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Thiophene-S,S-dioxidized indophenine (IDTO) based donor-

acceptor polymers for n-channel organic thin film transistors 

Yunfeng Deng, Jesse Quinn, Bin Sun, Yinghui He, Jackson Ellard and Yuning Li* 

Two donor–acceptor (D–A) conjugated polymers, PIDTOBT and PIDTOBTz, based on thiophene-S,S-dioxidized indophenine 

(IDTO) as the acceptor building block are synthesized for solution processed organic thin-film transistors (OTFTs). The 

influences of donor unit on the photophysical, electrochemical and electron-transport properties were investigated. These 

polymers possess very deep highest-occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

energy levels due to the strong electron accepting capability of the IDTO moiety. In OTFT devices, both polymers exhibited 

unipolar n-type charge transport characteristics with electron mobility up to 0.18 cm2V−1s−1. 

Introduction 

Development of new p-type (hole-transporting), n-type 

(electron-transporting), and ambipolar (hole- and electron-

transporting) polymer semiconductors for organic thin film 

transistors (OTFTs) has been a focus area of printed electronics 

due to their tunable optoelectronic properties and ability to 

enable low cost, mechanical flexible, and large-area devices.1–4 

To date, some p-type polymers with hole mobility over 10 

cm2V-1s-1 have been reported.5–7 In contrast, the development 

of unipolar n-type polymers lags behind.8,9 For a number of 

applications such as complementary metal-oxide-

semiconductor (CMOS)-like logic circuits, all-polymer 

heterojunction photovoltaics and organic light-emitting 

diodes, both p-type and n-type polymers are required.10–13 

Hence the development of high performance unipolar n-type 

polymeric semiconductors has drawn increasing attention 

recently.9,14–17 

The key factor for achieving n-type charge transport 

performance of a polymer semiconductor is to obtain low 

HOMO (the highest occupied molecular orbital) and LUMO 

(the lowest unoccupied molecular orbital) energy levels, which 

could suppress the hole injection and facilitate the electron 

injection, respectively.12,1819 In recent years, the construction 

of donor-acceptor (D-A) polymers has proven to be one of the 

most effective strategies to obtain high performance n-type 

polymer semiconductors because the intermolecular 

interaction strengthened by the D-A interaction shortens the 

π-π distance for efficient charge hopping.1,17,20,21 Compared 

with a large library of electron donor building blocks, the 

electron acceptor building blocks suitable for constructing n-

type D-A polymer semiconductors are still limited. Therefore, 

new electron acceptor building blocks need to be explored in 

order to develop high performance n-type polymer 

semiconductors.22–24 Ideally, the electron acceptor building 

blocks should be easy to synthesize and strongly electron-

withdrawing to adequately decrease the HOMO and LUMO 

energy levels of the resulting D−A polymers. 

Recently, we have developed a new electron acceptor 

building block, the (E,E,E)-form thiophene-S,S-dioxidized 

indophenine (IDTO) by oxidation of the well-known blue 

dyestuff indophenine, to construct D-A polymers that show 

unipolar n-type performance with an electron mobility over 

0.1 cm2V-1s-1.25 Compared with other electron acceptor 

building blocks, IDTO has the following four advantages: 1) 

deep frontier orbital energy levels (Fig. S5), which can 

effectively reduce the HOMO and LUMO energy levels of the 

polymers;26 2) rigid and coplanar π-backbone, which could 

promote intermolecular π-π overlap for efficient charge 

transport;27,28 3) possessing a quinoidal form structure, which 

would be more beneficial for efficient charge conduction along 

the polymer backbone than the aromatic form;29–31 4) the ease 

of synthesis from inexpensive starting materials, isatin and 

thiophene. To further explore the potential of this new 

electron acceptor building block, in this work we report two 

new D-A polymers based on IDTO as the electron acceptor 

moiety, PIDTOBT and PIDTOBTz, where 2,2’-bithiophene (BT) 

and 2,2’-bithiazole (BTz) serve as the electron donating 

moieties, respectively, in order to improve the molecular 

ordering and thus the carrier mobility. BT32–35 and BTz36–39 

have been frequently used for constructing high performance 

polymer semiconductors for OTFTs because of their ability to 

achieve high coplanarity of the polymer backbone and fine-
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tune the energy levels of the resulting polymers. To our 

delight, PIDTOBT exhibited high electron mobilities up to 0.18 

cm2V-1s-1 in OTFTs. On the other hand, PIDTOBTz showed 

much lower electron mobilities of up to ~0.016 cm2V-1s-1 due 

to its amorphous film and low molecular weight.  

 

 
Scheme 1. Synthetic route to PIDTOBT and PIDTOBTz via stille-

coupling polymerization. 

 

Experimental section 

Materials and Characterization  

All starting materials were purchased from commercial sources 

and used without further purification. (3E,3'E)-3,3'-((E)-

1,1,1',1'-Tetraoxido-5H,5'H-[2,2'-bithiophenylidene]-5,5'-diylid 

ene)bis(6-bromo-1-(4-octadecyldocosyl)indolin-2-one) (IDTO-

40)25 and 5,5'-bis(trimethylstannyl)-2,2'-bithiazole40 were 

synthesized according to the reported methods. 

Computational simulations were performed using density 

function theory (DFT) calculation with the 6-311G+ (d, p) basis 

set and all the orbital pictures were obtained using Gauss View 

5.0 software. GPC measurements were performed on Malvern 

HT-GPC at 140 °C using 1,2,4-trichlorobenzene as eluent and 

polystyrene as standards. The polymer solutions were pre-

dissolved at 170 °C for at least 2 h. 1HNMR data were recorded 

with a Bruker DPX 300 MHz spectrometer. The chemical shifts 

of 1H-NMR was referenced to tetramethylsilane (TMS, 0 ppm). 

Thermal gravimetric analyses (TGA) were carried out on a TA 

Instruments SDT 2960 with scan rate of 10 °C min-1 under 

nitrogen. UV-Vis-NIR spectra were recorded on a Thermo 

Scientific Genesys 10 UV instrument using polymer solutions in 

1,1,2,2-tetrachloroethane (TCE) and polymer films spin-coated 

onto quartz substrates. Cyclic voltammetry (CV) data were 

obtained on a CHI600E electrochemical analyser in dry 

acetonitrile containing 0.1 M n-Bu4NPF6 as an electrolyte 

under nitrogen at a scan rate of 100 mVs-1. An Ag/AgCl 

reference electrode and two Pt disk electrodes as the working 

and counter electrodes were used. Ferrocene was used as the 

reference, which has a HOMO energy value of -4.8 eV. A 

Bruker D8 Advance powder Diffractometer with standard 

Bragg–Bretano geometry was used to collect the XRD patterns 

of polymer thin films using Cu Kα radiation (λ = 1.5406 Å), then 

the same samples were used to record atomic force 

microscopic (AFM) images with a Dimension 3100 scanning 

probe microscope. Elemental analysis was performed on a 

VarioEL elemental analysis system. 

Fabrication and characterization of OTFT devices 

The bottom-contact, bottom-gate configuration was used for 

all OTFT devices, which were fabricated on a heavily n-doped 

Si/SiO2 substrate. The thermally grown SiO2 layer is ~300 nm 

thick. The gold source/drain pairs were obtained by 

conventional photolithography and thermal deposition to give 

a defined channel length (30 µm) and channel width (1000 

µm). The Si/SiO2 substrate was treated with air plasma, 

followed by cleaning with acetone and isopropanol in an ultra-

sonic bath. Subsequently, the substrate was modified with 

dodecyltrichlorosilane (DDTS) (3% in toluene) at room 

temperature for 20 min. Then a polymer solution in TCE 

(PIDTOBT) or chloroform (PIDTOBTz) was spin-coated onto the 

substrate at 3000 rpm for 60 s to give a polymer film (~40 nm). 

After thermal annealing at given temperatures in a glove box 

for 20 min, the devices were characterized in the same glove 

box with an Agilent B2912A Semiconductor Analyser. The hole 

and electron mobilities are calculated in the saturation regions 

according to the following equation:  

( )
2

2
D i G T

W
I C V V

L
µ= −

 

where ID is the drain current, W and L are the device channel 

width and length, Ci is the gate dielectric layer capacitance per 

unit area (~ 11.6 nF cm−2), µ is the carries mobility, VG and VT 

are gate voltage and threshold voltage. 

Synthetic procedures 

Synthesis of PIDTOBT: To a 25 mL dry Schlenk flask was added 

IDTO-40 (100 mg, 0.056 mmol), 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene (28.34 mg, 0.057 mmol) and tri(o-tolyl)phosphine 

(1.36 mg, 8 mol %). After degassing and refilling argon for 3 

times, a solution of tris(dibenzylideneacetone)-dipalladium 

(1.03 mg, 2 mol %) in dry chlorobenzene (4 ml) was added 

under an argon atmosphere. The flask was sealed and stirred 

at 130 °C for 48 h. Four drops of bromobenzene was added 

and the reaction was kept at 130 °C for an additional 12 h. The 

reaction mixture was cooled to room temperature and added 

dropwise into methanol (100 mL) and the mixture was stirred 

for 1 h. Then the precipitated product was collected by 

filtration, and subjected to consecutive Soxhlet extractions 

with acetone, hexane and chloroform. The remaining solid was 

dissolved in hot TCE, then precipitated from methanol. Yield: 

53 mg (53 %). HT-GPC: Mn = 25.9 kDa; PDI = 2.7. Elemental 

Anal. Calcd. for (C112H178N2O6S4)n: C, 75.71; H, 10.10; N, 1.58; 

Found: C, 74.65; H, 10.42; N, 1.71. 

Synthesis of PIDTOBTz: To a 25 mL dry Schlenk flask was added 

IDTO-40 (50 mg, 0.028 mmol), 5,5'-bis(trimethylstannyl)-2,2'-

bithiazole (14.23 mg, 0.029 mmol) and tri(o-tolyl)phosphine 

(0.68 mg, 8 mol %). After degassing and refilling argon for 3 

times, a solution of tris(dibenzylideneacetone)-dipalladium 

(0.51 mg, 2 mol %) in dry chlorobenzene (3 mL) was added 

under an argon atmosphere. The flask was sealed and stirred 

for at 130 °C for 48 h. Four drops of bromobenzene was added 

and the reaction was kept at 130 °C for an additional 12 h. The 

reaction mixture was cooled to room temperature and added 

dropwise into methanol (100 ml) and the mixture was stirred 

for 1 h. Then the precipitated product was collected by 

filtration, and subjected to consecutive Soxhlet extractions 
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with acetone, hexane and chloroform. The chloroform solution 

was precipitated from methanol. Yield: 45 mg (89 %). HT-GPC: 

Mn = 14.3 kDa; PDI = 2.5. Elemental Anal. Calcd. for 

(C110H176N4O6S4)n: C, 74.27; H, 9.97; N, 3.15; Found: C, 72.94; H, 

10.37; N, 3.49. 

Results and discussion 

Synthesis and thermal properties of the polymers 

 
Fig. 1 TGA curves of PIDTOBT and PIDTOBTz at a heating rate of 10 °C min-1 under 

nitrogen. 

 

PIDTOBT and PIDTOBTz were synthesized via Stille-coupling 

polymerizations between IDTO-40 and organotin monomers 

with the Pd2(dba)3/P(o-tolyl)3 catalyst system (Scheme 1). It 

should be mentioned that the freshly prepared 5,5'-

bis(trimethylstannyl)-2,2'-bithiazole should be used to carry 

out the polymerization due to its limited stability.40 PIDTOBT 

could only be dissolved in hot 1,1,2,2-tetrachloroethane (TCE), 

while PIDTOBTz showed much better solubility with 89% of it 

could be extracted with chloroform. Their different solubilities 

may be ascribed to their different molecular weights and 

interchain D-A interactions (vide infra). The number average 

molecular weight (Mn) and polydispersity index (PDI) were 

measured to be 25.9 kDa and 2.7 for PIDTOBT and 14.3 kDa 

and 2.5 for PIDTOBTz, determined by high-temperature gel-

permeation chromatography (HT-GPC) at 140 °C using 

polystyrene as the standard. The unstable 5,5'-

bis(trimethylstannyl)-2,2'-bithiazole might decompose during 

the polymerization, resulting in the lower molecular weight of 

PIDTOBTz. Both polymers are quite thermally stable with 

temperatures for 5% weight loss at 341 °C and 308 °C under 

nitrogen and at 315 °C and 282 °C in air (Fig. S6) for PIDTOBT 

and PIDTOBTz, respectively. The first-step weight loss 

observed for the samples measured under nitrogen (Fig. 1) is 

considered due to the decomposition of the thiophene-S,S-

dioxide units to release SO2 because of the relatively labile C-S 

bonds.25,41 No thermal transitions were observed from 

differential scanning calorimetry (DSC) measurements (Fig. S7). 

Theoretical calculation 

We conducted a computational study by density functional 

theory (DFT) to investigate the geometry, molecular energy 

levels, and electron distributions of their model dimer 

compounds (Fig. 2). The HOMO wavefunctions of the two 

polymers are well delocalized along the polymer backbones, 

whereas the LUMO wavefunctions are mostly localized on the 

IDTO cores. The LUMO and HOMO energy levels of the 

IDTOBT- Me dimer were calculated to be -3.55 eV and -5.32 

eV, respectively. The LUMO and HOMO energy levels of the 

IDTOBTz-Me dimer were calculated to be -3.67 eV and -5.64 

eV, respectively, which are lower than those of the IDTOBT-

Me dimer due to the more electron deficient nature of BTz. 

The IDTO building block is completely coplanar. The dihedral 

angles between the thiophene and IDTO in IDTOBT-Me and 

between thiazole and IDTO in IDTOBTz-Me are ~20 °, while 

those of the BT and BTz segments are 0.8 ° and ~0 °, 

respectively. 

Photophysical and Electrochemical Properties 

To reveal their absorption characteristics, PIDTOBT and 

PIDTOBTz were measured in dilute TCE solutions, showing the 

wavelengths of maximum absorption (λmax) at 780 nm and 636 

nm, respectively (Fig. 3a). The much longer λmax for PIDTOBT 

with respect to PIDTOBTz most likely resulted from the 

stronger electron-donating property of the BT unit as 

compared to the BTz unit. Going from solution to the film 

state, no significant changes are observed in the absorption 

profiles of both polymers, indicating that there might be some 

pre-aggregation in solution. The same phenomenon was also 

observed for some other D–A polymers.8,42,43 Based on the film 
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Fig. 2 (a) Structure, (b) geometries, (c) LUMO, and (d) HOMO of IDTOBT-Me and IDTOBTz-Me dimers optimized by computer simulations. 
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absorption onsets, the optical band gaps (Eg
opt) of PIDTOBT 

and PIDTOBTz are estimated to be 1.43 eV and 1.62 eV, 

respectively.  

The HOMO and LUMO levels of PIDTOBT and PIDTOBTz 

were measured by cyclic voltammetry (CV) (Fig. 4). Both 

polymers exhibit reversible reduction peaks, where PIDTOBTz 

showed a large reduction peak current and a more reversible 

reduction cycle than PIDTOBT. The LUMO and HOMO energy 

levels of PIDTOBT are -4.09 eV and -5.78 eV, obtained from the 

reduction and oxidation onset potentials in its CV diagram, 

respectively. PIDTOBTz exhibited deeper LUMO and HOMO 

energy levels of -4.18 and -5.99 eV, which is consistent with 

our DFT results. Compared to our previously reported polymer, 

PIDTOTT (LUMO = -3.98 eV; HOMO = -5.92 eV), both polymers 

in this study exhibited lower LUMO energy levels, suggesting 

their smaller electron injection barriers in OTFTs.  

Microstructure of the thin films 

The crystallinity of polymers was studied by using X-ray 

diffractometry (XRD) of polymer thin films spin coated on 

dodecyltrichlorosilane (DDTS) modified SiO2/Si substrates. As 

shown in Fig. 5, for the 100 °C and 150 °C-annealed thin films, 

both polymers show no appreciable diffraction peaks. Once 

the annealing temperature was raised to 200 °C, a weak 

primary peak (100) at 2θ =3.4° (d-spacing = 2.59 nm) appeared 

for the PIDTOBT film, suggesting that some degree of chain 

ordering starts to form at that annealing temperature. 

Compared with the film of PIDTOTT, which presented a weak 

hump at the same position after annealing at 200 °C,25 

PIDTOBT film showed improved crystallinity. PIDTOBTz 

showed no reflection peaks at all annealing temperatures, 

indicating the poor molecular ordering in its thin films. The 

atomic force microscopy (AFM) height images of the films spin 

coated on DDTS-modified SiO2/Si are shown in Fig. S8 and Fig. 

S9. Small inter-connected grains are observed for the PIDTOBT 

thin film annealed at 100 °C. After annealing at 200 °C, the 

grains have grown notably, and the root mean squared 

roughness (Rq) increased from 2.7 nm to 4.3 nm. Larger grains 

could reduce the number of grain boundaries, thereby 

improving the charge transport. On the other hand, all the 

annealed PIDTOBTz thin films consist of much smaller grains, 

which is in agreement with their poor crystallinity verified by 

XRD analysis. 

OTFT performance 

PIDTOBT and PIDTOBTz were tested as channel 

semiconductors in bottom-gate, bottom-contact (BGBC) OTFTs. 

Heavily n-doped Si/SiO2 wafer patterned with gold source and 

drain electrode pairs was used as the substrate. A polymer 

solution in TCE (PIDTOBT) or chloroform (PIDTOBTz) was spin 

coated on the substrate to form a polymer thin film (~40 nm), 

which was annealed at 100, 150, or 200 °C on a hot plate. The 

devices were tested in the nitrogen filled glove box. As shown 

in Fig. 6 and Table 1, both polymers exhibit typical n-channel 

charge transport characteristics. Devices with the 100 °C 

annealed PIDTOBT films exhibited an electron mobility of 

0.069 cm2V−1s−1. For the 150 °C-annealed thin films, the 

maximum electron mobility significantly improved to 0.12 

cm2V−1s−1. When the thin films were annealed at 200 °C, the 

devices gave the highest electron mobility of up to 0.18 

cm2V−1s−1 with a low threshold voltage of 2.3 V and a high 

current on/off ratio of ~105. The dependence of OTFT 

performances on the annealing temperature is in good  

Table 1 OTFT performance of PINDFTT and PINDFBT. 

Polymer Annealing Temperature 
(°C) 

Avg. ± std. (max.) electron 
mobility (cm2V−1s−1) 

PIDTOBT 100  0.060 ± 0.0091 (0.072) 
 150  0.110 ± 0.0120 (0.125) 
 200  0.140 ± 0.0153 (0.180)  

PIDTOBTz 100 0.015 ± 0.0001 (0.016) 
 150  0.016 ± 0.0015 (0.017) 
 200 0.014 ± 0.0019 (0.016) 

 

 
Fig. 3 UV-Vis-NIR absorption spectra of PIDTOBT and PIDTOBTz in TCE solution (a) 

and in thin films (b). 

 
Fig. 4 Cyclic voltammograms of PIDTOBT and PIDTOBTz films measured in dry 

acetonitrile containing 0.1 M n-Bu4NPF6 as an electrolyte under nitrogen at a scan 

rate of 100 mVs-1. 

 
Fig. 5 XRD patterns of the polymer films on SiO2/Si substrate at annealed different 

temperatures: (a) PIDTOBT; (b) PIDTOBTz. 
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Fig. 6 Output (a, c) and transfer (b, d) curves of an OTFT device based on a thin film of 

PIDTOBT (a, b) and PIDTOBTz (c, d) annealed at 200 °C

 

agreement with the XRD results. These device data clearly 

show that PIDTOBT has better electron transport capability 

than PIDTOTT. This may be originated from the lower LUMO 

energy level and the higher crystallinity of PIDTOBT. However, 

although PIDTOBTz has a lower LUMO energy level than 

PIDTOBT, the devices based on PIDTOBTz showed much lower 

performance with the highest electron mobility of ~0.017 

cm2V−1s−1 at an annealing temperature of 150 °C. The device 

performance of PIDTOBTz almost did not change with varying 

annealing temperature. The poor crystallinity and low 

molecular weight are considered responsible for the low 

mobility of PIDTOBTz. When the 200 °C-annealed devices were 

tested under ambient conditions without any encapsulation, 

the highest electron mobility of PIDTOBT decreased to 0.11 

cm2V−1s−1. Whereas, PIDTOBTz showed better stability in air 

with the highest electron mobility of 0.013 cm2V−1s−1, which 

may be accounted for its deeper LUMO energy level. The 

dramatic differences in the device performance between 

PIDTOBT and PIDTOBTz suggest that the molecular weight and 

the crystallinity of the thin films have more significant impact 

on the charge transport performance, while the LUMO energy 

level of the polymer may play an important role in the device 

stability in air. 

Conclusions 

In summary, two novel IDTO-based low-bandgap donor–

acceptor polymers, PIDTOBT and PIDTOBTz, with low LUMO 

energy levels have been developed for n-type OTFTs. PIDTOBT 

with BT units showed a lower LUMO energy level and higher 

crystallinity, and exhibited high electron mobility up to 0.18 

cm2V−1s−1. PIDTOBTz with BTz units has a much lower LUMO 

energy level, but poorer crystallinity. PIDTOBTz exhibited a 

one order of magnitude lower electron mobility of ~0.016 

cm2V−1s−1, which is accounted for its poor crystallinity and 

lower molecular weight. The electron mobilities of PIDTOBT 

are comparable to those (0.1-0.3 cm2V-1s-1) of the reported 

high performance n-type polymers that were evaluated with 

the same BGBC device configuration on SiO2/Si substrates.44–46 

Significantly higher mobility values were achieved for several 

high performance n-type polymers44–47 when a top-gate 

bottom-contact (TGBC) device configuration was adopted 

since charge traps on the SiO2 dielectric surface48 and contact 

resistance49 can be effectively reduced compared to the TGBC 

devices. Higher mobility is expected if the crystallinity of IDTO 

polymers can be further improved by incorporating other 

types of co-monomer building blocks and/or side chain 

engineering and by optimizing device fabrication. 
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Graphical abstract 

Two donor–acceptor (D–A) conjugated polymers, PIDTOBT and PIDTOBTz, based on 

thiophene-S,S-dioxidized indophenine (IDTO) as the acceptor building block are synthesized for 

solution processed organic thin-film transistors.  
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