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Measurements and general methods: 

Chloroform, dichloromethane, toluene, p-xylene (PX), isopropanol, tetrahydrofuran 

(THF), dimethylformamide (DMF), chlorobenzene and 1,2-dichorobenzene (o-DCB) were 

purchased as anhydrous grade solvents from Sigma-Aldrich. THF was distilled from sodium 

benzophenone in an solvent purification system (SPS). 2-Bromothiazole was purchased from 

Scientific Matrix. Tetrabutylammonium bromide (n-Bu4NBr), n,n-diisopropylethylamine 

(DIPEA), diisopropylamine (DIPA), palladium(II) acetate (Pd(OAc)2), 

tris(dibenzylideneacetone)- dipalladium(0) (Pd2(dba)3), tri(o-tolyl)phosphine (P(o-tolyl)3), 

sodium diethyldithiocarbmate, and tetra-n-butylammonium hexafluorophosphate ([n-

Bu4N]+[PF6]-) were purchased from Sigma-Aldrich. N-octadecyltrichlorosilane (OTS-18) was 

purchased from Gelest, Inc. Silica gel was purchased from Sorbent Technologies (Premium Rf™, 

porosity: 60A; particle size: 40-75 μm). UV-vis absorption spectra were recorded on an Agilent 

8453 UV-Visible Spectrophotometer. PDPP4Tz films for UV-vis absorption characterization 

were prepared by spin-coating polymer solutions in p-xylene (5 mg/mL) and chloroform (5 

mg/mL) onto pristine SiO2 glass substrates and OTS-18 pre-treated glass cover substrates. The 

details of OTS-18 pretreatment are depicted in the section on “OFET Device Fabrication and 

Characterization”. 

The polymer thermal decomposition temperature was measured with a Perkin-Elmer 

Pyris-1 thermogravimetric analyzer (TGA) in a nitrogen atmosphere (25 mL/min) with a heating 

rate of 10 °C/min. Polymer thermal transitions were measured with a TA Q200 Differential 

Scanning Calorimeter (DSC) in a nitrogen atmosphere (50 mL/min) with a heating/cooling rate 

of 10 °C/min. Each sample was scanned for three cycles. 
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The surface morphologies of PDPP4Tz films were characterized by Atomic Force 

Microscopy (AFM) using a Bruker Dimension Icon Atomic Force Microscope System with 

ScanAsyst in the tapping mode using a silicon etched probe tip (Mikromasch USA, 

HQ:NSC14/NO AL). Polymer films for AFM characterization were prepared by spin-coating 

PDPP4Tz solutions in chloroform (5 mg/mL) and p-xylene (4 mg/mL) onto OTS-18 pre-treated 

SiO2 dielectric (300 nm) / p++ doped Si substrates. 

PDPP4Tz thin-film thermal annealing treatment was conducted on a hotplate with 

temperature setting of 150 °C inside a glovebox filled with N2. Each thermal annealing treatment 

lasted for 90 min, followed by rapid cooling to room temperature. This annealing protocol was 

used for UV/vis absorption, 2D-GIWAXS, and AFM characterization. 
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Synthesis and characterization: 

The synthetic procedures for the preparation of the 5-decylheptadecyl bromide side 

chains (1a-1e), 5,5'-bis(trimethylstannyl)-2,2'-bithiazole (2c), and 2,5-bis(5-decylheptadecyl)-

3,6-di(thiazole-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (3d) were modified from literature 

procedures
1-3

.  

Commercially available 2-bromothiazole (2a) was homocoupled to afford 2,2’-bithiazole 

(2b)
4
, followed by metalation to afford the distannane monomer, 5,5'-bis(trimethylstannyl)-2,2'-

bithiazole (2c)
5
. Conversion of 2b to 2c approached 95% based on 

1
H NMR analysis. 

Polymerization was carried out with freshly prepared monomer 2c.  

Scheme S1. Synthetic route to prepare PDPP4Tz. 
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5,5'-bis(trimethylstannyl)-2,2'-bithiazole (2c): DIPA (0.45 mL, 3.12 mmol, 3.50 eq.) in THF 

(2 mL) was maintained under an argon atmosphere and cooled to -78 ˚C using a dry ice/acetone 

bath. Then, n-butyllithium (1.00 mL of a 2.5 M solution in hexane, 2.50 mmol, 2.80 eq.) was 

added in a dropwise manner. The resulting solution was then warmed to 0 °C  using an ice-water 

bath and stirred at 0 °C for 30 min to afford lithium diisopropylamide (LDA). It was 

subsequently cooled to -78 ˚C in dry ice/acetone bath. Then, 2,2'-bithiazole (150 mg, 0.9 mmol, 

1.00 eq.) in THF (3.9 mL) was added in a dropwise manner generating an orange solution. After 

stirring at -78 ˚C for 2 h, SnMe3Cl (3.25 mL of a 1.0 M solution in THF, 3.25 mmol, 3.64 eq.) 

was added in a dropwise manner. The resulting solution was then warmed to room temperature 

and stirred for 12 h. The solution was then poured into D.I. H2O (50 mL), the mixture was 

extracted into CH2Cl2 (3 × 15 mL), washed with brine (3 × 15 mL), dried over anhydrous 

MgSO4, filtered and then concentrated under reduced pressure using a rotary evaporator. The 

final product was washed with hexane at -78 ˚C and compound 1 was isolated as a pale yellow 

solid (370 mg, yield: 85%). 
1
H NMR (400 MHz, CDCl3) δ 7.77 (s, 2H), 0.41 (s, 18H). 
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Synthesis of 3,6-Bis-thiazol-2-yl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (13). 1.00 g of 

sodium metal were diced and carefully added into a 2-neck round bottom flask fit with a 

condenser. 40 mL of t-amyl alcohol was added in the flask with a stirrer. The reaction mixture 

was heated then overnight at 125 
o
C. 2.22 g (2.12 mL, 12.8 mmol) of diethyl succinate and 2.0 g 

(18.2 mmol) of 3a were added into to 20 mL of t-amyl alcohol, then slowly added dropwise. The 

reaction mixture was then stirred at 110 
o
C for 8 hours. Mixture was cooled to room temperature 

afterwards, and the product was precipitated by pouring slowly into a mixture of 4.0 g glacial 

acetic acid, 100 mL of water, and 50 mL of methanol. The product was then filtered and washed 

with methanol followed by drying in a vacuum oven at 45 
o
C overnight to yield the product as a 

purple solid (1.18 g, 43%). MALDI-TOF calculated m/z = 301.99, found m/z = 301.47.  
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2,5-bis(5-decylheptadecyl)-3,6-di(thiazol-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(3c): 1e (6.08 g, 13.23 mmol, 4.00 eq.) was added into the mixture of 3b (1.00 g, 3.30 mmol, 

1.00 eq.) and a 60% mineral oil suspension of NaH (0.39 g, 9.75 mmol) in anhydrous DMF (40 

mL) under argon. The mixture was heated at reflux for 24 h, before cooling to room temperature. 

D.I. H2O (100 mL) was added and the mixture was extracted into CHCl3 (50 mL). The organic 

solution was washed with brine (3 × 50 mL), dried over anhydrous MgSO4, and concentrated 

under reduced pressure. The resulting dark residue was purified by column chromatography 

(silica gel, DCM). The product was recrystallized from isopropanol to afford 3c as a purple solid 

(yield: 42 %). 
1
H NMR (400 MHz, CDCl3) δ: 8.07 (d, J = 2.4 Hz, 2H), 7.70 (d, J = 1.6, 2H), 4.40 

(m, 4H), 1.68 (m, 4H), 1.32–1.19 (m, 90H), 0.87 (t, J = 6.8 Hz, 12H). 
13

C NMR (400 MHz, 

CDCl3) δ (ppm): 160.9, 155.3, 144.4, 137.6, 123.9, 110.5, 42.9, 37.3, 35.6, 33.3, 31.9, 30.2, 29.7, 

26.2, 24.0, 22.7, 14.1.  MALDI-TOF: calculated m/z = 1058.84, found 1057.71. 
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3,6-bis(5-bromothiazol-2-yl)-2,5-bis(5-decylheptadecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (3d):  Sodium bicarbonate (0.435 g, 5.17 mmol) was added into a solution of 3c (0.5 g, 

0.47 mmol) in CHCl3 (9 mL). A solution of Br2 (0.75 g, 4.72 mmol) in CHCl3 (9 mL) was added 

during a course of 20 min at 0 °C. The reaction mixture was stirred at 60 °C for 2 hr, followed by 

cooling to room temperature. A sodium thiosulfate solution (5.0 g in 20 mL H2O) was added into 

the reaction mixture and stirred for 30 min to remove residual Br2. The mixture was washed with 

brine (50 mL), followed by drying over anhydrous MgSO4. The resulting solid was subjected to 

column chromatography (silica, eluent heptane/CHCl3, v/v 60:40) to afford 3d as titled product. 

The solid was dissolved in CHCl3 (5 mL) and precipitated into methanol (100 mL) to afford pure 

3d (0.32 g, 34 %) as a red solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.93 (s, 2H), 4.31 (d, 4H), 

1.65 (m, 2H), 1.50-1.20 (m, 90H), 0.87 (m, 12H). 
13

C NMR (400 MHz, CDCl3) δ (ppm): 160.7, 

156.3, 136.6, 115.9, 110.7, 42.9, 37.3, 33.3, 30.2, 29.7, 26.7, 22.7, 14.1.  MALDI-TOF: 

calculated m/z = 1216.66, found 1215.43. 
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Polymer PDPP4Tz: To a degassed solution of monomer 3 (94.97 mg, 0.078 mmol), 5,5´- 5,5'-

bis(trimethylstannyl)-2,2'-bithiazole (4) (38.5 mg, 0.078 mmol) in toluene (2 mL) and DMF (0.2 

mL), tris(dibenzylideneacetone)dipalladium(0) (2.11 mg, 2.3 µmol) and triphenylphosphine 

(2.44 mg, 9.3 µmol) were added. The mixture was stirred at 115 °C for 16 h, after which it was 

precipitated in methanol and filtered through a Soxhlet thimble. The polymer was extracted 

sequentially with acetone (24 hr), MeOH (24 hr), hexane (24 hr) and dichloromethane (12 hr), 

and then dissolved in chloroform. The chloroform solution was then precipitated into MeOH. 

Finally, the resulting polymer can be solubilized in chloroform and xylene for physical property 

characterization and device fabrication. Yield: 85.4 mg (87%) as a dark blue-green solid. 
1
H 

NMR (400 MHz, CDCl3) δ (ppm): 7.99, 7.89, 3.67, 1.51, 1.17, 0.80. Elemental analysis: 

calculated: C, 70.88%; H, 9.65%; N, 6.70%; found: C, 70.85%; H, 9.52%; N, 6.56%.  
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UV-vis spectrum of PDPP4Tz 

The broader thin film absorption in the range of 750-770 nm suggests the probable self-

assembly of PDPP4Tz into ordered aggregates that experience enhanced π-π intermolecular 

interactions
2
. A weak shoulder at ~765 nm in the solution spectra suggests that aggregates also 

form in the solution phase. Such low band-gap polymers have been found to enhance 

intramolecular charge transfer, which in turn improves charge carrier mobility 
6-9

. 

 

 

 

 

 

 

 

Figure S1. UV-vis absorption spectra of PDPP4Tz in solution and thin-film state (1 × 10
−6

 M; 

chloroform, p-xylene). Film UV-vis spectra were obtained by spincoating solutions onto UV-

ozone cleaned SiO2 slides before thermal annealing. 
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TGA and DSC of PDPP4Tz 

Figure S2. (top) TGA of polymer PDPP4Tz in a nitrogen atmosphere (25 mL/min) at a heating 

rate of 5 °C/min; (bottom) thermal transition characterization of PDPP4Tz. DSC 

characterization was based on the 2
nd

 heating and cooling process in a nitrogen atmosphere with 

a nitrogen flow rate of 50 mL/min and a heating/cooling rate of 5 °C/min. 
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1
H and 

13
C NMR spectra of PDPP4Tz 

 

  

Figure S3. 
1
H NMR spectrum of PDPP4Tz in CDCl3. 
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DFT studies of PDPP4Tz oligomers and their subunits 

The DFT calculations of the oligomers of PDPP4Tz were performed using Gaussian 

09.
10

 We have considered the long-range corrected tuned-ωB97X-D functional along with 6-

31G(d,p) basis set for the time-dependent density functional theory (TDDFT) calculations; the 

IP-tuning procedure
11, 12

 is carried out with chloroform taken as the dielectric medium (ε = 4.71) 

to be consistent with experiment, within the self-consistent reaction field (SCRF) framework, to 

calculate the range separation parameter (ω). The optical gap of the PDPP4Tz oligomers levels 

off at 4 repeat units (Figure S4); it corresponds to 1.74 eV at this oligomer size, which is close to 

the experimental optical gap of 1.72 eV estimated from the UV−vis absorption maxima in 

chloroform (experimental optical gap evaluated from the onset of absorption is ca. 1.34 eV). 
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The dominant natural transition orbital (NTO) of the PDPP4Tz tetramer for the S0 to S1 

transition, at tuned-ωB97X-D/6-31G(d,p) level of theory, is well delocalized along the polymer 

backbone for both hole and electron (see Figure S5); the spin density for the unpaired electron 

corresponding to the electron-polaron (anion) of the PDPP4Tz tetramer is calculated to be 

delocalized over one full repeat unit, or about 8 to 10 rings (Figure S6).  

  

Figure S4.  Evolution of the TD-DFT calculated optical band gap vs. oligomer size at the tuned-

ωB97X-D/6-31G(d,p)//tuned-ωB97X-D/6-31G(d,p) level of theory. 
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Figure S5. Electron-hole pair natural transition orbitals (isovalue surface 0.02 a.u.) for the S0 to 

S1 transition of the PDPP4Tz tetramer calculated by TD-DFT at tuned-B97X-D/6-31G(d,p) 

level of theory. The weights of the particle-hole contribution to the excitation are included. 

 

Figure S6. Tuned-ωB97X-D spin density plots for the anion of the PDPP4Tz tetramer (the red 

and blue colors represents spin up and spin down electron densities, respectively).  

electron 

electron 

electron 

hole 

hole 

hole 
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The electronic band structure of the polymer chain has been modeled using the 

CRYSTAL14 code.
13

 In that instance, the polymer geometry was optimized at the B3LYP 

level,
14

 and the electronic band structure calculated at the HSEsol functional level.
15

 The 

Peintinger-Oliveira-Bredow triple-ζ valence plus polarization (POB-TZVP) basis set
16

 using 2k 

points as set by the Pack-Monkhorst method,
17

 was considered for all these calculations. The 

effective mass for the polymer chain was calculated at the bottom of the conduction band using 

the band fitting method.
18

 

The band structure of the PDPP4Tz polymer is shown in Figure S6. The band gap of the 

PDPP4Tz polymer is calculated here to be 1.32 eV. The effective mass of an electron (at the 

bottom of the conduction band) and hole (at the top of the valence band) are calculated (See 

Table S1). 
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Table S1. Calculated valence band (VB) width, conduction band (CB) width, band gap, and hole 

and electron effective masses for the PDPP4Tz polymer.  

Polymer Width of VB (eV) Width of CB (eV) Band Gap (eV) mh/m0 me/m0 

PDPP4Tz 0.25 0.34 1.32 0.18 0.15 

 

 

Figure S7. HSEsol//B3LYP electronic band structure of the PDPP4Tz chain. The zero of 

energy corresponds here to the top of the valence band.   
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UPS spectra of PDPP4Tz 

Ultraviolet Photoemission Spectra (UPS) were measured on a Kratos Axis UltraDLD 

XPS/UPS system, using He-I lamp radiation at 21.2 eV. All samples were in electronic 

equilibrium with the spectrometer via a metallic clip on the surface, and were run at a base 

pressure of 10
-5

 Torr. The Fermi level was calibrated using atomically clean silver. UPS were 

acquired at a 5 eV pass energy and 0.05 eV step size with the aperture and iris set to 55 µm. 

From S4 the secondary electron edge (SEE) of the UPS the work function (ϕ = 21.22-SEE) was 

calculated for each polymer, and from the emission close to the Fermi level the position of 

valence band maximum was determined. IP (= –HOMO) and ϕ were calculated by equations (1) 

and (2): 

𝐼𝑃 = ℎ𝜐 − (𝐸𝑐𝑢𝑡𝑜𝑓𝑓 − 𝜀𝑉
𝐹)                                                            (1) 

𝜙 = ℎ𝜐 − 𝐸𝑐𝑢𝑡𝑜𝑓𝑓                                                                       (2) 

where hν, Ecutoff, and εV
F 

denote the incident photo energy (He I, 21.22 eV), the high binding 

energy cutoff, and the lowest binding energy point, respectively.  

Figure S8. (left) UPS characterization of as-spun PDPP4Tz film on gold-coated Si wafer; (right) 

zoomed-in of lower binding energy region of the UPS spectrum. 
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Molecular weight distribution by GPC 

 

  

Figure S9. Gel permeation chromatography (GPC) characterization of PDPP4Tz with TCB 

under 135 
o
C.  
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1D X-ray scattering spectrum of PDPP4Tz thin films 

  

Figure S10. 1D-GIXS patterns of PDPP4Tz thin films. Films were spin cast at room 

temperature in a nitrogen filled glove box from a chloroform solution.  
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Figure S11. The intensity variation of the (010) peak at (2θ =18-19
o
) along the γ axis 

from out-of-plane, qz (100) to in-plane, qxy (010) measured from a PDPP4Tz thin film 

cast by spincoating from p-xylene solution followed by thermally annealing at 150 
o
C for 

90 min in a nitrogen filled glovebox.  
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Birefringence 

Given the importance of molecular order in determining the charge transport 

characteristics in π-conjugated polymers, PDPP4Tz exhibits anisotropy within thin films 

fabricated with blade-coating, as observed under polarized optical microscopy (Figure S12). 

Thin films were cast from both filtered PDPP4Tz chloroform and p-xylene solutions (4~6 

mg/mL) onto UV-ozone cleaned glass slides at room temperature. The observed birefringence 

indicates that PDPP4Tz polymer chains adopt a highly self-organized morphology, which allows 

the chains to form ordered anisotropic domains in thin-films. As intermolecular charge transport 

across grain boundaries, or through disordered domains is not as efficient as within ordered 

domains, increasing the grain size is expected to be a favorable approach to increase charge-

carrier mobility.  

 

Figure S12. Polarized Optical Microscope (POM) images of blade-coated PDPP4Tz films on 

glass slides (chloroform as solvent). 
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Atomic Force Microscope Image of PDPP4Tz Thin Film 

PDPP4Tz thin-film surface morphologies were investigated using tapping mode atomic 

force microscopy (AFM) as shown in Figure S13. Polymer films were spin-cast and blade-

coated onto OTS-18 functionalized SiO2 on Si substrates. All blade-coated polymer films 

exhibited consistent surface morphology patterns, appearing highly ordered with a feathery-like 

texture.  The annealed films appeared with a nano-granular character, which is consistent with 

the high crystallinity revealed by GIWAXS. 

Figure S13. Tapping mode AFM height (top row) and phase (bottom row) images of PDPP4Tz 

blade coated films recorded after thermal annealing each film at 150 
o
C for 90 min followed by 

rapid cooling to room temperature in a nitrogen filled glove box. 
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OFET Device Fabrication and Characterization 

BG/BC OFETs were fabricated on a heavily p doped silicon wafer <100> as the gate 

electrode with a 300 nm thick layer of thermally grown SiO2 as the gate dielectric. Au source and 

drain contacts (50 nm of Au contacts with 3 nm of Cr as the adhesion layer) with fixed channel 

dimensions (50 μm in length and 2 mm in width) were deposited via E-beam using a 

photolithography lift-off process. Prior to deposition of polymer semiconductors, the devices 

were cleaned in acetone for 30 min and subsequently rinsed sequentially with acetone, methanol 

and isopropanol. The SiO2 surface was pretreated by UV/ozone for 30 min followed by 

immersion into a 2.54 x 10
-3

 M (1 μL mL
-1

) solution of OTS-18 in anhydrous toluene. The 

devices were then cleaned by sonication in toluene for 10 min, followed by rinsing sequentially 

with acetone, methanol and isopropanol, and drying under a flow of nitrogen. The H2O contact 

angle for the SiO2 surface after OTS-18 treatment was in the range of 95–105°; the OTS-18 

modified SiO2 dielectric has a capacitance of ca. 1.1 x 10
-4

 Fm
-2

. PDPP4Tz solutions were then 

spin-coated onto substrates inside a N2 filled glovebox or blade coated in ambient condition.  

The capacitances of the dielectric layers were measured using an Agilent 4284A 

Precision LCR Meter. All OFET characterizations were performed using a probe station inside a 

nitrogen filled glovebox using an Agilent 4155C semiconductor parameter analyzer. The FET 

mobilities were calculated from the saturation regime in the transfer plots of VG versus ISD by 

extracting the slope of the linear range of VG vs. ISD
1/2

 plot and using the following equation: 

𝜕𝐼𝑆𝐷
1/2

𝜕𝑉𝐺
= (𝜇𝑒𝐶𝑜𝑥

𝑊

2𝐿
)1/2                                                    (3) 

where ISD and VSD are the source-drain current (A) and source-drain voltage (V), respectively; VG 

is the gate voltage (V) scanning from -20 to 80 V (for BGBC OFETs) in the transfer plot; Cox is 
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the capacitance per unit area of the gate dielectric layer. W and L refer to the channel length and 

width; µe represents the electron field-effect mobility in the saturation regime (cm
2
V

-1
s

-1
). 

In this study, the threshold voltage, Vth, was calculated by extrapolating VT = VG at ISD = 0 

in the VG vs. ISD
1/2

 curve. Current on/off ratio, ION/OFF, was determined through dividing 

maximum ISD (ION) by the minimum ISD at about VG in the range of -20 to 0 V (IOFF). It is noted 

that PDPP4Tz field-effect mobility was more stable and hysteresis was reduced after thermal 

annealing at 150 °C for 90 min in OFETs and no obvious improvement was observed at 

annealing temperatures above 150 °C. The thermal annealing treatment was hence fixed at 

150 °C for 90 min. 

Figure S14. Output characteristics of the bottom-gate/bottom-contact (BG/BC) transistors 

fabricated by spincoating p-xylene solution of PDPP4Tz 
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Stability Study 

 

Figure S15. Effect of OFET stability under ambient conditions (25 
o
C and 50-60% RH). Devices 

are fabricated on Si-wafers based on the BGBC configuration. Mobility data were measured in a 

nitrogen filled glovebox with devices stored in vacuum chamber for 12 hours to remove moisture 

and residual air.  
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