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ted polymers are promising semiconductor materials for 
hotovoltaic devices based on p–n junction. Among them, 
olar cells (OSCs),1,2 organic light-emitting diodes3 and 
hotodetectors4 have received considerable attention in 
ars due to their important advantages over inorganic 
s, such as flexibility, light weight, stretchability5 and 
sparency.6 Furthermore, organic photovoltaic devices 
bricated over large areas using low-cost, high-throughput 
technologies.7

performance conjugated polymers are usually designed 
 the push-pull concept, in which the polymer backbone 
of alternating electron donor (D) and electron acceptor 
ing blocks bearing different substituents. This makes it 
to tune the optical and electronic properties of these 
, as well as their charge-transport characteristics and 
 in organic solvents.8,9 Most of the conjugated polymers 
d for OSCs have the (X-DAD)n molecular structure, 
is the various polycyclic aromatic or heteroaromatic units 
arbazole, fluorene and benzodithiophene. We recently 
 an alternative approach to design conjugated polymers 
g an extended DADAD molecular motif instead of 
tems.10 The (X-DADAD)n polymers exhibited improved 
tronic properties compared to the (X-DAD)n analogues. 
lar, the carbazole-containing polymer PCDTBTBT has 

er band gap (Eg = 1.7 eV) than its well-known (X-DAD)-
nterpart PCDTBT (Eg = 1.9 eV).11 The decrease in the 
BT band gap energy is associated with a decrease in the 
 the lowest unoccupied molecular orbital (LUMO) upon 
uction of an additional electron-deficient benzothiadiazole 
 while the energy of the highest occupied molecular 
OMO) remains almost the same (ca. −5.5 eV). Thus, 

according to the Sharber models,12 PCDTBTBT could provide 
improved OSC photovoltaic performance in terms of short 
circuit current density and open circuit voltage. However, the 
extremely low solubility of PCDTBTBT prevented the expected 
power conversion efficiency (PCE) of practical devices from being 
achieved.9 We recently reported an approach to improve the 
solubility of PCDTBTBT by replacing terminal thiophene 
fragments with alkylthienyl moieties9 or by using X-blocks with 
solubilizing bulky alkyl substituents.13 Unfortunately, OSCs based 
on the obtained polymers exhibited poor PCEs.

In this work, we designed three novel (X-DADAD)n conjugated 
polymers that include fluorene and phenylene structural X-blocks 
bearing long-chain 2-octyldodecyl substituents and TBTBT blocks 
(T is a thiophene donor block, B is benzothiadiazole or 5,6-difluoro
benzothiadiazole acceptor block) along with unsubstituted 
thiophene rings. The introduction of two branched alkyl chains 
into fluorene or phenylene moieties ensures good solubility of 
polymers and avoids undesirable steric effects. OSC based on 
phenylene-containing polymer P4 demonstrated a PCE of 7.0%, 
which is remarkably higher than the efficiency of PCDTBTBT-based 
devices, and indicates the great potential of the proposed approach 
for the design of semiconductor (X-DADAD)n polymers.

Scheme 1 shows the synthesis of conjugated polymers P1–P4. 
All polymers were synthesized by the palladium-catalyzed Stille 
polycondensation reaction using monomers 1–4 prepared according 
to previously reported procedures.14 The crude polymers were 
fractionated in a Soxhlet apparatus by sequential extraction with 
acetone, dichloromethane and finally chlorobenzene. The chloro
benzene fractions of the polymers were collected, concentrated 
and poured into ethanol. The precipitated polymers were filtered 
and dried in vacuum.
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uorene- and phenylene-based conjugated polymers 
 TBTBT molecular framework consisting of the 
e (T) and benzothiadiazole (B) building blocks have 
thesized and investigated. It has been demonstrated 

 variation of X building blocks with branched side 
 (X-TBTBT)n-type structures, as well as the introduction 
ne into the main chain, strongly affects the optical, 
ic and physicochemical properties of the obtained 
s. The phenylene-based polymer with a fluorine-
BTBT block achieves a power conversion efficiency 
 organic solar cells, which can be further improved 
izing the active layer morphology.

s: benzothiadiazole, thiophene, branched side chains, conjugated polymer, organic solar cells.
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We investigated the molecular weight characteristics of the 
synthesized polymers by gel permeation chromatography as 
described previously15 and obtained weight-average molecular 
weights in the range of 24–53 kDa and polydispersity indices 
(Mw /Mn) of 1.2–1.7 (Table 1).

The optical properties of the polymers were investigated in a 
solution of 1,2-dichlorobenzene and in thin films [Figure 1(a),(b)]. 
The absorption bands at shorter wavelengths (350–470  nm) 
correspond to the p–p* transition in the polymers, while the band 
at longer wavelengths (500–750  nm) can be associated with 
intramolecular charge transfer.

Polymer P4 exhibits a shoulder peak at about 600 nm, suggesting 
aggregation of polymer molecules in dilute solution at room 
temperature. In the case of thin films, a strong bathochromic 
shift of the absorption bands by 70–120 nm is observed (Table 1). 
This indicates efficient self-assembly of macromolecules in the 

solid state. The optical band gap (Eg
opt) of polymers P1–P4 was 

estimated from Tauc plots for the spectra of thin films [Figure 1(c) 
and Table 1].16

Conjugated polymers P3 and P4 containing phenylene blocks 
have a smaller band gap compared to fluorene-containing 
compounds P1 and P2. The observed differences may be related 
to the electronic structure of block X and steric effects. In particular, 
electron-donating alkoxy groups significantly increase the HOMO 
energy of polymers P3 and P4, thus reducing their band gap.17,18 
Furthermore, non-covalent interactions between the H atoms of 
thiophene and the O atoms of the alkoxy groups minimize dihedral 
angles, thereby increasing the planarity of the polymer chain and 
the effective length of the p-system, which leads to a decrease in the 
band gap.19 On the contrary, bulky alkyl chains on the sp3 carbon 
atoms of the fluorene units can distort the planar structure of the 
polymer backbone.20 As a result, the band gap of these polymers 
is larger than that of polymers P3 and P4. It should be noted that 
fluorine-containing polymers P2 and P4 have a wider band gap, 
which may be due to the effect of fluorine on the energy of the 
frontier orbitals of the polymers.21

The electrochemical properties of the polymers were investigated 
by cyclic voltammetry. The recorded cyclic voltammograms are 
shown in Figure 1(d ). Onset oxidation potentials (Eox

onset ) were 
measured against the Ag/Ag+ reference electrode using a 
ferrocenium/ferrocene (Fc+/Fc) redox couple with an absolute 
energy of −5.10 eV relative to a vacuum as an internal standard 
(see Table 1).22 The LUMO levels were calculated based on the 
estimated HOMO energies and optical band gaps of the respective 
polymers.

The HOMO energies of polymers P3 and P4 turned out to be 
0.4–0.5 eV higher than those of fluorene-containing polymers. 
The introduction of fluorine into the backbones of polymers P2 and 
P4 led to a decrease in the HOMO energy by ~0.23 eV. These 
observations are consistent with previously published results.23

As can be seen, the conjugated polymer P2 has an extremely 
low HOMO energy (−6.0 eV), comparable to that of fullerene 
derivatives [60]PCBM and [70]PCBM.24,25 On the one hand, this 
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Scheme  1 Reagents and conditions: i, Pd2(dba)3, (o-Tol)3P, toluene, reflux.
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Figure  1  Absorption spectra (a) in solution and (b) in thin films, (c) Tauc 
plots and (d)  cyclic voltammograms of (1)  polymer P1, (2)  polymer P2, 
(3) polymer P3 and (4) polymer P4.

Table  1  Physicochemical, optical and electrochemical properties of polymers P1–P4.

Polymer Mw / kDa Mw /Mn Td /°C ls
m
o
a
l
x /nm lf

m
i
a
l

x
m

 /nm Eg /eV Eox
onset (vs. Fc+/Fc)/V HOMO/eV LUMO/eV

P1 44 1.7 405 539 596 1.77 0.66 −5.76 −3.99
P2 53 1.3 405 528 602 1.88 0.90 −6.00 −4.12
P3 32 1.2 405 545 668 1.61 0.28 −5.38 −3.77
P4 24 1.5 380 535 598 1.72 0.50 −5.60 −3.88
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polymer can provide a high open-circuit voltage of OSCs, since 
this parameter correlates with the energy gap between the HOMO 
of the donor and the LUMO of the acceptor materials.26 On the 
other hand, a narrow gap between the donor and acceptor frontier 
orbitals can hinder the effective dissociation of excitons, worsening 
the OSC parameters. It can be noted that the high-lying energy 
level of the HOMO of polymer P3 will limit the open-circuit 
voltage of OSCs.

Thus, an analysis of the optoelectronic properties of the polymers 
revealed that polymers P1 and P2 can provide high open-circuit 
voltages, and polymers P3 and P4 can provide high short-circuit 
currents in OSCs. At the same time, polymer P2 can be used as 
an acceptor component in all-polymer solar cells.

Thermal properties of the polymers were investigated by thermal 
gravimetric analysis and differential scanning calorimetry (DSC). 
All polymers exhibited high thermal stability.† Decomposition 
temperatures of the polymers are more than 350 °C, which makes 
it possible to use them for the manufacture of OSCs. There are 
no obvious peaks of phase transitions on the DSC curves, which 
indicates the amorphous nature of all polymers.†

The obtained polymers were investigated as donor materials 
in OSCs with standard configuration: ITO/PEDOT:PSS/polymer–
fullerene composite/Mg/Al. The fullerene derivative [70]PCBM 
was used as an electron acceptor.24 The J–V characteristics of the 
solar cells [Figure 2(a)] were measured under one sun illumination 
provided by a KHS Steuernagel solar simulator (AM1.5G, 
100 mW cm−2). In order to improve the performance of the devices, 
the conditions for their manufacture were optimized. The acceptor 
component, the donor/acceptor ratio in the blend, the thickness 
of the active layer and the post-treatment of the blend films were 
varied. The parameters of optimized devices are presented in 
Table 2.

OSCs demonstrated PCE ranging from 1.8% to 7.0%. The 
highest PCE of 7% was provided by polymer P4 containing 
phenylene moieties and difluorobenzothiadiazole blocks, while its 
non-fluorinated analogue P3 showed a lower efficiency of 4.2%.

Despite the band gap that is smaller than that of polymer P3, 
polymer P4 provides the highest photocurrent of 13 mA cm−2 in 

OSCs. This value is well confirmed by the external quantum 
efficiency (EQE) spectra. The maximum in the EQE spectrum 
for the composite based on polymer P4 reaches ~75% [Figure 2(b), 
curve 4]. The difference in the current densities of the devices 
can be explained by the different charge-transport characteristics 
of polymer–fullerene blend films. Measurements of the charge 
carrier mobility using the space charge limited current technique27 
showed that the values of me and mh for films of blends based on 
polymer P4 are 2–3 orders of magnitude higher than those for 
films of other composites (see Table 2).† At the same time, the 
introduction of fluorine atoms into polymer P2 did not lead to an 
improvement in the JSC values of corresponding devices. Moreover, 
OSCs based on polymer P2 exhibited the lowest fill factors (FFs). 
The zero gap between the LUMO (−6.0  eV) and HOMO 
(−4.2 eV) of PCBM28 and the LUMO and HOMO of polymer P2, 
respectively, is responsible for poor charge separation and low 
levels of JSC and FF in OSCs. The maximum values of the open-
circuit voltages of 920 mV in the devices are associated with the 
low-lying energy level of the HOMO of polymer P2, as we 
mentioned above.

We also examined the surface of the blend films using atomic 
force microscopy (AFM). The AFM images are presented in 
Figure 3. Root-mean-square (RMS) roughness of films of polymers 
P1–P3 is ca. 0.6–1.0 nm. The average cluster size is in the range 
of 30–80 nm, which is favorable for the generation and dissociation 
of excitons, as well as the further transport of charge carriers to the 
electrodes.29,30 Thus, the parameters of optimized solar cells are 
affected by the electrophysical and optoelectronic properties of 
conjugated polymers.

It should be noted that the P4/[70]PCBM system providing 
the maximum PCE in OSCs has a higher RMS value of ~3 nm, 

†	 For details, see Online Supplementary Materials.
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Figure  2  (a) J−V characteristics and (b) EQE spectra of optimized solar 
cells based on blends of (1) polymer P1, (2) polymer P2, (3) polymer P3 
and (4) polymer P4 with [70]PCBM.

Table  2  Parameters of OSCs based on blends of polymers P1–P4 with [70]PCBM.

Polymer

Processing conditions
VOC /
mV

JSC /
mA cm−2

FF 
(%)

h 
(%)

me /
cm2 V−1 s−1

mh /
cm2 V−1 s−1 me /mhPolymer/[70]PCBM 

weight ratio
Composite film 
thickness /nm

Total concentration of  
polymer + [70]PCBM /mg cm−3

P1 1 : 2.0 120 18 905   8.1 57 4.2 3.3 × 10−6 2.2 × 10−6 1.50
P2 1 : 2.5 140 28 920   6.8 29 1.8 4.2 × 10−6 8.6 × 10−5 0.05
P3 1 : 2.0 160 18 631 10.1 65 4.2 5.3 × 10−4 3.9 × 10−4 1.36
P4 1 : 1.5 135 15 786 13.0 69 7.0 1.4 × 10−3 2.5 × 10−3 0.56
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Figure  3  AFM images of films made from blends of (a)  polymer P1, 
(b) polymer P2, (c) polymer P3 and (d ) polymer P4 with [70]PCBM. The 
RMS roughness and average cluster size of these films are 0.2, 0.91, 1.05 
and 2.89 nm and 35, 81, 30 and 50 nm, respectively.
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which can be explained by the lower miscibility of the polymer 
with the fullerene derivative. This result allows us to expect a 
significant increase in the efficiency of solar cells when optimizing 
the conditions for preparing the composite film.

In conclusion, three novel conjugated polymers of the 
(X-DADAD)n type were synthesized. The combination of phenylene 
moieties bearing long-chain 2-octyldodecyl substituents with a 
fluorine-loaded TBTBT molecular framework provided optimal 
optoelectronic and physicochemical properties of polymer P4. As 
a result, OSC based on the P4/[70]PCBM system exhibited a PCE 
of 7%. There is great scope for improving the performance of 
OSCs by optimizing the morphology of P4 polymer blend films 
as well as the use of modern non-fullerene acceptors.
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