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In most instances, modulation of the π-conjugation length in polymer molecules is obtained through a linear (1D) 

extension of the polymer backbone. To date, very limited studies have been reported about the effect of the two-

dimensional (2D) π-conjugation extension on the charge-transporting properties of polymer semiconductors. In this study, 

a 2D π-extended heteroacene, alkyl-substituted tetrathienoanthracene (TTB) moiety, is used to design and synthesize a 

class of novel polymer semiconductors for solution-processable organic field-effect transistors (OFETs) applications first. 

Three novel TTB-based alternating copolymers (PTTB-2T, PTTB-TT, and PTTB-BZ) are synthesized via Pd(0)-catalyzed Stille 

or Suzuki cross-coupling reactions, affording high weight-average molecular weights of 61.1~78.5 kDa. The thermal 

stabilities, optical properties, and energy levels, and charge transport properties of the three TTB-based alternating 

copolymers have been successfully tuned by copolymerizing with bithiophene (2T), thienothiophene (TT), and 

benzothiadiazole (BZ) derivatives. The results indicate that, even with their highly extended π-framework, all the TTB-

containing polymers show good solubility in most common solvents and fairly good environmental stability of their highest 

occupied molecular orbitals (HOMOs) ranging from −5.15 to −5.28 eV. Among the three TTB-based alternating copolymers, 

PTTB-BZ thin film exhibits the best OFETs performance with the highest hole mobility of 0.15 cm2 V−1 s−1 in ambient air. It 

can be attributed to the combinations of highly coplanar polymer backbones and strong D–A interactions between TTB 

donor units and BZ acceptor units, therefore leading to a compact solid-state packing, uniformly fiber-like morphology, 

large polycrystalline grain associated with high hole mobility. These results demonstrate that our molecular design 

strategy for high-performance polymer semiconductors is highly promising.  

 

Introduction 

Owing to the excellent solution processability, film uniformity, and 

thermal stability as well as the unique optoelectronic properties, π-

conjugated polymer semiconductors have been intensively 

investigated as the key elements for realizing low-cost, flexible, and 

large-area organic electronics, such as organic light-emitting diodes 

(OLEDs), organic field-effect transistors (OFETs), and organic solar 

cells (OSCs).
1–11

 Among them, OFETs are the fundamental 

components for the next generation of organic electronics, which 

can be applied into flexible large-area displays, integrated circuits, 

and radio frequency identification tags.
1–11

 Recently, great 

achievements have been made in solution-processable polymer-

based OFETs with excellent charge carrier mobilities over 8.0 cm
2
 

V
−1

 s
−1

 and relatively good device stabilities in ambient air,
4,5

 

exhibiting a bright prospect in the field of organic electronics 

applications. However, the development of novel π-conjugated 

polymer semiconductors with unique structures still plays an 

important role in revealing the basic rules between polymer 

structure and performance as well as further improving charge 

transport performance, which could make great contributions to 

the commercial applications of OFETs in the future.  
Recent research indicates that, to enhance the charge carrier 

mobility, π-conjugated polymers with highly fused aromatics have 

been attracted considerable attention as the most viable materials 

for OFETs applications.
2–11

 Generally, the use of these rigid aromatic 

rings in polymer semiconductors can not only reduce the 

conformational disorder but also can facilitate the interchain π–π 

stacking of polymer backbones,
12–14

 which can be helpful for charge 
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Fig. 1 Molecular structures of 2D π-extended TTB building block and its derivatives (PTAT-3 and 1a), and three novel TTB-based polymers 

(PTTB-2T, PTTB-TT, and PTTB-BZ) for solution-processed BGBC OFETs applications. 

hopping through the face-to-face π-stacked polymer backbones. On 

the other hand, the construction of alternating donor-acceptor 

(D−A) backbones provides another effective method to achieve 

close intermolecular π–π stacking and effective charge hopping.
5–11

 

Consequently, an increasing number of D–A alternating copolymers 

containing highly fused aromatics had been reported for high-

performance OFETs applications, such as thiophenylvinylthiophene-

based (TVT),
15–20

 indacenodithiophene-based (IDT),
21–23

 isoindigo-

based (IDG),
24–29

 diketopyrrolopyrrole-based (DPP),
30–39

 

naphthalenediimide-based (NDI),
40–45

 and perylenediimide-based 

(PDI) polymer semiconductors.
46–49

 In most cases, modulation of 

the π-conjugation length in polymer semiconductors was attained 

through a linear (1D) elongation of the polymer backbones.
1–11

 To 

the best of our knowledge, there are very few investigations on the 

effect of the two-dimensional (2D) conjugation extension on the 

charge transport properties of polymer semiconductors.
50–53

 To 

explore novel strategies for further improving charge transport 

performance and probing the relationships between structure and 

property, the effect of dimensionality of π-conjugated system on 

OFETs performance is worthy of being studied systematically.  

2D π-extended heteroacenes, alkyl-substituted 

tetrathienoanthracene derivatives (TTB, Figure 1), are well-known 

building blocks that have been successfully applied in developing 

organic small molecule semiconductors for OFETs
54,55

 and 

photoconductive polymer materials for OSCs applications,
51

 which 

showed hole mobility of ~0.019 cm
2
 V

−1
 s

−1
 and photovoltaic 

efficiencies of 5.62%, respectively. Recently, on the basis of TTB 

modular structure, a series of 2D π-extended small molecule 

semiconductors have been reported on their device performances 

of OFETs, exhibiting fairly good charge transport performance.
55–61

 

In view of their large electron delocalization system, good 

coplanarity, facile synthesis and purification as well as modular 

structure, 2D π-extended TTB moiety and its derivatives exhibit 

great potential in designing and synthesizing a wide range of highly 

π-extended polymer semiconductors for solution-processable 

OFETs applications. However, to our surprise, very limited studies 

have been reported so far for TTB-based polymers as 

semiconducting materials in OFETs.
51

 The incorporation of 2D π-

extended TTB building block into the polymer backbone may 

enhance the cofacial π−π stacking of polymer backbones, which can 

facilitate high-performance charge transport. 

Herein, we reported the design and synthesis of the three novel 

π-conjugated copolymers (PTTB-2T, PTTB-TT, and PTTB-BZ, see Fig. 

1) based on 2D π-extended TTB building block, where simple 

bithiophene (2T), thienothiophene (TT), and benzothiadiazole (BZ) 

units were used as the linker unit to clearly understand the nature 

of TTB moieties when incorporated into the polymer backbone. 

Moreover, the comparative studies would be performed to reveal 

the effect of the different repeat units and different comonomers 

on their thermal stabilities, optical properties, energy levels, and 

thin film microstructures of the various TTB-based polymers by 

thermogravimetric analysis (TGA), ultraviolet–visible spectroscopy 

(UV–Vis), cyclic voltammetry (CV), atomic force microscope (AFM), 

and X-ray diffraction (XRD) measurements. The results revealed 

that, compared with PTTB-2T and PTTB-TT, the D–A type polymer 

PTTB-BZ exhibited higher thermal stability, more uniformly fiber-

like morphology, larger polycrystalline grain as well as closer π–π 
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Scheme 1. Synthetic route for the monomer TTB-2Br. 

Scheme 2  Synthetic route for the three TTB-based polymers.  

stacking distance, and therefore featuring higher hole mobility of up 

to 0.15 cm
2
 V

−1
 s

−1
. The study demonstrated that, for the first time, 

the three novel polymer semiconductors containing 2D TTB-

containing can be applied into the high-performance OFETs 

successfully. 

Experimental  

Materials 

All chemicals were purchased from Chem Greatwall and Alfa Aesar, 

and used without further purification. Tetrahydrofuran (THF) and 

toluene were distilled from sodium. The compounds 5,5’-

bis(trimethylstannyl)-2,2’-bithiophene,
62

 2,5-bis(trimethylstannyl)- 

thieno[3,2-b]thiophene,
12 

2,1,3-benzothiadiazole-4,7-bis(boronic 

acid pinacol ester),
63

 3-tri-n-buthylstannyl-5-(2-

octyldodecyl)thiophene (2),
64

 and 1,4-bis(2-thienyl)-2,5-

dibromobenzene (3)
51

 were synthesized according to the reported 

procedures, respectively. The improved synthetic procedures for 

the monomer 2,9-dibromo-5,12-di(2'-octyldodecyl)- 

trithieno[2',3':5,6:3',2':3,4:3',2':7,8]anthrax[1,2,b] thiophene (TTB-

2Br) were provided in Supporting Information, which are similar to 

the previously reported procedures.
51 

Synthesis of PTTB-2T  

To a 25 mL Schlenk tube, Pd2(dba)3 (9 mg), P(o-tol)3 (14 mg), TTB-

2Br (224 mg, 0.2 mmol), bis(trimethylstannyl)-2,2’-bithiophene 

(98.4 mg, 0.2 mmol), and 5 mL of toluene were added. This Schlenk 

tube was then charged with N2 using a freeze-pump-thaw cycle 

technique to remove O2 for three times. The mixture was stirred at 

115 °C for 48 h under a N2 atmosphere. After cooling to room 

temperature, the polymer was precipitated from a mixture solution 

of methanol (300 mL) and hydrochloric acid (15 mL), and collected 

by filtration and washed with methanol. The crude polymer was 

further purified by Soxhlet extraction with methanol, acetone, 

hexane, and finally chloroform. A golden solid was obtained after 

removing chloroform (203 mg, 90%). GPC: Mn = 39.3 kDa, Mw = 77.8 

Br Br

I

I

Br

Br
S

S

S

S S

S

R

R

Br Br TTB-2Br

3

S

S

S

S

R

RBr

Br

S S R S Sn(C4H9)3R
1) n-BuLi, -78 oC

2) Br R

1) n-BuLi, -78 oC

2) Sn(C4H9)3Cl, -78 oC

S Sn(C4H9)3

Pd(PPh3)4

DMF Pd(PPh3)4

DMF

1 2

2, S

S

S

S

R

R

NBS

THF

FeCl3

CH2Cl2

5

4

, -78 oC

R =  2-octyldodecyl

S

S S

S

R

R

n

N
S

N

S

S S

S

C8H17
C10H21

C8H17

C10H21

Br Br

S

S S

S

R

R

nS

S

PTTB-BZ

PTTB-TT

TTB-2Br

S

S S

S

R

R

S
S

n
PTTB-2T

Pd2(dba)3, P(o-tol)3

R = 2-octyldodecyl

S

S
SnSn

Pd2(dba)3, P(o-tol)3

S
SSn Sn

N
S

N

B B
O

O O

O

Pd2(dba)3, P(o-tol)3
Na2CO3, Aliquat 336

Page 3 of 11 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Polymer Chemistry 

4 | J. Name., 2015, 00, 1-3 This journal is ©  The Royal Society of Chemistry 20xx 

kDa, PDI = 1.98. Elemental analysis calcd. for (C70H94S6)n: C 74.54; H 

8.40; found: C 75.85, H 8.54%. 

Synthesis of PTTB-TT   

To a 25 mL Schlenk tube, Pd2(dba)3 (9 mg), P(o-tol)3 (14 mg), TTB-

2Br (224 mg, 0.2 mmol), 2,5-bis(trimethylstannyl)thieno[3,2-

b]thiophene (93.2 mg, 0.2 mmol), and 5 mL of toluene were added. 

This mixture solution was then charged with N2 for three times by 

using a freeze-pump-thaw cycle technique, then stirred at 115 °C 

for 48 h under a N2 atmosphere. After cooling to room temperature, 

the reaction mixture was added into 200 mL of menthol containing 

10 mL of hydrochloric acid. The crude polymer solid was collected 

via filtration and further purified by Soxhlet extraction with 

methanol, acetone, hexane, and finally chloroform. Then the 

chloroform solution was evaporated and dried to yield a golden 

solid (205 mg, 93%). GPC: Mn = 32.8 kDa, Mw = 78.5 kDa, PDI = 2.39. 

Elemental analysis calcd. for (C68H92S6)n: C 74.12, H 8.42; found: C 

75.48, H 8.65%. 

Synthesis of PTTB-BZ   

To a 25 mL Schlenk tube, Pd2(dba)3 (9 mg), P(o-tol)3 (14 mg), TTB-

2Br (224 mg, 0.2 mmol), 2,1,3-benzothiadiazole-4,7-bis(boronic acid 

pinacol ester) (77.6 mg, 0.2 mmol), a drop of methyl trioctyl 

ammonium chloride (Aliquat 336), and 5 mL of toluene were added. 

This mixture was degassed with argon for 30 min, followed by the 

addition of Na2CO3 solution (2 mL, 2.5 M). The resultant mixture 

was degassed for another 10 min and then refluxed for 48 h. After 

cooling to room temperature, the reaction mixture was poured into 

200 mL of methanol containing 15 mL of hydrochloric acid and 

stirred for 3 h. The crude polymer was collected via filtration and 

washed with 50 mL of methanol and 50 mL of hexane. The crude 

polymer was further purified by Soxhlet extraction with methanol, 

acetone, hexane, and finally chloroform. A deep blue solid was 

obtained after removing chloroform (160 mg, 73 %). GPC: Mn = 32.5 

kDa, Mw = 61.1 kDa, PDI = 1.88. Elemental analysis calcd. For 

(C68H92N2S5)n: C 74.40, H 8.45, N, 2.55; found: C 73.68, H 8.66, N 

2.58%. 

Instruments 

Nuclear magnetic resonance (NMR) spectra were recorded on a 

Bruker Avance 400 instrument (400 MHz), using tetramethylsilane 

(δ = 0 ppm) as the internal standard. MALDI-TOF mass 

spectrometric measurements were collected on a Bruker Autoflex 

III instrument. Elemental analysis was performed on a Valid EL-III 

element analyzer. Number-average and weight-average molecular 

weights were determined on a Waters 1515 gel permeation 

chromatograph (GPC) system using chloroform as an eluent and 

narrow polydispersity polystyrene as a standard. The concentrate of 

GPC samples was 1 mg mL
–1

. UV–Vis measurements were 

conducted on a Perkin-Elmer Lamada 25 spectrometer. TGA 

measurements were performed on a Netzsch TG 209 analyzer with 

a heating rate of 10 °C min
–1

 under an inert atmosphere. CV 

measurements were carried out in a conventional three-electrode 

cell using a platinum wire counter electrode and an Ag/AgCl 

(saturated KCl) reference electrode on an electrochemistry 

workstation (CHI660A, Chenhua Shanghai) at room temperature. 

The working electrode is a platinum stick coated with a layer of 

polymer thin film. The scan rate was 100 mV s
–1

, and a N2-saturated 

acetonitrile solution of 0.1 M tetrabutylammonium 

hexylfluorophosphate was used as the supporting electrolyte. All 

the potentials were calibrated with the standard ferrocene 

/ferrocenium redox couple. The potential of this external standard 

was determined to be 0.4 V under the same conditions. AFM 

measurements were carried out on a Nanoscope V instrument in a 

tapping mode. XRD experiments of thin film samples were 

performed on a BRUKER AXS D8 Advance diffractometer with a 40 

kV FL tubes as the X-ray source (Cu Kα) and the latest LYNXEYE XE 

detector.  

OFETs fabrication and characterization 

Solution-processed OFET devices were prepared by using bottom-

gate bottom-contact (BGBC) test structures. A heavily doped silicon 

wafer with a layer of SiO2 (300 nm) were used as a gate electrode 

and gate dielectric layer, respectively. The source–drain (D–S) 

electrodes (gold/titanium, 30 nm/5 nm) were prepared by 

photolithography, with the channel widths (W) of 1400 μm and 

channel lengths (L) of 10 μm. The silica substrates were 

hydrophobically modified by exposure in an oxygen plasma for 5 

min and then cleaned in acetone, deionized water, and ethanol. 

Then the surface of SiO2 gate dielectrics was modified with 

octadecyltrichlorosilane (OTS) in a vacuum. After that, the OTS-

modified substrates were placed on a hot plate at 60 
o
C; and the 

polymer thin films (~30 nm) were prepared by drop-casting 

polymer solutions in o-dichlorobenzene (o-DCB, 10 mg mL
–1

) at 60 
o
C. For annealing treatments, film samples were further placed on 

the hot plate at 220 
o
C  for 5 minutes in ambient air directly. The 

charge carrier mobility of the thin films was assessed by measuring 

transfer curves in saturation, using a Keithley Model 4200 SCS 

semiconductor parameter analyzer in ambient air. The relative 

humidity of ambient air is 20~40 %. The field-effect mobility in 

saturation (μ) is calculated from equation: 

IDS = (W/2L) Ci μ (VGS–Vth)
2
 

where W/L is the channel width/length, Ci is the gate dielectric layer 

capacitance per unit area, and VGS and Vth are the gate voltage and 

threshold voltage, respectively. 

Results and Discussions  

Synthesis and characterization  

Schemes 1 and 2 illustrate the synthetic routes for monomer TTB-

2Br and three TTB-based copolymers, respectively. Firstly, 1,4-

dibromo-2,5-diiodobenzene was reacted with 2-tri-n-

butylstannylthiophene by Stille cross-coupling reaction to obtain 

compound 3 in 70% yield. Then another Stille cross-coupling 

reaction was applied to attach two 5-(2'-decyltetradecyl)-2-thienyl 

groups onto the compound 3, obtaining compound 4. After the 

dibromination of compound 4 with N-bromosuccinimide (NBS) in 

THF, the key intermediate 5 was obtained in a high yield. The 

intermediate 5 was then carried out the intramolecular cyclization 

by anhydrous FeCl3 oxidation to give the goal monomer TTB-2Br in 

45% yield. Since the purification of monomers can obviously affect 

molecular weight and quality of the resulting polymers, all the 

comonomers were carefully recrystallized three times. All the
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Table 1  Molecular weights, thermal stabilities, optical properties, and electrochemical properties of the different TTB-based polymers. 

Polymer 
Mn /Mw 

(kDa)
a
 

Td
  
(°C) 

Solution 

λmax (nm) 

Film 

λmax (nm) 

Eg
optical  

(eV)
b
 

Eox
onset

 

(V) 

EHOMO 
 

(eV) 

ELUMO 
 

(eV) 

PTTB-2T 39.3/77.8 415 338, 431, 525, 562 439, 535, 574 1.95 0.75 –5.15 –3.20 

PTTB-TT 32.8/78.5 425 418, 513, 550 428, 523, 564 2.0 0.78 –5.18 –3.18 

PTTB-BZ 32.5/61.1 428 383, 643 392, 600, 656 1.68 0.88 –5.28 –3.60 

aDetermined by GPC and reported as their polystyrene equivalents. bDetermined by the onset of thin films absorption and estimated from the 

following equation: Eg
optical = 1240/ λabs, 

onset. 

Fig. 2  (a~c) UV-Vis absorption spectra of the various TTB-based polymers in the diluted o-DCB solution and (d) as-cast thin film on quartz. 

TTB-based copolymers were synthesized via Pd(0)-catalyzed Suzuki 

or Stille cross-coupling reactions, then purified by precipitation 

from acidic methanol and followed by Soxhlet extraction using 

methanol, acetone, hexane, and finally chloroform. The weight-

average molecular weights (Mw) of the polymers, evaluated by GPC 

in chloroform at room temperature, were 77.8 kDa for PTTB-2T, 

78.5 kDa for PTTB-TT, and 61.1 kDa for PTTB-BZ. Polydispersity 

indexes (PDIs) were determined to be 1.88~2.39. According to Mw, 

the degrees of polymerization (DP) of the polymers were calculated 

to be 55~71. It is well-known for other polymers that the charge 

carrier mobility might drop significantly due to their low molecular 

weights.
10

 For the three TTB-based polymers, however, the Mw 

values should be sufficient to explore these polymers-based OFETs 

performance. Additionally, the structure of the three TTB-based 

polymers was characterized by elemental  analysis and 
1
H NMR (see 

Figures S1~S3†). At room temperature, PTTB-BZ exhibits excellent 

solubility (>15 mg mL
–1

) in most common solvents, including THF, 

toluene, and other chlorinated solvents. However, PTTB-TT and 

PTTB-2T are only soluble in hot chlorinated solvents (>10 mg mL
–1

 in 

chloroform, chlorobenzene, and o-DCB at 80 °C). In particular, they 

tend to form polymer gel at room temperature, probably resulting 

from their highly π-extended polymer backbones which can readily 

lead to strong intermolecular interactions and backbone 

aggregations.
15

 As shown in Fig. S4†, thermal gravimetric analysis 

revealed the exceptional thermal stability for the three TTB-based 

polymers, with the decomposition temperature (5% weight loss) 

above 415 °C. Due to the incorporations of rigid thieno[3,2-

b]thiophene fused-rings and 2,1,3-benzothiadiazole heterocyclic 

rings into the polymer backbones, PTTB-TT and PTTB-BZ exhibited 

higher decomposition temperatures than that of PTTB-2T. 

Optical Properties   

The solution and thin-film absorption spectra of the three TTB-

based polymers are shown in Fig. 2. The relevant data are 

summarized in Table 1. In dilute o-DCB solution, all the polymers 

exhibited two distinct features, corresponding to an intramolecular 

charge transfer (ICT) transition at low energy band and a π–π* 

transition at high energy band, respectively.
65

 Compared to PTTB-TT 
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Fig. 3  (a) CV of the various TTB-based polymer thin films; (b) Experimental HOMO and LUMO energy levels for the compared systems. 

solution (550 nm), PTTB-2T exhibited a red-shifted absorption peak 

at 562 nm. Moreover, obvious absorption shoulders at low energy 

band can be observed in both PTTB-TT and PTTB-2T polymer 

solutions, suggesting the strong aggregations of the polymer chains 

might be formed even in dilute o-DCB solutions.
15

 To elucidate this 

aggregation phenomenon, the situ temperature-controlled 

absorption spectra were measured at different temperatures as 

depicted in Fig. 2. Upon heating, clear change of the absorption 

spectra was observed for both PTTB-2T and PTTB-TT solutions, 

displaying a blue-shifted ICT peak and a reduced absorption 

intensity at low energy band. However, their absorption shoulders 

at low energy band still dominated even at 90 
o
C, indicating strong 

backbone aggregations can hardly remove in the polymer solutions 

even at 90 
o
C. The results corroborate the assumption of strong 

aggregation of the polymer chains in dilute o-DCB solutions. 

Because of strong ICT and D–A interactions, PTTB-BZ exhibited red-

shifted ICT peak at 643 nm when compared to PTTB-2T and PTTB-TT. 

In their solid-state films, the absorption shoulders can be observed 

notably for all the TTB-based polymers. Moreover, the ICT peaks 

were all red-shifted (8~14 nm) and broadened than those of the 

solution spectra (see Table 1). This can be explained by a larger 

overlap of π orbitals due to better backbone aggregations in the 

solid-state films.
15

 Generally, this strong backbone aggregation will 

provide an effective channel for high-performance charge 

transport.
15

 As shown in Fig. 2d, the onset absorptions of the 

various TTB-based polymer thin films are determined to be ca. 635 

nm for PTTB-2T, 620 nm for PTTB-TT, and 738 nm for PTTB-BZ. 

According to the following equation: optical bandgaps (Eg
optical

) = 

1240/ λabs,
onset

,
[60]

 the corresponding Eg
optical

 can be estimated to be 

1.95 eV for PTTB-2T, 2.0 eV for PTTB-TT, and 1.68 eV for PTTB-BZ. 

Among the three TTB-based polymers, the smallest Eg
optical

 is 

achieved for PTTB-BZ, due to its strong ICT and D–A interaction 

between the electron-donating TTB unit and electron-withdrawing 

BZ unit through the whole polymer backbone.
65–67   

Electrochemical Properties  

Cyclic voltammetry was performed to measure the electrochemical 

behaviors of PTTB-2T, PTTB-TT, and PTTB-BZ, thereby determining 

their HOMO and LUMO energy levels. Fig. 3 displays the 

electrochemical properties of the three polymer thin films, and the 

corresponding CV data are collected in Table 1. Three polymers 

exhibited strong oxidation processes but weak reduction ones, in 

good agreement with the electron-rich nature of polymer 

backbones.
12–14 

The HOMO and LUMO energy levels of the polymers 

could be calculated from the onset potentials of redox peaks 

relative to the oxidation potential of ferrocene external standard, as 

shown in the following equation: HOMO = –[Eox
onset

 + 

Eox
onset

(ferrocene)] – 4.8 eV.
60

 Under the same conditions, the onset 

oxidation potential of the ferrocene was determined to be 0.4 V. 

According to the respective onset oxidation potentials in Fig. 3a, the 

HOMO energy levels are determined to be –5.15 eV for PTTB-2T, –

5.18 eV for PTTB-TT, and –5.28 eV for PTTB-BZ. Notably, the three 

TTB-based polymers exhibit relatively deep-lying HOMO values 

below –5.15 eV, much lower than that (–4.76 eV) of regioregular 

pol(3-hexylthiophene).
68

 The low-lying HOMO energy levels match 

well with the Femi level (5.13 eV) of Au source/drain electrode (see 

Fig. 4b),
69 

thus facilitating hole injection from Au electrode to 

polymer thin films effectively. According to the Eg
optical

, HOMO 

energy levels, and the empirical equation of LUMO = (Eg
optical

 + 

HOMO) eV, the LUMO energy levels were estimated, with the 

corresponding values of –3.20 eV for PTTB-2T, –3.18 eV for PTTB-TT, 

and –3.60 eV for PTTB-BZ, respectively. As clearly displayed in Fig. 

3b, PTTB-BZ exhibits much lower HOMO and LUMO values 

compared with those of PTTB-2T and PTTB-TT. The main reasons 

can be ascribed to stronger ICT as well as D–A interactions between 

the TTB-based electron donor units and BZ-based electron acceptor 

units.
65–67

  

Computational Study  

In order to understand structural and electronic characteristics of 

the various TTB-based polymers, molecular orbitals and energy 

levels of the polymer repeat units were calculated by Density 

Functional Theory (DFT),
 
using the Gaussian 03 program at the 

B3LYP 6-31G
* 

level.
70

 To shorten the calculation time, three repeat 

units of the polymers were chosen to optimize molecular structures. 

As shown in Fig. S5†, the three TTB-based polymers exhibit the 

dihedral angles of 1~17
o
, which are much smaller than those of 

other high-mobility polymers, including NDI-based polymers 

P(NID2OD-T2) and PNVTs (~40
o
).

43
 The results indicated that the 

three TTB-based polymers had a relatively good backbone 

coplanarity, therefore featuring a strong tendency to aggregate 

even in dilute o-DCB solutions. Additionally, the well-delocalized 

HOMO and LUMO orbitals of the three repeat units (see Fig. 4)
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Fig. 4  Calculated molecular orbitals and HOMO/LUMO energy levels of the methyl-substituted PTTB-2T, PTTB-TT, and PTTB-BZ. 

suggest that the polymer backbones of PTTB-2T and PTTB-TT 

possess high π-conjugations, which would facilitate charge carrier 

delocalization through the whole π-conjugation systems. For D–A 

type polymer PTTB-BZ, LUMO energy distribution seems to be 

mainly localized on the benzothiadiazole acceptor moieties, 

supporting the above-mentioned view of the stronger ICT 

interaction observed by UV–Vis spectroscopy.  Additionally, the 

HOMO and LUMO energy levels of the polymer repeat units were 

also calculated, and the corresponding data are shown in Fig. 4. 

Note that the calculated HOMO and LUMO energy levels are 

different from the CV data of polymers (see Table 1), which might 

arise from the exciton bonding energy of the conjugated polymer.
71

 

While the D–A type polymer PTTB-BZ still exhibits much lower 

HOMO and LUMO values than those of PTTB-TT and PTTB-2T, which 

is in accordance with the tendency of the CV data.  

Thin Film Field-effect transistors  

Polymer-based OFET devices with BGBC configurations were 

fabricated on the surface of OTS-modified Si/SiO2 (300 nm) 

substrates. In ambient air, pronounced hole characteristics were 

found for the three TTB-based polymer thin films. Typical transistor 

transfer and output characteristics are shown in Fig. 5; and the 

obtained data are summarized in Table 2. The results indicate that 

the hole mobilities of the TTB-based polymers are dependent on 

the annealing temperature. Before annealing, the PTTB-TT based 

OFET devices exhibited relatively low average hole mobility of 0.004 

cm
2
 V

–1
 s

–1
, with the current on/off ratio (Ion/Ioff) above 10

3
. 

Compared to PTTB-TT, the unannealed PTTB-BZ and PTTB-2T thin 

films afforded higher average hole mobilities of up to 0.008 and 

0.02 cm
2
 V

–1
 s

–1
, respectively. Such notable enhancement of hole 

mobility could be ascribed to larger crystal grains for both PTTB-2T 

and PTTB-BZ thin films than that of PTTB-TT, which was confirmed 

by AFM data below. After annealing at 220 
o
C for 5 min, three TTB-

based polymer thin films exhibited the best hole transport 

performance. For PTTB-TT- and PTTB-2T-based OFET devices, the 

calculated highest hole mobilities were equal to 0.03 and 0.08 cm
2
 

V
–1 

s
–1

, respectively. Compared with PTTB-TT and PTTB-2T, the D–A 

type polymer PTTB-BZ thin films exhibited better hole transport 

performance in ambient air. At a drain voltage (VDS) of – 80 V, the 

average hole mobility for the PTTB-BZ thin films annealed at 220 
o
C 

were 0.09 cm
2
 V

–1 
s
–1

; and the maximum hole mobility reached 0.15 

cm
2
 V

–1 
s
–1

, two orders of magnitude higher than that before 

annealing. As clearly demonstrated in AFM and XRD data below, the 

combinations of increased polycrystalline grain size and crystallinity 

and decreased grain boundaries in their thin films after thermal 

annealing treatments have contributed to the increased hole 

transport ability.  

Thin film morphology  

To gain a better understanding of the effects of thermal annealing 

on the OFETs performance, the surface morphology of the polymer 

thin films, deposited on OTS-modified SiO2/Si substrates, were 

performed by AFM in a tapping mode. Fig. 6 shows the surface 

topography images for as-cast and 220 
o
C-annealed films of the 

polymers; and phase images are shown in Fig. S6†. AFM topography 

and phase images revealed that the three TTB-based polymer thin 

films exhibited different morphology structures, consistent well 

with the difference of their charge transport abilities above. For 

both PTTB-2T and PTTB-TT thin films, nodule-like surface features 

were clearly observed, suggestive of some degree of backbone 

aggregation or crystallinity.
15

 However, PTTB-BZ thin films displayed 

typically fibber-like morphology, which is similar to most of high-

performance polymer semiconductors, including DPP-based,
30–39

 

IDG-based,
24–29

 and NDI-based polymers.
40–45

 Remarkably, PTTB-2T 

and PTTB-BZ thin films exhibited larger crystal grains when 

compared with PTTB-TT ones (see Fig. 6 and Fig. S6†), indicating 

that strong polymer backbone stacking and aggregation were 

formed in PTTB-2T and PTTB-BZ thin films. Generally, large crystal 

grain will facilitate charge transport.
15

 Therefore, PTTB-2T and
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Table 2 BGBC OFET devices characteristics of the different TTB-based polymers  

Polymers 

As-cast  Annealed at 220 
o
C 

aver
a

 

(cm
2 

V
–1 

s
–1

) 

Vth 

(V) 
Ion/Ioff 

aver
a
  

(cm
2 

V
–1 

s
–1

) 

max  

(cm
2 

V
–1 

s
–1

) 

Vth 

(V) 
Ion/Ioff 

PTTB-2T 0.02 –18 to –14 >10
3
 0.065 0.08 –23 to –18 >10

3
 

PTTB-TT 0.004 –22 to –18 >10
3
 0.02 0.03 –35 to –30 >10

3
 

PTTB-BZ 0.008 –15 to –12 >10
3
 0.09 0.15 –34 to –28 >10

4
 

a Mobility statistics from more than 20 devices.  

 

Fig. 5  Typical transfer (a~c) and output (d~f) curves of the OFET devices fabricated from the polymer thin films, (a, d) PTTB-2T, (b, e) PTTB-

TT, and (c, f) PTTB-BZ. 

PTTB-BZ thin films exhibited better charge transport performances 

than that of PTTB-TT. Additionally, upon annealing, root-mean-

square roughness (RMS) values of the three TTB-based polymers 

were enhanced (see Fig. 6 and Fig. S7†), therefore featuring larger 

polycrystalline grain and higher hole mobility when compared with 

as-cast thin films. However, when the annealing temperature 

reached at 240 
o
C, PTTB-BZ thin films displayed larger 

polycrystalline grain size but worse film interconnectivity due to 

deep crystalline boundary (see Fig. S7†), and therefore resulting in a 

reduced hole mobility. 

Film crystalline and microstructure  To explain the differences of 

OFETs performance, film crystallinity and microstructure are also 

critical parameters.
2–11

 Therefore, the three TTB-based polymers 

thin films, deposited on OTS-modified SiO2/Si substrates, were 

further studied by XRD measurements. Fig. 7 shows the typical 

diffraction plots of as-cast films and annealed films. As shown in Fig. 

7, the three polymer thin films, annealed at 220 
o
C, exhibit clear 

100 and 010 diffraction peaks. Moreover, the 010 diffraction signals 

were obviously enhanced after annealing treatments. This result 

suggested that the degrees of crystallinity of the polymer thin films 

were enhanced after annealing treatment. The enhancement of the 

thin film crystallinity would be helpful for charge transport.
2–11

 After 

annealing at 220 °C, the three TTB-based polymers exhibited clear 

100 diffraction peaks at 2 = 4.83° for PTTB-TT, 4.77° for PTTB-2T, 

and 4.76° for PTTB-BZ. The corresponding lamellar distance are 

18.27 Å for PTTB-TT, 18.50 Å for PTTB-2T, and 18.43 Å for PTTB-BZ. 

The observed lamellar distances are much shorter than that of fully 

extended alkyl side chains, suggesting that the side chains are 

closely interdigitated with the other side chains in adjacent 

layers.
15,36

 On the basis of the data obtained from PTTB-BZ thin 

films annealed at 220 °C, a (010) feature at 2 = 25.6°, 

corresponding to the π–π stacking distance of 3.48 Å, were 

demonstrated, which was smaller than those of PTTB-TT (2 = 25.4°, 

3.53 Å) and PTTB-2T (2 = 25.2°, 3.50 Å) thin films. The shorter π–π 

stacking distance suggested the strongly intermolecular interactions 

in PTTB-BZ thin films, which can be accounted for the strong π–π 

stacking of highly π-extended polymer backbones as well as strong 

D–A interactions.
 
In combination with the advantages of uniformly 

fibber-like morphologies and large polycrystalline grains for PTTB-

BZ thin films, the compact lamellar stacking structure has 

contributed to charge hopping through the face-to-face π-stacked 

polymer backbones.
 
Therefore, PTTB-BZ and PTTB-2T thin films 

exhibited higher hole moblities than that of PTTB-TT one. 
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Fig. 6  AFM topography images (5 × 5 μm) of as-cast (top row) and annealed (bottom row) TTB-based polymer thin films. The root-mean-

squared roughness of each thin films is indicated in nm. 

Fig. 7  XRD patterns of the polymer thin films deposited on the OTS-modified SiO2/Si substrates. 

Conclusions 

In summary, we reported a simple and facile synthesis for the 

preparation of 2D π-extended TTB derivatives containing branched 

alkyl side chains at the thiophene α-positions. We also 

demonstrated that this kind of 2D π-extended derivative monomers 

(TTB-2Br) could be copolymerized with 2T, TT and BZ derivatives by 

the Pd(0)-catalyzed Stille or Suzuki cross-coupling reactions to 

afford polymers with high weight-average molecular weights of 

61.1~78.5 kDa. The thermal stabilities, optical properties, 

HOMO/LUMO energy levels, and film microstructures of the three 

TTB-based polymers had been successfully characterized by TGA, 

UV–Vis, CV, AFM, and XRD measurements. The experimental results 

indicated that the resulting polymers exhibited an exceptional 

thermal stability (Td > 415 
o
C), good solution processability, low-

lying HOMO energy levels below −5.15 eV, well delocalized 

conjugation backbone associated with close π–π stacking structures. 

According to their absorption spectra and thin-film surface 

morphologies, clear evidence of backbone aggregation was 

observed. The results indicated that this orderly backbone 

aggregation had facilitated high-performance charge transport. 

Owing to the combinations of close solid-state packing, uniformly 

fiber-like morphology as well as large polycrystalline grain, the D–A 

type polymer PTTB-BZ exhibited the best hole transport 

performance among the three TTB-based polymers. In ambient air, 

the highest hole mobility of 0.15 cm
2
 V

−1
 s

−1
 was demonstrated for 

PTTB-BZ thin films. To the best of our knowledge, the hole mobility 

of PTTB-BZ reported in this study is the highest mobility value 

among the reported polymer semiconductors with 2D π-extended 

building blocks. These features in the resulting polymers offer great 

interest of using 2D π-extended TTB derivative units as the building 

blocks for polymer semiconductors and provide new insight into 

designing a new class of 2D π-extended polymer semiconductors 

with unique optoelectronic properties. Further investigation on the 
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applications of PTTB-BZ in OFET and OSC devices and the usage of 

2D π-extended building block for the construction of novel D–A 

polymer semiconductors are undergoing. 
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