing the (hetero)aromatic azo or electron-withdrawing substituent at the position 2,
were prepared [13]. The Hyper–Rayleigh scattering (HRS) was used to determine their first
hyperpolarizabilities (Table 12). As can be seen, the variation of the peripheral substituent
tunes’ both linear and nonlinear optical properties, are within the range of 368–442 nm and
4–17 × 10−30 esu. Whereas pyridinium chromophore 100f showed the most bathochromi-
cally shifted absorption maxima, TTazophenylencarboxylic acid 99c possesses the largest
second-order NLO response. In addition, the same authors have also prepared the cyclo-
phane derivative 101 [72] with an average nonlinearity.
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Table 12. The (non)linear optic properties of derivatives 99a–d, 100a–f and 101.

Compound λmax(abs) a

[nm]
β b

[10−30 esu]
β c

[10−30 esu]

99a 382 35 14
99b 422 40 10
99c 404 48 17
99d 431 47 13
100a 407 40 14
100b 372 10 4
100c 381 10 4
100d 408 44 16
100e 368 10 5
100f 442 29 7
101 390 22 -

a Measured in the chloroform solution; b Determined in the chloroform solution at excitation wavelength of
1064 nm; c Calculated using the two-level model.

4. Conclusions

Two most stable isomers from the family of bicyclic fused thiophene derivatives,
namely thieno[3,2-b]thiophene 1 and thieno[2,3-b]thiophene 2, were reviewed. Due to their
planar spatial arrangement and electron rich character caused by two sulphur heteroatoms,
these small molecules represent very interesting building blocks for the construction of the
π-conjugated organic materials. They can be incorporated either as a standalone or auxiliary
electron-donor or as a π-linker through the 2-/5-(di)substitution. Anyway, TTs enable the
efficient intramolecular charge-transfer, polarization and intermolecular interactions. A
substitution of TT units with nonpolar alkyl chains significantly improves their solubility
in organic solvents, while appending the anchoring moiety, typically cyanoacrylic acid,
allows their sufficient contact with other layers, such as TiO2. TTs 1 and 2 can be found in
the structure of small molecules, as well as in macromolecules.

The first part of the review focuses on the synthetic approaches towards TT 1 and 2,
available in the current literature. Six synthetic pathways (Method 1–6) were identified
for the preparation of thieno[3,2-b]thiophene 1, while thieno[2,3-b]thiophene 2 can be
synthesized via eight methods (Method 7–14). The starting compounds utilized in these
syntheses include the variously substituted thiophene, malononitrile, enyne or acetylene. It
should be noted that some aforementioned synthetic approaches have disputable laboratory
uses and are shown rather to complete the overall and historical view. Based on our own
experience [19], TT 1 and 2 can be conveniently prepared using the Methods 1 and 14 and
are also commercially available nowadays.

The second part is devoted to the perspective applications of TT derivatives across
organic electronics. In general, the heteroatom-doped π-conjugated materials currently
receive attention from both academic research and commercial interests. Devices, such
as OLEDs, OFETs or several types of OSCs, were driven by TT derivatives. The most
successful applications of TT derivatives in OLEDs include emitting and hole injection
layers. Due to their light harvesting and electron-donating abilities, TT-derived compounds
were exploited in BHJs and DSSCs, while their electron-hole transporting abilities were
utilized in PSCs. Thienothiophene-based materials are also known for their semiconducting
properties. Hence, various OFETs were constructed with TT derivatives having n or p type
semiconducting properties. The TT’s electron donating and charge-transfer properties were
utilized in nonlinear optics, SHG in particular. TT derivatives in the push–pull arrangement
were mostly used in this area.

Based on the aforementioned findings, both thieno[3,2-b]thiophene 1 and thieno[2,3-
b]thiophene 2 can serve as easy-to-prepare small organic building blocks allowing signifi-
cant property tuning of many organic materials.
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