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ABSTRACT: Two donor-acceptor copolymers, P1 and 
P2, containing a novel donor component benzo[2,1-
b:3,4-b’:5,6-c’’]trithiophene were synthesized. Both 
polymers show small π-stacking distances with 0.35 nm 
for P1 and 0.37 nm for P2 due to the use of a disc-like 
shaped donor unit. However, they exhibit remarkable 
differences in supramolecular organization, film micro-
structure and transistor performance. Indeed, P1 re-
veals a distinct supramolecular organization in the bulk 
in comparison to conventional conjugated polymers 
including P2. Interestingly, no charge carrier transport 
was observed for P1 in field-effect transistors, while P2 
exhibited a hole mobility of up to 0.04 cm2/Vs. This 
variation in device behavior was attributed to the evi-
dently different degree of curvature in the polymer 
backbones induced by the introduction of two addition-
al thiophene units in P2. 

Donor-acceptor (D-A) copolymers have allowed for 
an effective strategy for tailoring the properties of con-
jugated polymers for applications in organic photovol-
taics (OPV) and organic field-effect transistors 
(OFET).1 The intra- and intermolecular interactions 
between donor and acceptor units can lead to self-
assembly into ordered structures and strong π-stacking 
of polymer chains, which both favor the charge carrier 
transport. Typical donor units originate from electron-
donating compounds such as benzo[1,2-b:4,5-
b’]dithiophene, cyclopenta[2,1-b:3,4-b’]dithiophene, 
dithieo[3,2-b:2’,3’-d]silole, and dithieo[3,2-b:2’,3’-
d]pyrrole, which have been copolymerized with strong 
acceptors such as 2,1,3-benzothiadiazole (BTZ) to yield 
high performance organic semiconductors for organic 
electronics.2 In addition to the application of these ex-
isting donors, it remains still a great challenge to ex-
plore D-A copolymers with new donor or acceptor 
structures for further understanding the structure-
property relationship and improving the performance 
of such polymers. 

Benzotrithiophenes (BTT) have emerged as a class of 
attractive building blocks for the design of various types 
of organic semiconductor materials in recent years.3 
Exploiting the electron-rich nature, BTT can be ex-
pected as a donor unit for the synthesis of narrow band 

Scheme 1. Synthesis of monomer 6 and BTT-
based D-A copolymers P1 and P2 

 

gap D-A copolymers when combined with a suitable 
acceptor moiety. Furthermore, the coplanarity and ex-
tended π-conjugation of the BTT skeleton should pro-
mote intermolecular π-stacking, which induces strong 
aggregation and enhanced packing in the solid-state in 
the BTT-containing polymers. These features are par-
ticularly desirable for improving charge carrier 
transport in OFET devices. Three of seven BTT iso-
mers, namely, benzo[1,2-b:3,4-b':5,6-
b'']trithiophene,3b-f benzo[1,2-c:3,4-c':5,6-
c'']trithiophene,3g-i and benzo[2,1-b:-3,4-b':5,6-
b'']trithiophene,3j-l have been synthesized and studied 
intensively (see structures in Figure S1). In particular, 
McCulloch et al described a benzo[2,1-b:-3,4-b':5,6-
b'']trithiophene-containing D-A copolymer showing 
potential for application in a bulk heterojunction solar 
cell.3l However, the D-A copolymers containing other 
BTT isomers have not been synthesized thus far, espe-
cially their supramolecular organization and charge 
carrier transporting property have not been investigat-
ed. 

Herein, we report the synthesis of two new D-A co-
polymers, P1 and P2 (Scheme 1) containing the ben-
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zo[2,1-b:3,4-b’:5,6-c’’]trithiophene as a donor moiety. This donor unit possesses a higher HOMO level 
Table 1. Properties of copolymers P1 and P2 

polymer 

Mn/Mw 

(kg/mol)a 

λmax
abs  CVe  OFET 

soln 

(nm)b 

ε 

(M-1 cm-1)c 

film 

(nm)d  

EHOMO 

(eV) 

ELUMO 

(eV) 

Eg
ec 

(eV)  

µsat, h 

(cm2/V s)f 

Ion/Ioff 

(-)g 

P1 19.5/38.6 547 11400 570  -5.42 -3.60 1.82  n.a. n.a. 

P2 31.0/95.2 645 33200 645, 705  -5.36 -3.45 1.91  0.04 ~104 

a Determined by GPC using polystyrene standard. b Measured in chlorobenzene solutions (1×10-5 M of repeating unit). c 
Measured at λmaxabs in solution (per repeating unit). d Drop-cast from chlorobenzene solution (5 mg/mL). e The energy levels 
and the electrochemical band gaps (Eg

ec) are determined by cyclic voltammetry measurements (see details in Supporting In-
formation). f Maximum values of hole mobility, after annealing at 200 °C for 1 hr. g Current on/off ratios. 

than all other BTT isomers being a potential donor 
component for D-A copolymers as described in our re-
cent work.4 It is worth noting that the dodecyl chains 
introduced at the 4,6-positions of this BTT donor for 
solubility almost lie in the same plane with the conju-
gated core and stretch out along an angle of ca. 55° 
with respect to the C2 symmetry axis, as shown in the 
single crystal of the alkyls-substituted BTT.4 This na-
ture of our BTT donor is believed to make the alkyl 
chains of the corresponding polymers locate in the 
same plane with the polymer backbone and therefore 
facilitate the π-π interactions between the polymer 
chains much more than other polymers with alkyl 
chains out of the main chains. As we have found, both 
copolymers show small π-stacking distances with 0.35 
nm for P1 and 0.37 nm for P2. On the other hand, pro-
ceeding from P1 to P2 by insertion of two thiophene 
units into the polymer backbone of P2 influences sig-
nificantly the chain conformation, the supermolecular 
organization, the film microstructure and thus the 
charge carrier transport. This provides a deeper under-
standing of the structure-property relationships of 
BTT-based D-A copolymers. 

The synthesis of the dibrominated BTT monomer 6 
with two dodecyl side chains is depicted in Scheme 1. 
Starting from 3,3’-dibromo-2,2’-bithiophene (1),5 an 
important intermediate 5,5’-dibromo-3,3’-diiodo-2,2’-
bithiophene (4) was prepared in an overall yield of 74% 
by protecting first the α-positions of 1 with trimethylsi-
lyl (2), then changing the 3,3’-dibromine to 3,3’-
diiodine (3) and finally performing the dibromination 
at the α-positions. Compound 4 can be coupled with 1-
tetradecyne by selective Sonogashira reaction to intro-
duce the solubilizing alkyl chains in a yield of 51%. This 
precursor 5 was then treated with 
tris(triphenylphosphine) rhodium(I) chloride to pro-
duce the rhodium complex as intermediate. The latter 
was converted into the monomer 6 by adding sulfur 
powder to form the third thiophene ring. The monomer 
6 was carefully purified by column chromatography 
and recrystallization to ensure sufficient purity for 
polymerization. It is noteworthy that in this route the 
dibromination has been executed before the formation 
of the third thiophene ring. This can avoid the direct 
dibromination to the alkyl-substituted BTT (an ex-
tremely electron-rich system) under harsh conditions 
as well as the complex purification process to remove 
mono-bromination impurities. 

The polymer P1 was synthesized by Suzuki coupling 
between monomer 6 and 4,7-bis(boronic acid pinacol 
ester)-2,1,3-benzothiadiazole (7),2b whereas the poly-
mer  P2 was synthesized by Stille coupling between 
monomer 6 and 4,7-bis(2-trimethylstannylthien-5-yl)-
2,1,3-benzothiadiazole (8).6 P1 was obtained as a deep 
purple solid with good solubility in common organic 
solvents such as THF, chloroform and chlorobenzene. A 
number-average molecular weight (Mn) of 19.5 kg/mol 
with a polydispersity index (PDI) of 1.98 was measured 
by gel permeation chromatography (GPC) in THF. In 
contrast, P2 was a deep blue solid and less soluble, 
which becomes soluble only in chlorinated solvents 
such as chlorobenzene and o-dichlorobenzene after 
heating above 100 oC. A Mn of 31.0 kg/mol with a PDI 
of 3.07 was measured by GPC in trichlorobenzene 
(TCB) at 135 oC. The higher molecular weight of P2 
than P1 is a main reason for poorer solubility of P2. 

 

Figure 1. Minimum-energy conformations of methyl-
substituted trimers of P1 (top) and P2 (bottom) optimized 
with Gaussian at the B3LYP/6-31G* level. 

Quantum-chemical calculations (B3LYP/6-31G*) 
were performed to predict the minimum-energy con-
formations of the trimers of P1 and P2. As illustrated 
in Figure 1, the alkyl chains of both polymers turn to-
wards the same side of the backbone, however the 
backbone of P1 is more curved than P2, which should 
also somewhat contribute to better solubility of the 
former. More importantly, the different degree of cur-
vature in the polymer backbone will also influence the 
supermolecular organization, the film microstructure 
and the charge carrier mobility of the two polymers. 

Both polymers display broad absorption bands with 
maxima in solution at 547 nm and 645 nm for P1 and 
P2, respectively (Figure S3 and Table 1). This can be 
attributed to the strong D-A interaction, indicative of 
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BTT a strong donor unit. The red shift of almost 100 
nm upon going from P1 to P2 is believed to originate 
from the two inserted thiophene units which provide 
the extended conjugation and weak electron-donating 
nature. In the solid state, P1 shows a red-shifted and 
broader absorption maximum, which feature can be 
ascribed to solid-state packing effects, whereas for P2, 
a strong shoulder at 705 nm appears, clearly suggesting 
the formation of a more aggregated conformation in 
thin film. The optical bandgaps estimated from the on-
set of the thin-film absorptions are 1.35 eV for P1 and 
1.53 eV for P2, respectively. Compared to the optical 
bandgap (1.75 eV)3l of the D-A copolymer derived from 
another BTT isomer benzo[2,1-b:-3,4-b':5,6- 
b'']trithiophene and BTZ, P1 shows a narrower optical 
bandgap, indicating again the stronger electron-
donating nature of our BTT donor unit. 

a) c)b)

d)

 

Figure 2. a) WAXS and b) SAXS for P1, c) WAXS for P2, 
and d) schematic illustration for the polymer arrangement 
in the extruded fiber for P1 (left) and P2 (right) (red arrow 
indicates the extrusion/orientation direction). 

The supramolecular organization of both polymers, 
P1 and P2, in the bulk was investigated by two-
dimensional wide-angle X-ray scattering (2DWAXS). 
For this study both polymers were extruded into mac-
roscopically aligned fibers which were mounted verti-
cally towards the 2D detector. Polymer P2 shows a 
characteristic 2D pattern for a conjugated polymer 
(Figure 2c).3d Small-angle reflections in the equatorial 
plane of the pattern are attributed to a chain-to-chain 
distance of 2.7 nm between the lamellar structures, 
which are aligned along the extrusion direction of the 
fiber (Figure 2d). The weak equatorial wide-angle scat-
tering intensities are assigned to the π-stacking of 0.37 
nm of the backbones within the lamellar stacks. Inter-
estingly, the organization of P1 in the fiber sample dif-
fers significantly. Firstly, the chain-to-chain distance of 
4.36 nm is considerably larger in comparison to P2 as 
derived from the small-angle pattern (Figure 2b) and is 
attributed to the more pronounced degree of curvature 
in the backbone of P1, as shown in Figure 1. The corre-
sponding reflections are located on the equatorial 
plane, while surprisingly, the scattering intensities re-
lated to the π-stacking of 0.35 nm appear in the wide-
angle meridional (Figure 2a). Therefore, the polymer 
chains are arranged perpendicular to the alignment 
direction of the sample (Figure 2d). This is very untypi-

cal for conjugated polymers with a high molecular as-
pect ratio which is usually the driving force for an 
alignment of the polymer backbone along the extrusion 
direction of the sample. Polymer P1 shows an organiza-
tion identical to discotic columnar systems in which the 
π-stacking direction as well as the stacks characteristi-
cally orient along the alignment direction.7 Therefore, 
the behavior of P1 can be explained with the disc-like 
shape of the BTT unit which pack on top of each other 
thus forming a columnar stack. However, in such a 
packing motif, the subunits of the same electron affinity 
have to pack on top of each other and no donor-
acceptor interactions between the conjugated back-
bones occur. Recently, we have found such a donor-
donor/acceptor-acceptor packing for a benzothiadia-
zole-cyclopentadithiophene polymer.3f In the case of 
P2, the molecular aspect ratio of the repeating unit is 
increased by extending the length by the two additional 
thiophene units within the backbone. This leads to the 
more parallel orientation of the polymer chains to the 
fiber axis. 

 

Figure 3. Characteristics for a field-effect transistor of 
P2: a) transfer curves at a source drain bias of VSD=-60 V 
and b) output characteristics at various gate biases VG. 

Bottom-contact, bottom-gate FETs based on the pol-
ymers were prepared by drop-casting a dichloroben-
zene solution of a concentration of 1 mg/ml on an 
HMDS modified, 100 °C hot SiO2 wafer. After solvent 
evaporation the films were additionally annealed at 
200 °C for 1 hr. Surprisingly, P1 did not show any de-
vice performance although good packing was found for 
the polymer in the bulk with a π-stacking distance of 
only 0.35 nm. On the other hand, P2 exhibits typical p-
type transistor behavior with hole mobilities up to 0.04 
cm2/Vs and an average value of 0.01 cm2/Vs (Figure 3). 
The device performance is slightly improved by the 
modification of the source/drain electrodes with ben-
zenethiol leading to average mobilities of 0.025 cm²/Vs 
for P2 (Figure S6). In contrast to this, under these de-
vice conditions polymer P1 still lacks of any field-effect 
response. To understand the difference in performance 
of the polymers, grazing incidence wide-angle X-ray 
(GIWAXS) of the films was performed (Figure 4). In-
terestingly, the thin layer of P1 is highly disordered 
(even amorphous) as indicated by the lack of reflections 
(Figure 4a and 4c). It seems that solution casting of P1 
on a surface leads to high disorder and therefore inhib-
its charge carrier transport in the transistor. This is in 
agreement with our previous findings which suggested 
that polymers with a high degree of backbone curvature 
perform poorly in a FET device.8 In contrast to this, P2 
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is well ordered in the film and edge-on arranged to-
wards the surface as assigned from the out-of-plane 
reflections for the chain-to-chain distance and the in-
plane ones for the π-stacking correlation (Figure 4b 
and 4d). From the equatorial integration along qz = 0, a 
π-stacking distance of 0.36 nm for P2 in thin film is 
derived which is slightly smaller in comparison to that 
in the bulk (Figure S7). The integration plot for P1 ex-
hibits apart from the pronounced amorphous halo at 
1.47 Ǻ (Figure S7), which is related to disordered alkyl 
side chains, also a weak shoulder at 1.72 Ǻ. This peak is 
an indication for some π-stacking correlations between 
backbones and thus minor ordering of P1. 
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Figure 4. GIWAXS of a) P1 and b) P2 thin films, sche-
matic illustration of the polymer organization on the sur-
face for c) P1 and d) P2 within one single domain. 

In conclusion, we have presented two novel ben-
zo[2,1-b:3,4-b’:5,6-c’’]trithiophene-based D-A copoly-
mers, P1 and P2 which exhibit interesting supermolec-
ular organization and promising OFET performance. 
The structural modification by insertion of two thio-
phene units into the polymer backbone plays an im-
portant role in determining the chain conformation, the 
supermolecular organization, the film microstructure 
and thus the charge carrier transport. Polymer P1 does 
not show any field-effect due to pronounced disorder in 
the thin film although a distinctive supermolecular 
structure is observed with a good π-stacking distance of 
only 0.35 nm in the bulk. In stark contrast, polymer P2 
gives a hole mobility of 0.04 cm2/Vs which is in agree-
ment with the well-ordered film and the organization 
into lamellar structures with the π-stacking distance of 
0.37 nm. It is expected that the charge carrier mobility 
can be further improved by increasing the molecular 
weight of the polymers or further optimization of the 
deposition techniques.9 To the best of our knowledge, 
this is the first report on BTT-based D-A copolymers 
which exhibits distinctive supramolecular organization 
and reasonable field-effect behavior. 
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