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Introduction 

Organic materials have emerged as powerful supplies for 
their numerous applications in molecular electronics, which 
include photovoltaic cells, field-effect transistors light-emitting 
diodes and supercapacitors.1 

Considerable attention has been devoted to thiophene-based 
π-conjugated organic materials due to their appropriate 
electronic, optical, and magnetic properties that make them 
efficient organic semiconductors.2 The electron-donating 
character of thiophene and fused thiophene derivatives allowed 
for assembling donor-acceptor conjugated oligomers and 
polymers, and modeling their characteristics for applications in 
organic photovoltaic (OPV) cells,3 organic light-emitting diodes 
(OLEDs),4 organic field-effect transistors (OFETs)5 and 
electrochromics.6  

In particular, among the numerous OPV devices, 
benzodithiophene (BDT)-based materials have come to the fore 
in achieving exceptional power conversion efficiency (PCE) 
with the great potential in commercial applications.7 

Since 2003, great interest is emerged towards 
benzotrithiophene (BTT) isomers as potential π-cores for 
organic semiconductors. The rigid and planar conjugated 
structure of BTTs makes them attractive for achieving highly 
tunable molecular energy levels and optical band gaps as well 
as high hole mobility. Moreover, the extended aromatic core due 
to the third fused thiophene is advantageous for intermolecular 
π-stacking and charge transport. Besides variations in the 
structure of the molecular backbone, organic material design has 
considered molecular shape and geometry,8 side chain effects,9, 
end-group contributions,10 and molecular-weight 
characteristics.11 
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In particular, the three-dimensional functionalization of 
BTTs with side groups represents a viable and proficient 
method to improve the electronic performance of the resulting 
conjugated materials. Accordingly, the correlation between the 
molecular structure of the conjugated molecule and the device 
efficiency can be determined. 

This digest is addressed to review the synthetic strategies, the 
chemical structures and the electronic properties of BTT-
containing conjugated small molecules, oligomers and polymers 
developed over the past sixteen years: 

i. the general synthetic routes of BTT units and 
conjugated materials are described;  

ii. the design strategies of backbone modification, 
functional substitutions and side chain introduction are 
discussed; 

iii. a wide range of   BTT-based derivatives are 
introduced by application.  

Finally, a brief review about challenges and perspectives of 
BTT-based material is presented.  

Synthesis of BTT monomers 
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Progresses in the design and application of conjugated small molecules, oligomers and 
polymers have empowered rapid development of organic electronic technology as an
alternative to conventional devices. Among the numerous organic electronic materials,
benzotrithiophene (BTT)-based oligomers and polymers have recently come in the 
limelight demonstrating great potential in organic electronics as high performance 
photovoltaic devices, field-effect transistors, electrochromic materials, high-area 
capacitors and charge carrier discotic liquid crystals.  In this digest, we propose an 
overview of the organic electronic materials based on BTT isomers, highlighting the 
structure-performance relationship.  The results obtained so far clearly indicate that the 
BTT isomers are among the most promising building blocks for the development π-
extended materials for optoelectronic applications in the near future. 

2009 Elsevier Ltd. All rights reserved.

 

Keywords: 
Benzotrithiophene 
Molecular electronics 
Organic photovoltaic devices 
Organic field-effect transistors 

S

S

S

S

SS

S

SS

S

SS

S

S

S

S

S

S

S

SS

bbb-BTT-1 bbb-BTT-2 bbb-BTT-3 ccc-BTT

bcc-BTT bbc-BTT-1 bbc-BTT-2



 2
Figure 1. The seven possible BTT isomers. 

Among the seven possible BTT isomers, according to the 
positions of the sulfur atoms shown in Figure 1, there is no 
report on benzo[1,2-b:-3,4-c’:5,6-c”]trithiophene (bcc-BTT), 
benzo[1,2-b:-4,3-b’:5,6-c”]trithiophene (bbc-BTT-1) and 
benzo[1,2-b:4,3-b’:5,6-c”]trithiophene (bbc-BTT-2), probably 
owing to synthetic difficulties.  

In reverse, the early syntheses of benzo[1,2-b:3,4-b’:5,6-
b”]trithiophene (bbb-BTT-1),12 benzo[2,1-b:3,4-b’:5,6-
b”]trithiophene (bbb-BTT-2)12b benzo[1,2-c:3,4-c’:5,6-
c”]trithiophene (ccc-BTT)13 have been achieved by oxidative 
photocyclization of terthiophenes (Scheme 1) or intermolecular 
cyclic condensation (Scheme 10). 

 
 
 
 
 
 
 
 
 

 

Scheme 1. Early synthesis of bbb-BTT-1 and bbb-BTT-2 

More recently, the synthesis of the fourth member of the 
BTT family, the benzo[2,1-b:3,4-b’:5,6-c”]trithiophene (bbc-
BTT-3) was reported.14  

The growing interest towards BTT-based organic electronics 
has encouraged the research of new members of the BTT family 
and more convenient synthetic methods of known BTT 
monomers. 

Synthesis of bbb-BTT-1 

The bbb-BTT-1 isomer has been thoroughly studied and 
mainly used as a core for the preparation of star-shaped 
oligomers, polymers, and dendrimers.  

In 2004 Roncali synthetised bbb-BTT-1 according to 
Scheme 2, starting from the commercially available 2,3-
dibromothiophene (3). Modifications of the literature 
procedures allowed shortening time reaction and improvement 
of the overall yield (Scheme 2).15 

 
 
 
 
 

 
 

 

Scheme 2. Synthesis of bbb-BTT-1 (i) n-BuLi (1 equiv) THF, -70 °C; (ii) 
tetrahydrothiophene, THF, -70 °C to reflux, the HCl (aq); (iii) chloranyl, 
ethileneglycol, reflux; (iv) 2-thienyl agnesiumbromide, NidppeCl2, Et2O, 
reflux; (v) hv, cat, I2, O2, toluene; (vi) n-BuLi (6 equiv), THF, 0 °C and the 
20 °C; (vii) Bu3SnCl. 

The use of bbb-BTT-1 as a rigid and planar central core 
bound to thiophene rings offers the possibility of building star-
shaped oligothiophenes. 

In 2011 Takimiya described the one-pot synthesis of 
substituted benzothiophenes from thioannulation of o-
bromoethynylbenzenes in N-methyl-2-pyrrolidone (NMP) at 
180 °C using sodium sulphide (Scheme 3a).12c 
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Scheme 3. Syntheses of benzothiophenes. (a) Takimiya and (b) Zhang 
procedures. 

Similarly, reaction of 1,3,5-trichloro-2,4,6-tris[(trimethyl-
silyl) ethynyl]-benzene gave bbb-BTT-1 in good yield (60%, 
Scheme 4). Three-fold cyclization on the benzene ring to afford 
BTTs was not obtained before.  

NMP, 180 °C

12 h

Cl

Cl Cl

(HC)3Si Si(CH)3

Si(CH)3

SS

S

bbb-BTT-1

Na2S  9H2O

 

Scheme 4. Takimiya synthesis of bbb-BTT-1. 

As reported by Sanz16 and Zhang,17 the utility and 
applicability of the above reactions suffer from the harsh 
reaction conditions.18a  

Using the recently developed transition-metal-catalyzed 
reaction forming carbon-sulfur bond,19 in 2011 Zhang proposed 
a copper-catalyzed thioannulation reaction of 
bromoalkynylbenzenes with sodium sulphide, giving differently 
substituted benzo[b]thiophenes in the presence of CuI/TMEDA 
in DMF at 80 °C for 24 h in moderate and good yields (Scheme 
3b).17 

Our unsuccessful efforts to prepare of bbb-BTT-1 following 
Takimiya and Zhang methods forced us to endeavor a modified 
synthetic strategy. In 2016, Li reported the transition-metal-free 
thiolation-annulation of 2-fluorophenylacethylene with sodium 
sulphide giving 2-phenylbenzo[b]thiophene (Scheme 5 in an 
outstanding 91% yield. 

 

 

 

Scheme 5. 
Syntheses of -phenylbenzo[b]thiophene. 

We applied this method to 1,3,5-trifluoro-2,4,6-
tris[(trimethylsilyl)ethynyl]benzene, prepared from 1,3,5-
trifluoro-2,4,6-triiodobenzene in 98% yield,18a obtaining bbb-
BTT-1 in a discrete yield (45%). Finally, we improved the 
threefold thioannulation reaction of the fluorinated derivative in 
the presence of CuI/TMEDA in DMF, obtaining bbb-BTT-1 in 
good yield (78%) and with a short reaction time (Scheme 6). 

 

 

 

 

 

 

Scheme 6. Our alternative synthesis of bbb-BTT-1. 
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Similarly, we prepared the tris(ferrocenyl) derivative of BTT, 
the 2,5,8-tris(ferrocenyl)benzo[1,2-b:3,4-b’:5,6-b’’]-
trithiophene (2), the first examples of organometallic complex 
of BTT reported so far (Scheme 6).18a  

The redox and optical properties of the cationic derivatives 
Fc3-BTT-1 and the related Fc2-BDT were rationalized by an in-
depth electrochemical and optical study.18b In particular, the 
near infrared spectra of the cationic species displayed typical 
charge transfer bands, which were rationalized in the framework 
of the Marcus-Hush theory. These species are well placed into 
the regime of rather strongly coupled mixed-valence systems, 
with metal-metal electronic coupling greater in (Fc3-BTT-1)+ 
than in (Fc2-BDT)+.  

In addition, the greater electronic coupling found for  the 
thiolated compounds with respect to the sulfur-free trindene18c 
and indacene18d ferrocenyl derivatives demonstrated the huge 
influence of thiolation on the conjugative properties. The 
heteroatom effect is in agreement with the strong conductive 
properties of BDT and BTT, that are the basis of their 
preeminent application in organic materials. 

Alternative routes for the synthesis of bbb-BTT-1 from 
1,3,5-trichlorobenzene,6a (several steps, long reaction times, 
55% yield) or 1,3,5-trihydroxybenzene20 (one-pot, 10% yield) 
have been reported. 

 
Synthesis of bbb-BTT-2 

In contrast to bbb-BTT-1, in which the sulfur atoms are 
arranged meta with respect to the benzene unit, bbb-BTT-2 
allows for a direct conjugation between the two -positions. 
Several functionalized bbb-BTT-2 were synthesized by 
Nelsen21 in 2011 in good overall yields and in three steps: 
starting from 2,3-dibromothiophene, a side chain was 
incorporated by a Friedel-Crafts acylation and the acyl-
functionalized bbb-BTT-2 was assembled by a Suzuki-Miyaura 
cross-coupling reaction with thiophene-3-boronic acid followed 
by ring-closing oxidation with DDQ (Scheme 7). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 7. Synthesis of acyl-functionalized bbb-BTT-2. 

The acyl-functionalized BTT was easily converted to the 
corresponding alkyl-BTT (Scheme 8).  

 
 
 
 
 
 

Scheme 8. Synthesis of alkyl-functionalized bbb-BTT-2. 

In order to functionalize the aryl derivative for subsequent 
introduction of the bbb-BTT-2 system into π-conjugated 
polymers, the 2,8-dibrominated compounds were synthetised  
by forming the 2,8-dilithiated  bbb-BTT-2 with tert-
butyllithium and subsequently reacting the dilithiated species 

with 1,2-dibromotetrachloroethane in very excellent yield 
(Scheme 9). 

 
 

 

 

 

Scheme 9. Synthesis of 2,8-dibrominated alkyl-bbb-BTT-2. 

The solubilizing side chain contributes extra electron 
density to the aromatic backbone. The crystallographic 
structure, obtained with a shorter acyl chain (C8H17CO-) 
showed a fully planar geometry of the aromatic core. Moreover, 
the bonding geometry of the side chain, through the two 
unsubstituted -positions of aromatic moiety, is associated with 
a ca. 140° bend (Figure 2).  

 

 

 

 

Figure 2. Sketch of the C8H17CO-bbb-BTT-2, structure. 

In a series of polymers, each containing one of the five 
different benzodithiophene isomers copolymerized with 
bithiophene, Müllen demonstrated the critical role of the 
different bonding geometry of the benzodithiophene monomers 
in varying the degree of curvature introduced into the polymer 
backbone chain.  

The curvature strongly influences solubility, electronic 
levels, morphology, and charge carrier mobility in OFTt 
transistors. A high degree of curvature improves the solubility, 
but worsens the order in the film. As a guideline for design of 
semiconducting polymers, the polymer with an intermediate 
degree of curvature yields the highest charge-carrier mobility 
and adequate solubility.22 

The curvature found for the acyl bbb-BTT-2 is similar to 
the best performing material in the Müllen study. Its fully planar 
and highly electron-rich aromatic system, with ideal backbone 
curvature for good charge mobility, makes it a promising 
candidate as a donor component in D-A copolymers for OPVs. 

Synthesis of ccc-BTT 

In 1978 Hart synthetised ccc-BTT by refluxing a solution of 
hexakis(bromomethyl)benzene and sodium sulphide in a 
mixture of ethanol, THF and water, followed by 
dehydrogenation of the obtained dodecahydro-ccc-BTT with 
either DDQ or o-chloranil in chlorobenzene at reflux (Scheme 
10).13a 

 

Scheme 10. Early synthesis of ccc-BTT. 

More recently, in 2007, Bendikov13b prepared ccc-BTT in 40% 
yield by one-pot coupling of 3,4-dibromothiophene with 
[Ni(cod)2] in the presence of free 1,5-cyclooctadiene and PPh3 
in DMF (Scheme 11).  The 3,4-dibromothiophene produced ccc-
BTT and cycloocta[1,2-c:3,4-c′:5,6-c′′:7,8-c′′′]tetra-thiophene 
in a 1:1 ratio. ccc-BTT displayed unusual electronic structure 
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and solid-state packing involving – stacking. Thus, important 
applications as OFET transistors are expected. 

 
 

 

 

 

Scheme 11. Recent synthesis of ccc-BTT. 

Synthesis of bbc-BTT-3 

In 2011, Műllen14 reported the synthesis of the last member 
of the BTT family, the benzo[2,1-b:3,4-b’:5,6-c”]trithiophene 
(bbc-BTT-3) (Scheme 12). Starting from 3,3’-dibromo-2,2’-
bithiophene, the TMS, substituted alkyne were introduced by 
Sonogashira reactions in 78% yield. Then, it was treated with 
Wilkinson catalyst (Rh(PPh3)3Cl) to produce a rhodium 
complex intermediate that were converted to bbc-BTT-3 by 
adding sulfur powder (20%). 

 

Scheme 12. Synthesis of bbc-BTT-3. 

As shown by plenty of organic electronic materials 
developed and applied over the past few decades, the subtle 
variations in the molecular structures of conjugated molecules 
leads to significant changes in the electronic properties.  

Thus, comprehension of the relationship between molecular 
structure and electronic performance remains a challenge.  

Theoretical study on BTT isomers  

In the following sections, we will summarize the molecular 
design strategies of BTT-containing materials, namely bbb-
BTT-1, bbb-BTT-2 and bbc-BTT-3, for applications in 
organic electronics. According to DFT calculations, the HOMO 
energy levels increase in the order bbb-BTT-1 < bbb-BTT-2 < 
bbc-BTT-3, providing a theoretical support for increasing 
electron-rich donor capabilty.14  

Liu and Zhang,23 employing many-body perturbation theory 
(MBPT), explored the effects of the sulfur atoms configuration 
on the molecular structures and the electronic properties of five 
conjugated copolymers, containing BTT isomers as donor units 
and benzothiadiazole (BTZ) as acceptor units, connected by 
thiophene spacers (bbc-BTT-3-BTZ, bbb-BTT-2-BTZ, bbc-
BTT-1-BTZ, bbc-BTT-2-BTZ and bcc-BTT-BTZ).  

In particular, bbc-BTT-3-BTZ, bbb-BTT-2-BTZ, the 
unique polymers containing existing BTT isomers, displayed 
the best coplanarity with the lowest dihedral angles between the 
two neighboring rings.  

In addition, they revealed intense adsorption at the highest 
wavelengths 660 and 623 nm, respectively, indicating their 
promising application in solar cells. The increasing of the 
effective conjugation lengths was suggested to originate the red 
shift of about 150 nm from bcc-BTT-BTZ to bbc-BTT-3-BTZ. 

Compared with the linear thiophene-based donors, such as 
the above-mentioned benzodithiophene, the fully planar and 
extended aromatic system of bbc-BTT-3 should facilitate the 

formation of highly ordered and self-organized structures, 
which are particularly important for OFET application.24 

bbb-BTT-1 devices 

Roncali’s group reported syntheses15 and noteworthy 
performances in photovoltaic devices3d of star-shaped 
oligothiophenes based on the bbb-BTT-1 core. Compared to the 
benzene-core derived oligomers, the enhanced semiconducting 
properties were attributed to the increased planarity of these 
derivatives. From then on, many efforts were devoted to the 
preparation of small molecule, oligomers and polymers based 
on bbb-BTT-1, and their applications as OPV, OFET, high-
areal capacitive, electrochromic and charge-carrier devices.  

OPV devices 

Planarized star-shaped oligothiophenes based on bbb-BTT-
1 were prepared by Roncali,15 according to Scheme 13. In a star-
shaped oligothiophene, obtained by direct function-alization of 
a central  benzenic core with at least three oligothiophene 
chains,25 the steric interactions produce a dihedral angle 
between benzene and thiophene rings, limiting the effective 
conjugation.25a-d,g Otherwise, the dihedral angle between two 
consecutive thiophene rings is close to 0°.26  

Therefore, the BTT core allowed the preparation of planar 
star-shaped oligothiophenes with enhanced -electron 
delocalization.  

Compounds 1a and 1b (Scheme 13) were obtained by a 
threefold Stille reaction between the tris(stannyl) derivative and 
2-bromo-5-n-hexylthiophene 9 or 5-bromo-5’-n-hexyl-2,2’-
bithiophene 12, respectively, in the presence of a catalytic 
amount of Pd(PPh3)4.  

Scheme 13. Synthesis of oligothiophenes based on bbb-BTT-1. 

The electronic properties of the star-shaped compounds 1a, 
1b and of the corresponding linear reference compounds 2a and 
2b (Figure 3) have been examined by cyclic voltammetry (CV) 
and UV-vis spectroscopy (Table 1).3d 

 

 

 

Figure 3. Reference thiophene derivatives. 

Oxidative CV analysis indicated that (i) the star-shaped 
arrangement significantly stabilizes the radical cations, (ii) the 
presence and lengthening of the oligothiophene chain(s) induce 
a negative shift of the anodic potential due to the conjugation 
extension, (iii) the significant negative shift of potentials in star-
shaped 1 molecules is indicative of an increase of the HOMO 
levels.  

In addition, UV-vis spectra showed a bathochromic shift of 
max in star-shaped 1 with respect to linear 2 systems indicating 
a decrease of the HOMO-LUMO energy gap (Table 1).  

Finally, the thermal stability of star-shaped systems resulted 
much higher than that of the linear analogues, and they could be 
processed by vacuum sublimation without degradation.  

The solution spectra of 1b and 2b displayed a red shift of the 
max, from 379 nm for the linear compound 2b to 405 nm for the 
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star-shaped compound 1b. This low-energy shift was attributed 
to the combined effects of higher planarity and stiffness of the 
bbb-BTT-1 core, leading to an enhancement of the -electron 
delocalization related to a decrease of HOMO-LUMO gap. 

Table 1. Electrochemical, optical and thermal data for 1 and 2. 
Compound Epa/Va max/nmb Td/°Cc 
1a 1.16 357 405 
1b 0.93 404 430 
2a 1.30 326 185 
2b 1.15 379 232 

a Compound 0.1 mM in 0.2 M Bu4NPF6/CH2Cl2, Pt electrodes vs Ag/AgCl, 
scan rate = 100 mV/s. b In CH2Cl2.cTemperature of decomposition. 

Comparison with the solid-state spectra of compounds 1b 
and 2b as thin solid film sublimed on glass reveals very different 
behaviors.  

For compound 2b, solid deposition yields a blue shift of max 
from 379 to 319 nm and the appearance of a weak new transition 
at 417 nm.  

The spectral features correlate with a vertical orientation of 
the molecules on the surface. In particular, the splitting of the 
excited singlet was attributed to the exciton interactions between 
adjacent molecules in a close- packed organization. Differently, 
the solid-state spectra of 1b displayed a red shift of max from 
405 to 420 nm and the appearance of a vibronic fine structure. 

 These features were interpreted by supposing a parallel 
orientation to the surface. These conclusions were confirmed by 
the X-ray diffraction (XRD). Additionally, the absorbance of the 
film of 1b was three times larger than that of 2b.  

These properties, associated with the enhanced -electron 
delocalization characteristic of the fused star-shaped core, led to 
a considerable performance improvement of bbb-BTT-1- 
containing OPV cells.  

In fact, bulk heterojunction (BHJ) solar cells were realized 
on ITO substrates spin-coated with a film of Baytron P, (a water-
dispersable polymer complex between poly(3,4-ethylene 
dioxythiophene), PEDOT, and polystyrene sulfonic acid with 
donor (1b or 2b) and acceptor (N,N'-bis-tridecyl-perylene-
dicarboxyimide) layers sublimed under vacuum. With 1b, the 
cell showed much higher PCE than that with 2b (1.14 vs 0.1%).  

These results clearly indicate that the considerable 
differences between the redox and optical properties of 1b and 
2b, as well as the structure of their sublimed thin films, have a 
crucial role for the efficiency of the remarkable performance in 
corresponding photovoltaic devices.  

The effect on OPV performance of BHJ solar cells, by 
increasing the number of thiophene units connecting to star-
shaped bbb-BTT-1, was further verified.   

Xiao27 investigated the photovoltaic application of three 
structurally closely related small molecules, BTT-BTD-0, 
BTT-BTD-1 and BTT-BTD-2, with 0, 1, 2 thiophenes 
connecting BTT core to the electron deficient 
benzo[2,1,3]thiadiazole (BTD) arms (Figure 4), using fullerene 
derivatives as electron acceptor.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
The molecules bearing more thiophene units between the 

BTT core and the BTD arms possessed higher-lying HOMO 
levels while their LUMO levels remain practically unaffected, 
accordingly to their optical and electrochemical properties 
(optical band gap potentials and onset oxidation in solution and 
thin film), and DFT calculations.  

The more thiophenes there were, the better the performance 
of related solar cells up to a PCE value of 1.36%. 

A successful example of improving fullerene-free polymeric 
solar cells performance was reported by Chen.28a New bbb-
BTT-1-based electron acceptor were synthesized, TriPDI and 
Fused-TriPDI (Scheme 14), in which three perylene diimide 
(PDI) moieties are bound to a bbb-BTT-1 core via single bonds 
(TriPDI) or ring-fusion (Fused-TriPDI).  

 

 

 

 

 

 

 

Scheme 14. Synthesis of PDI-based bbb-BTT-1 derivatives. 

The TriPDI showed a highly twisted skeleton through the 
single bonds whilst Fused-TriPDI, exhibited good structural 
rigidity, planarity and actual conjugation between PDI and bbb-
BTT-1. As a result, Fused-TriPDI displayed higher optical 
band gaps and HOMO-LUMO energy levels, stronger UV-vis 
absorption and charge mobility one order of magnitude greater 
than TriPDI.  

Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluoro-
thieno[3,4-b]thiophene)-2-carboxylate-2,6-diyl] (PTB7-Th) 
was employed as the donor to construct polymeric solar cells. 
The devices based on Fused-TriPDI exhibited PCE of 6.19%, 
almost three times higher than the value of 2.19% found with 
TriPDI (1.15% according to other authors28b). The better 
performance was mainly attributed to the increased electron 
mobility in the rigid and planar skeleton of Fused-TriPDI. 

The high structural C3h-symmetry and planarity of bbb-
BTT-1 allow 2D molecular conjugation, facile π-stacking and 
formation of 3D structures, such as star-shaped molecules, 
dendrimers, and hyperbranched polymers. However, bbb-BTT-
1 has mostly been used for construction of star-shaped π-
conjugated molecules3d,6a,15,27,29-31 and dendrimers,12d and the 
development of hyperbranched polymers based on bbb-BTT-1 
has been severely limited due to difficult processibility. 
Recently, the star-shaped bbb-BTT-1-3DPP, based on bbb-
BTT-1 with three diketopyrrolopyrrole (DPP) arms, has 
displayed good planarity and extended π-conjugation, although 
its PCE was rather low (0.29%).29 

In 2017, Wang and Tong32 reported the preparation of 
solution-processible nanoparticles (bbb-BTT-1-HCPNs) 
(Scheme 17), with tunable particle sizes, of a hyperbranched 
conjugated polymer based on bbb-BTT-1 and DPP, via Stille 
miniemulsion polymerization with hexadecyl trimethyl-
ammonium bromide (CTAB) as surfactant (Scheme 15).  

Figure 4. BTD-containing oligothiophenes based on bbb-BTT-1 
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Scheme 15. Synthesis of hyperbranched conjugated polymer nanoparticle bbb-BTT-1-HCPN and star-shaped small molecule bbb-BTT-1-3DPP. 

The average particle sizes increased from 50 (BTT-HCPN-1) 
to 80 nm (BTT-HCPN-2) when the reaction time changed from 1 
to 4 h. The UV-vis spectra of BTT-HCPN-1 and BTT-HCPN-2 
showed strongly red shifted and broader absorption bands in both 
solution and thin film than BTT-3DPP. In particular, BTT-
HCPNs in solution and thin film showed extended absorption up 
to 1000 nm, indicating strong intramolecular aggregation of π-
conjugated chains in BTT-HCPN particles even in dilute 
solutions. The larger BTT-HCPN-2 showed the broader and more 
red-shifted absorption band than BTT-HCPN-1, suggesting 
stronger aggregation inside the larger particle. 

The optical band gaps estimated from the absorption onset 
wavelengths for BTT-HCPN-1 and BTT-HCPN-2, (1.42 and 
1.38 eV, respectively) were much smaller than that of BTT-3DPP 
(1.83 eV), suggesting more efficient light harvesting of BTT-
HCPNs. In fact, the broadest and reddest shifted absorption of 
BTT-HCPN-2 were in agreement with the performances of 
optimized solar cells based on BTT-HCPNs/PC71BM and BTT-
3DPP/PC71BM. The highest short-circuit current and the best 
device performance were obtained for BTT-HCPN-1 and BTT-
HCPN-2 with PCE of 1.51% and 1.46%, respectively, after 
treatment with 1,8-diiodooctane as a solvent additive, much higher 
than that of BTT-3DPP (0.31%). 

If processing methods for p-type organic materials were 
commonly reported, efficient solution processed n-type materials 
of high dimensions are rare.33 In particular, to our knowledge two 
examples have previously been presented,34 only one containing 
the bbb-BTT-1 core.35 

In 2018, Chochos reported a new solution processable n-type 
all conjugated polymer network (PNT1), in which three 
naphthalenediimide are connected to bbb-BTT-1 (Figure 5).35   
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Figure 5. Polymer network  PNT1 

The photovoltaic parameters of conventional (p-type) and 
inverted (n-type) devices indicated higher performance when 
PNT1 was chosen as the electron acceptor in the inverted (n-type) 

device configuration with respect to the conventional (p-type) 
arrangement, in which PNT1 was the electron donor (PCEs 0.3% 
and 1.2%, respectively). Although the absolute efficiencies were 
modest, operative photovoltaic devices were realized showing the 
potential use of this new type of material. 

A novel small molecule BTTCN based on bbb-BTT-1 (Figure 
6) was synthesized by Wang and Zu in 2018.36  

 
 
 
 
 
 

 

 

 
 

Figure 6. Star-shaped conjugated small molecule BTCN. 

Efficient OPV devices were assembled by incorporating a low 
amount of BTTCN into the blend film, together with a fullerene 
derivative PC71BM as acceptor and a PTB7-Th polymer as donor. 
In this configuration, a cascade energy level alignment was 
observed, in which the BTTCN plays a bridging role as an energy 
cascading dopant and provides additional pathways for exciton 
dissociation in the bulk heterojunction films. An optimized PCE 
value of 9.43% was obtained with a minimal amount of BTTCN 
(3%). 

OFET devices 

Takimiya synthesized bbb-BTT-1 planar oligomers up to a 
dendritic decamer (2-6).12d  
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Figure 7. Building blocks for modular synthesiss of bbb-BTT-1 oligomers and 
dendrimers. 
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A series of intermediates were prepared as building blocks for 
the modular synthesis of the final compounds (Figure 7). The 
dimers (BTT-1H)2  and (BTT-1R)2 were prepared by 
monolithiation of bbb-BTT-1 and dioctyl-bbb-BTT-1 followed 
by oxidative coupling with Fe(acac)3 (Scheme 16).  

 

 

 

Scheme 16. Synthesis of bbb-BTT-1 dimers. 

A tetramer (BTT-1)4, was obtained employing the palladium-
catalyzed Stille reaction between trimethylstannyl and tribromide 
bbb-BTT-1 derivatives (Scheme 17): 
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Scheme 17. Synthesis of bbb-BTT-1 tetramers. 

For further oligomerization, the trimeric bromine and 
trimethylstannane dendron units were similarly prepared (Scheme 
18): 
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Scheme 18. Synthesis of bbb-BTT-1 dendrons. 

Their combination with the appropriate stoichiometric ratio 
gave the hexamer (BTT-1)6 and the decamer (BTT-1)10 (Scheme 
19). 
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Scheme 19. Synthesis of bbb-BTT-1 hexamer and decamer (R = C9H17). 

Their π-stacking crystal structures, irrespective of the absence 
or the presence of peripheral octyl groups, indicated that bbb-
BTT-1 core guarantees an intermolecular structure for developing 
new π-conjugated functional materials. The stability and solubility 

of the alkylated oligomers made them suitable for deposition and 
characterizations of their thin films.  

The estimation of the HOMO energy levels and HOMO-
LUMO gaps through their CV oxidation potential, UV-vis 
absorption spectra and DFT calculations indicated that their 
electronic structures were not strongly affected by the number of 
the bbb-BTT-1 units in the oligomer but by the extent of orbital 
delocalization over the bbb-BTT-1 units.  

In the UV-vis spectra, the thin films of (BTT-1R)2 and (BTT-
1)4 displayed red shifts which is an indication of intermolecular π-
overlap between the planar molecules in the thin film state, as 
observed in the crystal structure of (BTT-1R)2. This shift 
decreases for larger oligomers (BTT-1)6 and (BTT-1)10  due to 
their nonplanar geometry, which may prevent intermolecular 
structure suitable for actual carrier transport. In addition, only 
(BTT-1R)2  showed clear XRD peaks, indicative of formation of 
a crystalline thin film. 

The molecular ordering in the thin film state of (BTT-1R)2  
behaved as the active semiconducting layer in OFETs, with hole 
mobility (0.14 cm2 V-1 s-1) higher than that based on the larger 
oligomers (BTT-1)6  and (BTT-1)10  (7 × 10−4 V-1 s-1) owing to the 
amorphous nature in the thin film state of the latters. These results 
indicated that bbb-BTT-1 core is a potential building block in 
developing new π-extended materials for optoelectronic 
applications and suitable as p-channel semiconductors. The 
control of morphology in the solid state is one of the key issues. 

Electrochromic devices 

Star-shaped bbb-BTT-1-T and bbb-BTT-1-EDOT 
derivatives of bbb-BTT-1, containing three thiophene and three 
EDOT (EDOT = 3,4-ethylenedioxythiophene) groups 
respectively, were obtained by Perepichka (Scheme 20).6a  

The UV-vis absorption appearing at max = 260 nm for bbb-
BTT-1, typically attributed to HOMO-LUMO transition, was 
predictably red-shifted (343 nm) for thiophene-capped bbb-BTT-
1-T and even more (355 nm) for EDOT-capped bbb-BTT-1-
EDOT.  

Polymer films of bbb-BTT-1, bbb-BTT-1-T and bbb-BTT-1-
EDOT were generated on platinum electrode by multiple 
oxidative CV scans around the monomer potentials 1.39, 1.12 and 
0.78 V vs Ag/AgCl, respectively. Poly(bbb-BTT-1) rapidly 
decomposed during multiple CV scans in propylene carbonate or 
benzonitrile. Poly(bbb-BTT-1-T) film was electrochemically 
stable in propylene carbonate, but slowly degraded in benzonitrile. 
Surprisingly, the poly(bbb-BTT-1-EDOT) exhibited stability 
upon oxidation in both solvents even in air-saturated electrolyte 
solution. 
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Scheme 20. Synthesis of bbb-BTT-1-T and bbb-BTT-1-EDOT. 

UV-vis experiments on poly(bbb-BTT-1-T) and poly(bbb-
BTT-1-EDOT) on ITO transparent electrode and DFT calculation 
demonstrated that the HOMO and LUMO are localized between 
the benzene rings and slightly affected by the increasing 
polymerization number after dimerization. EPR spectra of the 
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stable p-doped poly(bbb-BTT-1-EDOT) films, obtained by 
electrochemical oxidation at 1.0 V, showed an intense symmetric 
signal ascribed to a polaron. Increasing the doping level at a higher 
oxidative potential created more polarons in the polymers, leading 
to higher intensity of the EPR signal. On the contrary, polyEDOT 
(PEDOT) films showed a decrease of the EPR intensity at higher 
doping level due to the formation of low-spin bipolarons.37 

The single polaron nature of the charge carriers in poly(bbb-
BTT-1-EDOT) was demonstrated by an UV-vis-NIR 
spectroelectrochemical experiment. A net electrochromic 
switching between the neutral (red) and doped (blue) polymer was 
observed. Gradually increasing of the potential from 0 to 1 V, the 
band at 480 nm disappeard and two new bands grew at 680 and 
1316 nm. Actually, the characteristic isosbestic point at 548 nm 
indicating a distinct transition from the neutral to radical 
cation/polaron polymer, proved the formation of a polaron state. 

Two octupolar organoboron compounds, 1,3,5-tris[5-
(dimesitylboryl)thiophen-2-yl]terthienobenzene (BTh-bbb-BTT-
1) and 1,3,5-tris[4-(dimesitylboryl)phenyl]terthienobenzene 
(BPh-bbb-BTT-1), bearing a bbb-BTT-1 core as electron donor 
and  dimesitylboryl groups as electron acceptors, were reported by 
Liu.30 Both these derivatives exhibited strong blue-green 
fluorescence in common solvents under single or two photon 
excitation, with high quantum yields and good photo- and thermo-
stability. However, the intensities of the two-photon excited 
fluorescence (TPEF) are lower than those of the single-photon 
excited fluorescence (SPEF) because the two-photon absorption is 
a low-probability third-order nonlinear optical absorption process. 
Since the effective charge-transfer region may be limited between 
boron-centered acceptor and the bbb-BTT-1 core, the donor-
acceptor bridge should be extended to obtain larger cross section 
of two-photon absorption. The TPEF values are not exceptional 
but analogous to those found for similar compounds.  

High-areal capacitors 

Electrochemical copolymerization of star-shaped bbb-BTT-
1 and bbb-BTT-1-EDOT with EDOT (Figure 8) yielded high-
surface-area π-conjugated networks with high areal 
capacitance.38  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Electropolymerized homopolymer and 
copolymer networks of bbb-BTT-1 and bbb-BTT-1-EDOT with EDOT. 

The authors clarified the essential differences between 
electropolymerized homopolymer and copolymer networks made 
from these two building blocks.  In fact, poly(bbb-BTT-1-
EDOT/EDOT) frameworks attained an areal capacitance of 443.8 
mF cm-2 (at 1 mA cm-2), higher than those achieved by the 
respective homopolymers, poly(bbb-BTT-1-EDOT) and 
PEDOT, in the same experimental conditions of 
electrodeposition. Poly(bbb-BTT-1-EDOT/EDOT) displayed ca. 
30-fold capacitance compared to PEDOT, attributed to the highly 
porous hierarchical π-conjugated frameworks formed during the 
electropolymerization. In addition, both poly(bbb-BTT-1-
EDOT) and poly(bbb-BTT-1-EDOT/EDOT) frame-works were 
found to be resilient to repeated electrochemical cycling, with 
capacitance up to 89% over 1000 cycles, making them promising 
systems for high life cycle capacitive electrode applications.  

In 2018 Hao synthesised for the first time a C3-symmetric 
tricarbaldehyde of bbb-BTT-1, and built bbb-BTT-1-based 
covalent organic frameworks (COFs) of different pore sizes.39 

Notably, these COFs display great potential in visible-light 
photocatalysis and high-voltage supercapacitors. Three 
aminobenzene derivatives, 1,3,5-Tris(4-aminophenyl)benzene 
(DADP),  1,4-diaminobenzene (DAB) and 1,3,5-Tris(4-
aminophenyl)benzene (TAB) were selected to react with of bbb-
BTT-1-tricarbaldehyde, obtaining  BTT-COFs with different pore 
sizes (BTT-DADP COF, BTT-DAB COF and BTT-TAB COF 
(Figure 9). 

Figure 9. bbb-BTT-1-based COFs with different pore sizes. Reprinted with 
permission from Wei, H.; Ning, J.; Cao, X.; Li, X.; Hao, L. J. Am. Chem. Soc. 
2018, 140, 11618−11622. Copyright (2019) by the American Chemical 
Society. 

Indeed, from BTT-DADP COF, to BTT-DAB COF, to BTT-
TAB COF, the layered structures of COFs were revealed by the 
TEM measures, which suggested that the pore sizes of the COFs 
gradually become smaller and showed good potential for visible-
light photocatalysis with optical band gaps of 2.04−2.08 eV. 

The relatively poor conductivity of COFs hinders their broader 
applications. To enhance the conductivity of the COFs for 
electrochemical applications, the COFs were treated under 
ionothermal conditions with ZnCl2 at 700 °C (the ZnCl2 might 
have the function of padding and supporting the pore structures of 
the materials during the treatment). Nitrogen 
adsorption−desorption measurements revealed that the specific 
surface areas and the average pore sizes of COF-700s became 
larger, in contrast with that of the COFs. 
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The electrochemical performances of COF-700s were 
characterized by a symmetric supercapacitor system with an ionic 
liquid as the electrolyte. The cyclic voltammetry and the 
galvanostatic charge−discharge curves showed the typical double-
layer supercapacitor characteristics of COF-700-based 
supercapacitors. This method appears exceptionally useful for the 
enhancement of electrochemical performances. 

Charge carrier discotic liquid crystals 

Self-organized columnar stacks of aromatic compounds, such 
as discotic liquid crystals,40,41 are an emergent class of organic 
semiconductors due to their intrinsic charge carrier mobility in 
bulk samples along the columnar stacking.41,42 In addition, discotic 
liquid crystals are promising self-healing and highly anisotropic 
materials.  

 

Charge carrier mobility generally decreases with decreasing 
order of the mesophases. Marcus theory provides a description of 
the dependence of the charge carrier mobility (electron hopping) 
on intermolecular electronic interactions43 and predicts an increase 
in hopping rate with increasing electron transfer integral, which is 
a function of frontier-orbital overlap of adjacent molecules, and 
decreasing reorganization energy. An increase in temperature 
usually leads to an increase of the stacking distance, translational 
mobility and changes in rotational angle of stacked π-systems, 
causing a decrease in electron transfer integral.  

Intermolecular formation of H-bonded in discotic molecules 
controls and well defines the columnar stacking distance and the 
relative orientations and locations. These systems are ideal 
materials for probing this model because are controlled by H-
bonds and, consequently, well defined. 

In this context, Perepichka and Eichhorn prepared the N,N’,N”-
(3,4,5-tridodecyloxyphenyl)tricarboxamide-bbb-BTT-1 (Figure 
10) and reported its unique properties as a new H-bonded discotic 
liquid crystal.44  
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Figure 10. N,N’,N”-(3,4,5-tridodecyloxyphenyl)tricarboxamide-bbb-BTT-1. 

The incorporation of three amide groups allowed for holding the 
molecules together in columnar stacks, favoring the formation of 
two thermotropic H-bonded hexagonal columnar mesophases 
(Colh) in a temperature range from -50 to 280 °C, and suppressing 
the crystalline phase.  

The charge carrier mobility was measured by time-resolved 
microwave conductivity in both Colh mesophases. 

The quasi-temperature independence found for the charge 
carrier mobility was explained by the interplay between stacking 
distance and mutual rotation due to the persistence of the 
intracolumnar H-bonds between amide groups. 

bbb-BTT-2 devices 

Since the successfully synthesis of the first polymer containing 
bbb-BTT-2-donor unit for application in OPV45 and OFET24b 
devices, several studies were carried out in order to improve 
efficiency and performance of these materials.  

OPV devices 

The use of planar electron-donating molecules containing 
alternating units of electron donor and acceptor molecules can 
lower the material band gap and broad the absorption band toward 
longer wavelength. Simultaneously, the D-A architecture allows 
the manipulation of the energy levels of HOMO and LUMO.46 In 
fact, the improvement of new light-harvesting donor materials for 
this type of solar cells requires careful adjustment of frontier-
orbital energies.47 This may guarantee more efficient donor-
acceptor charge transfer and improve the intrinsic compromise 
between two desirable but incompatible features, a high open-
circuit potential and an advantageous spectral overlap with the 
solar radiation.48 

The first bbb-BTT-2–containing copolymer (P1), bearing the 
BTT core as the donor and 2,1,3-benzothiadiazole (bdt) as 
acceptor (Figure 11), was successfully synthesized by Nielsen in 
2011.45 P1 behaved as a highly soluble and high molecular weight 
copolymer with a band gap of 1.75 eV, and performed in a cell for 
BHJ solar cells with fullerene-based electron acceptors, with a 
moderate PCE of 2.2% and a high open circuite voltage of 0.81 V 
when PC71BM was used.  

DFT calculations predicted for bbb-BTT-2 donor strength 
similar to the well-known benzodithiophene (BDT). In fact, for 
methyl-substituted bdt and bbb-BTT-2-BTZ (BTZ = 2,1,3-
benzothiadiazole, a strong acceptor) trimers, calculations 
envisaged moderate band gaps and low HOMO values, with bbb-
BTT-2 and bdt acting as weak donors. 

 

 

 

 

Figure 11. Copolymer P1 based on bbb-BTT-2-bdt monomer. 

In addition, bbb-BTT-2 is helpful in promoting suitable 
intermolecular -stacking interactions and the curvature of the 
polymer backbone induced by the bonding geometry of the side 
chain through the BTT moiety (Figure 2) promoted polymer 
solubility and flexibility.22,24 

An efficient strategy to broaden the absorption spectra of the 
light-harvesting materials is the incorporation of several different 
chromophores into one polymeric donor material.6b In this 
perspective, Nielsen reported a highly successful improving of 
OPV efficiency by randomly copolymerizing bbb-BTT-2 and 
DPP with a third monomer M3 (Figure 12).48  

Beside the good polymer solubility and processability, the 
result was to expand the optical absorption and improve the light-
harvesting properties. 

 

 
 

 

 

 

Figure 12. Copolymers P2-P5 based on bbb-BTT-2-DPP monomer. DPP = 

diketopyrrolopyrrole, BTZ = 2,1,3-benzothiadiazole, C8-TPD = N-

octylthienopyrrolodione,  C8C8 = 1-octylnonyl. 

The terpolymers gave highly efficient OPV devices displaying 
high currents: BTZ-containing terpolymer P2 displayed a PCE of 
5.14%, nearly the double of the parent alternating copolymer bbb-
BTT-2–DPP.  
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A new semiconducting bbb-BTT-2-BTZ (Figure 13) 
copolymer, having a broad-band gap and high open-curcuit 
voltage, was synthesized by Yang.49  

 

 

 

 

 

Figure 13. Copolymer bbb-BTT-BTZ. 

The photovoltaic device based on the bbb-BTT-2-BTZ 
copolymer/PC71BM photoactive layer showed a PCE of 2.49%. 
The morphology of the blend film was significantly optimized 
after treatment with 1,8-diiodooctane as additive, and the PCE 
reached 5.06%. 

Modulation of the nature and the content of the third monomer 
enabled a fine-tuning of the frontier energy levels, an important 
optimization of the optical absorption.50  

The free 5- and 6-positions of the BTZ moiety have 
demonstrated to be suitable for attaching electron-donating and 
electron-withdrawing substituents in order to modulate the energy 
of the frontier-orbital energies in the copolymers, as well as to 
increase their solubility, with the aim to improve the performance 
of fullerene-based solar cells (Figure 14).  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Chemical modifications of BTZ system positions with theoretical 

HOMO and LUMO energy levels (Gaussian at the B3LYP/6–31G* level of 

theory). 

In general, the introduction on BTZ of different substituents 
with increasing acceptor strength stabilizes both LUMO and 
HOMO energies in the order OR (O2BT) > H (BTZ) > F (F2BT), 
affording an increase in open-circuit voltage, while other 
parameters are largely unaffected in cases where there is sufficient 
energetic offset for electron transfer to the fullerene. Furthermore, 
Nielsen found that substituting a cyclic imide in 5-6 positions, thus 
obtaining the 2,1,3-benzothiadiazole-5,6-dicarboxylic imide 
(BTI), resulted in an electron-accepting unit stronger than F2BT 
and the concomitant lowering of the HOMO and LUMO energy 
levels. 

Co-polymerization of dithienyl-BTI was carried out with bbb-
BTT-2, a co-monomer with well-known charge transport 
properties (Figure 15). The alkyl chain, that is required to induce 
solubility and processability, was introduced in both the electron-
rich bbb-BTT-2 and the electron-deficient BTI monomers. This 
allowed for the optimization of OPV device performance realized 
without needs of solvent additives and solvent/thermal-annealing 
steps. The photovoltaic properties of BBTI-1 and BBTI-2 were 
examined in an OPV device with PC71BM as the electron acceptor 
material, affording solar cells with PCE reaching 8.3%. 

 

 
 
 
 
 

 
 

Figure 15. Copolymers of dithienyl-BTI and bbb-BTT-2 monomers. 

With same strategy, two donor-acceptor copolymers containing 
BTZ and 2,5-dibromo-8-dodecanoyl- bbb-BTT-2 (P6) or 2,8-
dibromo-5-dodecanoyl- bbb-BTT-2  (P7) acceptor units with 
thiophene donor (Figure 16) were synthesized by Keshtov and 
Sharma.51  

 

 

 

 

Figure 16. Copolymers of BTZ and 2,5-dibromo-8-dodecanoyl-bbb-BTT-2  
(P6) or 2,8-dibromo-5-dodecanoyl- bbb-BTT-2  (P7) with thiophene. 

Their HOMO and LUMO energy levels indicated that there is 
sufficient LUMO offset with PC71BM for efficient exciton 
dissociation, and deeper HOMO levels to ensure high open-circuit 
voltage for the optimized BHJ solar cells, showing PCE of 7.19% 
(P6) and 6.34% (P7).  

OFET devices 

In parallel to its use as donor unit for in OPV devices, bbb-
BTT-2 moiety was firstly developed by Nielsen for OFET 
applications.24b Co-polymerization of bbb-BTT-2 bearing a 
branched C8C8 alkyl chain, with thiophene or thieno[3,2-
b]thiophene units as co-monomers, gave highly ordered polymers, 
namely BTT-T and BTT-TT respectively. Both polymers 
displayed good charge carrier mobility when employed as 
semiconducting materials in OFETs, despite polymerization gave 
rise low molecular weights due to strong aggregation effects and 
limited solubility. In addition, the co-monomer played a crucial 
role in determining the backbone conformation, the interchain 
interactions, the polymer solubility and the charge carrier mobility. 

In fact, the minimum-energy conformations of BTT-T and 
BTT-TT tetramers, obtained by DFT calculations, revealed 
significant differences between the two systems as depicted in 
Figure 17. The intrachain separation of the alkyl-bearing BTT unit 
increased as the size of the co-monomer raised from thiophene to 
thieno[3,2-b]thiophene, causing a decrease of polymer solubility.  

Moreover, the backbone of BTT-T resulted slightly curved 
with all alkyl groups facing the same side of the backbone, 
whereas BTT-TT displayed a planar zig-zag conformation and 
long range linearity, with adjacent alkyl groups on opposite sides 
of the backbone. 

These factors support the higher-molecular-weight chain 
growth during the polymerization of BTT-T, which was more 
curved, less structured and consequently, more soluble compared 
to BTT-TT. The molecular weight for BTT-T was Mn = 16.6 kDa 
(PDI = 2.90), whereas the polymerization was stopped at a low 
degree of polymerization (Mn = 6.2 kDa, PDI = 2.11) as the further 
increase of the molecular weight gave insoluble polymers.  
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Figure 17. Minimum-energy conformations of tetramers of BTT-T (top) and 
BTT-TT (bottom) Gaussian-optimized at the B3LYP/6-31G* level (for 
simplicity, the polymer structures are drawn in a regioregular fashion with 
respect to the position of the asymmetric alkyl-bearing thiophene unit). 
Reprinted with permission from Schroeder, B. C.; Nielsen, B. C.; Kim, Y. J.; 
Smith, J.; Huang, Z.; Durrant, J.; Watkins, S. E.; Song, K.; Anthopoulos, T. D.; 
McCulloch, I. Chem. Mater. 2011, 23, 4025–4031. Copyright (2019) by the 
American Chemical Society. 

The polymer films of BTT-T and BTT-TT showed hole 
mobility of 0.24 and 0.025 cm2 V-1 s-1, respectively The one-
order-of-magnitude-larger charge carrier mobility of BTT-T was 
attributed to the threefold increase in molecular weight. 
Nevertheless, the mobility of BTT-TT is unexpectedly high for a 
polydisperse oligomer with about ten units, indicating that even 
the short chains of BTT-TT are able to transport charge in the 
solid state. Both BTT-T and BTT-TT polymers displayed good 
transfer and output characteristics, and the low-lying HOMO 
levels support good stability, an important feature for potential 
commercialization, although making hole injection more difficult.  

Overcoming solubility and processability difficulties, by side 
chain optimization, BTT-T is promising for OFET applications.  

In this perspective, it was shown that ketalization of acyl-
functionalized bbb-BTT-2-containing polymer (P8) can 
significantly increase the solubility.21  A successive cleavage by a 
thermal annealing process was realized in the solid state, easily 
converting P8 to the corresponding ketone-functionalized BTT-T 
copolymer (P9) (Scheme 21). 

 
 

 
 
 

 

Scheme 21. Thermal annealing of P8 to P9.  

The latter exhibited a much more ordered solid state packing 
and a greatly increased hole mobility from 7.0 × 10−4 to 1.0 × 10−2 
cm2 V-1 s-1.52  

In order to investigate the effect of the side-chain nature 
Zhang5a synthetised a series of BDT and bbb-BTT-2-based 
conjugated polymers (P10–P13), with the conjugated alkyl-
thiophene on BDT and alkyl or acyl side chains on bbb-BTT-2 
(P10 and P11), alkyloxy on BDT and alkyl or acyl side chains on 
bbb-BTT-2 (P12 and P13) (Figure 18). The nature of side chains 
strongly influenced the thermal and electronic features of the 
polymers. The conjugated-side chain raised the thermal stability 
while the acyl-side chain lowered HOMO-LUMO energy levels. 

 
 
 
 
 
 

 
 

 
 
 

 
 

 

Figure 18. A series of BDT and bbb-BTT-2-based conjugated polymers. 

Even the device performance of the obtained thin-film 
transistors was sensitive to the side chains. For P10 a hole mobility 
of 1.7 × 10−3 cm2 V-1 s-1 was obtained, one order of magnitude 
higher of than those of P12 and P13-based devices.  

Nielsen53 incorporated the bbb-BTT-2 planar unit into four 
different donor polymers (Figure 19). The different nature and 
positioning of the side chains along the polymer backbone 
influenced the HOMO-LUMO energy, the solubility of the 
polymers and solid-state packing. Both BTT- and COBTT-type 
monomers were obtained with either 4,4′-dihexyl-2,2′-
bithiophene, which introduces a tail-to-tail (tt) between two 
adjacent thiophene rings, or with 3,3′-dihexyl-2,2′-bithiophene, 
causing a head-to-head (hh). 

 
 
 

 
 

 

 

 

 

 

 

 

Figure 19. Tail-to-tail (COBTT-2Ttt and BTT-2Ttt) and head-to-head 

(COBTT-2Thh and BTT-2Thh) polymers.  

Both BTT- and COBTT-type monomers were obtained with 
either 4,4′-dihexyl-2,2′-bithiophene, which introduces a tail-to-tail 
(tt) between two adjacent thiophene rings, or with 3,3′-dihexyl-
2,2′-bithiophene, causing a head-to-head (hh). Linear hexadecyl 
(BTT-2Ttt and BTT-2Thh) and hexadecanoyl (COBTT-2Ttt 
and COBTT-2Thh) side chains favored intermolecular packing of 
the BTT cores. The electron withdrawing acyl side chain perturbs 
the electronic distribution of the BTT core compared to the alkyl 
side chain. The positioning and the steric hindrance caused by the 
addition of alkyl chains determined solubility and molecular 
packing, tuning the processability as well.  

The head−head coupling in BTT-2Thh polymer induced a 
backbone twist, which reduced the conjugation length and 
increased the optical band-gap. The tail-to-tail polymer BTT-2Ttt 
displayed a higher lying HOMO energy level while the LUMO 
energy level was not affected by the alkyl chain positioning, 
resulting in a band-gap than smaller than that of the BTT-2Thh 
polymer. The introduction of the carbonyl groups lowered the 
LUMO energy levels of both COBTT polymers compared to the 
BTT polymers, but the overall band-gaps were scarcely affected. 
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In addition, the presence of carbonyl groups induced interchain 
aggregation reducing the twisting, therefore lowering the HOMO 
energy levels less than in the case of the head-to-head coupled 
BTT copolymers. 

The steric hindrance along the polymer backbone was reduced 
in BTT-2Ttt and COBTT-2Ttt leading to strong interchain 
aggregation in both solution and solid state and highly ordered thin 
films, leading to strong aggregation. The enhanced order of BTT-
2Ttt and COBTT-2Ttt, was supposed to be responsible of the 
higher hole mobility in thin film transistors (0.04 and 0.01 cm2 V-

1 s-1, respectively) compared to the head-to-head coupled polymers 
BTT-2Thh and COBTT-2Thh (1.6 × 10−5 and cm2 V-1 s-1, 
respectively). In addition, introduction of the carbonyl groups on 
the conjugated backbone increased the ambient stability of the 
polymers. 

bbc-BTT-3 devices 

Applications of bbc-BTT-3-core have been actually reported 
only in OFET devices.5b,54 This donor unit possesses a higher 
HOMO level than all of the other BTT isomers and is a 
potential donor component for D−A copolymers.14 

After the synthesis of bbc-BTT-3 as a new member of the BTT 
family, Műllen reported the preparation of the first D-A 
copolymers, P14 and P15 (Figure 20).54 The donor monomer bbc-
BTT-3 was coupled with the strong acceptors BTZ (P1) and bis(5-
thienyl)-BTZ. The single-crystal structure of the alkyl-substituted 
bbc-BTT-3 showed that the solubilizing dodecyl chains lie nearly 
in the same plane as the conjugated core and stretch out along an 
angle of around 55° with respect to the C2 symmetry axis. 

 
 
 
 

 
Figure 20. Donor-acceptor copolymer of bbc-BTT-2. 

In the corresponding polymers, the location of the alkyl chains, 
planar with the polymer backbone, reduced the π−staking  between 
the polymer chains (0.35 nm for P1 and 0.37 nm for for P2) much 
more than in other polymers with alkyl chains out of the main 
chains. Calculations showed that the P14 backbone is more curved 
than that of P15, contributing to a better solubility of the former. 
In addition, insertion of two thiophene units in P15 considerably 
modified the chain conformation, the supermolecular 
organization, the film microstructure and, consequently, the 
charge carrier transport (Figure 21). 

The onset of the P1 and P2 thin-film absorptions indicated 
optical band-gaps of 1.35 and 1.53 eV, narrower values compared 
with that of the D−A copolymer obtained with bbb-BTT-2 and 
BTZ (Figure 11), demonstrating the stronger electron-donating 
nature of bbc-BTT-3 donor unit. 

Finally, despite a supramolecular organization found in the 
bulk with a good π-stacking distance of only 0.35 nm, P1 did not 
show any field-effect response because of the pronounced disorder 
in the thin film. In contrast, P2 exhibited a hole mobility of 0.04 
cm2 V−1 s−1, owing to the well-ordered film and a supramolecular 
organization into lamellar structures with a π-stacking distance of 
0.37 nm. 

This is the first example of BTT-based D−A copolymers 
exhibiting distinguishing supramolecular organization and 
sensible field-effect behavior. 

 
 
 

 

 
 
 
 
 
 

 

 

Figure 21. Minimum-energy conformations of methyl-substituted trimers of 

(top) P1 and (bottom) P2 optimized at the B3LYP/6-31G* level. Reprinted 

with permission from  Guo, X.; Puniredd, S. R.; Baumgarten, M.; Pisula,W.; 

Müllen, K. J. Am. Chem. Soc. 2012, 134, 8404−8407. Copyright (2019) by the 

American Chemical Society. 

In order to improve the charge transport within BTT-containing 
polymers, BTZ of P16 was replaced with DPP,5b an acceptor unit 
able to reinforce the intermolecular interaction and to improve the 
π–stacking between polymer chains,3a,55 preparing the polymers 
P15 and P16 (Figure 22). 

 

 

 

Figure 22. Donor-acceptor bbc-BTT-3-DPP copolymers. 

The new donor-acceptor bbc-BTT-3-DPP copolymers,  
differing for the presence (P3) or absence (P4) of alkyl side chains 
at the bbc-BTT-3 unit, exhibited a remarkable modification in 
packing order, thin-film arrangement and charge carrier transport. 

Because of the stronger donor-acceptor interaction, changing 
BTZ with DPP in P3 led to a considerable red-shift of the 
absorption band and a decreased optical band-gap. However, the 
steric hindrance between alkyl chains onto the DPP and bbc-BTT-
3 units resulted in twisting the polymer backbone and decreasing 
the order, thus reducing the hole mobility of P15 (0.007 cm2 V−1 
s−1). The removal of alkyl chains on bbc-BTT-3 unit excluded the 
steric interactions, changed the arrangement of the polymers on the 
surface and improved the OFET performance, with a hole mobility 
(0.2 cm2 V−1 s−1) higher than those of both P14 and P15, making 
the bbc-BTT-3-based polymers promising candidates in OFET 
application.   

BTT-based materials in perovskite solar cells  

Since the first introduction in 2009 of organic–inorganic hybrid 
methylammonium lead halide (MAPbX3) perovskites as active 
materials for PV applications,56 the PCE of perovskite-based solar 
cells (PSCs) have been extremely improved within a few years 
from the 14% to a recently certified 23.7% values, which is the 
fastest growing photovoltaic technology in history.57,58  

Taking into account that the photovoltaic market is still 
dominated by silicon-based solar cells, transforming about 25% 
sunlight into electricity for crystalline silicon and 15% for 
microcrystalline silicon devices, the research on PSCs have 
experienced a huge scientific interest for photovoltaic 
applications.59 

In view to improve the the hole transporting abilityof bbb-
BTT-1 devices, Nazeeruddin and Martín prepared three star-
shaped small molecule by crosslinking bbb-BTT-1 core with 
different triphenylamine based ligands (Figure 22): BTT-1 with p-
methoxydiphenylamine (OMeDPA), BTT-2 with p-
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methoxydiphenylamine-substituted carbazole (OMeDPAC), and 
BTT-3 with p-methoxytriphenylamine (OMeTPA) (Figure 23).31  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 23. Star-shaped BTT-1, BTT-2 and BTT-3 with bbb-BTT-1 core. 

These compounds displayed efficient hole-transporting 
properties and, when implemented in PSCs, exhibited excellent 
performances comparable to the state-of-the-art PSCs. PCE up to 
16% and 17% were obtained for BTT-1 and BTT-2, respectively, 
and 18.2% for BTT-3. The last value is comparable to the 
reference 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-
spirobifluorene (spiro-OMeTAD), the most commonly used hole-
transporting material, and among the highest PCE values observed 
for PSCs using a small molecule so far.  

Theoretical DFT calculations60 showed that bulky groups, such 
as OMeDPA and OMeDPAC, give rise to highly crowd molecular 
structures. In contrast, OMeTPA groups leads to an almost planar 
structure more suitable for a stacking aggregation, desirable for 
more efficient charge transport and performance of the OPV 
device. 

In 2017, the same authors61 described the synthesis, 
characterization and photovoltaic performance of BTT-4 and 
BTT-5 molecules based on the isomeric bbb-BTT-2 and bbc-
BTT-3 bearing three and four OMeTPAs, respectively (Figure 
24). The different arrangement of the sulfur atoms provided hole-
transporting materials with different properties. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 24. BTT-4 and BTT-5 molecules based on the isomeric bbb-BTT-2 
and bbc-BTT-3 bearing three and four OMeTPAs. 

The HOMO/LUMO energy levels calculated for the OMeTPA 
pendant groups, the BTT cores, the BTT-based hole- transporting 
materials and the archetypical material for PSCs spiro-OMeTAD 
are displayed in Figure 25  

 
 
 
 
 
 
 
 
 
 

Figure 25. Energy level of the frontier molecular orbitals (Gaussian at the 
B3LYP/6–31G* level of theory in CH2Cl2). 

The frontier-orbital energies of the BTT derivatives reflected 
their structural changes. In fact, the HOMO/LUMO is significantly 
destabilized/stabilized in passing from bbb-BTT-1 (-5.79/-0.89 
eV) to bbb-BTT-2 (-5.67/-1.22 eV) and to bbc-BTT-3 (-5.36/-
1.56 eV). This destabilization/stabilization is due to the more 
effective conjugation of the core, especially for bbc-BTT-3, 
giving rise to a decrease of the HOMO–LUMO gap. The HOMOs 
of BTT-3, BTT-4 and BTT-5 are destabilized with respect to the 
corresponding BTT cores, as the result of the antibonding 
interaction with the OMeTPA arms, and undergo a destabilization 
from BTT-3 (-4.73 eV) to BTT-4 (-4.61 eV) and BTT-5 (-4.50 
eV), approaching the HOMO level calculated for spiro-OMeTAD 
(-4.44 eV). In addition, these materials are polarized and a 
significant charge transfer takes place from the peripheral 
OMeTPA groups to the central BTT core, more pronounced for 
BTT-5 due to its four-armed structure.  

It appeared that the BTT-based molecules are good electron 
donors, and their HOMO energy levels are suitably aligned with 
the valence band of the perovskite, suggesting an efficient hole 
injection from the BTT materials. 

In addition, BTT-4 and BTT-5 demonstrated good thermal 
stability of up to 430 °C. Remarkably, BTT-4 and BTT-5 showed 
extraordinary PCE values of 19% and 18.2%, respectively, 
exceeding the efficiency exhibited by BTT-3 (17.2%) and the 
commonly used spiro-OMeTAD (18.9%), even approaching the 
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performances of silicon-based solar cells.  The author assumed that 
the cis arrangement of the sulfur atoms might benefit the 
interaction with the perovskite material.  

Very recently, the profitable approach to PSCs, was exploited 
by Singh62 to enhance the performance of bbb-BTT-1 and DPP-
based molecules (Figure 26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. bbb-BTT-1 and DPP-based molecules. 

These star-shaped small molecules have been synthesized and 
tested as hole- transporting material in PSCs. The fine-tuning of the 
molecular structures allowed to achieve a PCE up to 14.13% for 
BTT(DPP-Th)3-EH over those for BTT(DPP)3-C8 (8.65%) and 
BTT(DPP)3-EH (8.39%). 

Conclusion and outlook 

In this digest, we have reported an overview of the advances 
over the last sixteen years in the synthesis and applications of 
benzotrithiophene (BTT) isomers as π-cores for organic electronic 
materials. These studies demonstrated that BTTs possess 
significant potential as semiconductors for fabrications of 
electronic devices such as solar cells, field-effect transistors, 
electrochromic materials, high-area capacitors and charge carrier 
discotic liquid crystals. The impressive results, obtained in a 
relative short time, indicate that BTTs are adaptable and useful 

building blocks for the design of high-performance and stable 
devices.  

BTTs possesses rigid and planar conjugated structures which 
allow for finely tuning the molecular energy levels and optical 
band-gaps as well as high hole mobility. The third fused thiophene 
extends the aromatic core favoring intermolecular π-stacking and 
charge transport. It appears that the third thiophene unit of BTTs 
is preferable to a benzene unit. For instance, compared to the well-
known benzodithiophene (BDT), one of the most promising 
photovoltaic materials, DFT calculations predicted for bbb-BTT-
2 similar donor strength to the BTTs. The similar open-circuit 
voltages confirm the comparable HOMO energy levels for the two 
systems, reflecting their analogous donor strengths. However, 
there are evidences that the larger BTTs unit have an advantageous 
influence on the charge transport in an OPV device. 

Besides, the fine-tuning of the frontiers orbital energies, the 
design of these organic material has considered the variations in 
the structure of the molecular backbone molecular shape and 
geometry, the side chain effects, the copolymerization with 
different co-monomers, the molecular-weight characteristics, the 
light-harvesting properties, the solubility and the processability. 

In particular, the three-dimensional functionalization of BTTs 
with side groups represents a feasible and efficient method to 
increase the electronic performance of the conjugated materials, 
obtaining, for instance, PCE value and hole mobility up to 9.43% 
and 0.24 cm2 V-1 s-1 in OPV and OFET devices, respectively. 

Finally, the implementation of some BTT-based small 
molecules in PSCs allowed for achieving excellent performances 
comparable to the state-of-the-art perovskites based devices up to 
PCE of 19%, even exceeding the efficiency exhibited by the 
commonly used spiro-OMeTAD and approaching the 
performances of silicon-based solar cells. 

The rapid improvement in synthetic ability has made available 
a wide set of tools for constructing new polymer networks but a 
number of challenges also need to be pursued. An important task 
is the processability, i.e. while linear polymers are seldom soluble 
in organic solvents, networks are not easily dissolved in organic 
media, opening the query of processing to the best these materials 
into functional devices. Although in some case solution-
processable hyperbranched conjugated polymers were obtained, 
the absolute efficiencies are modest. 

Furthermore, among the main key requirements when 
converting organic-inorganic electronic devices from laboratory to 
commerce (low cost, high power conversion efficiency and long 
lifetime) high stability of BTT-based materials has occasionally 
been studied. Therefore, evaluating the effect of the 
environmental (moisture and air stability) and intrinsic factors 
(hygroscopicity, thermal instability and ion migration) on long-
term stability of high-efficiency materials is required. 
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