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Experimental Section 

Materials. p(gNDI-gT2) with a maximum length of n = 7 repeating units (cf. Figure S1) was 

synthesized according to a modified procedure of the previously published synthesis.[1] In the 

same study the ionization potential (IP) and electron affinity (EA) of the polymer was 

measured to be 4.8 eV and 4.1 eV, respectively. p(NDI2OD-T2) (𝑀𝑛  30 kg mol
-1

 and PDI  

2.1; Polyera ActivInk N2200) was purchased from Polyera Corp. and used as received. 4-(2,3-

Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (N-DMBI; 98% - 

HPLC) was purchased from Sigma Aldrich and used as received. Chloroform (CHCl3; purity 

> 99 %) was purchased from Fisher Scientific. 

Sample fabrication. p(gNDI-gT2) and N-DMBI were freshly dissolved at 30 °C and 

concentrations of 10 g L
-1

 and 5 g L
-1

 in CHCl3. Appropriate amounts of the N-DMBI solution 

were added to the p(gNDI-gT2) solution and subsequently spin-coated (1000 rpm for 45 s) on 

glass-slides with and without pre-patterned electrical contacts, Silicon substrates and PET 

substrates. p(NDI2OD-T2) was dissolved in o-dichlorobenzene at a concentration of 5 g L
-1

, 

and the solution was stirred at 70 °C for about one hour to allow complete dissolution of the 

polymer. Doping was done by mixing with specific amounts of 5 g L
-1

 N-DMBI in 

o-dichlorobenzene solution. After stirring, the mixed solution was spin-coated onto the glass 

and subsequently thermally annealed at 110 °C under nitrogen atmosphere for 10 min. The 

sample preparation for electrical measurements was done in an N2-filled glovebox; all other 

samples were prepared in air. 

UV-vis absorption spectroscopy. Absorption measurements of liquid and solid samples were 

performed at room temperature with a PerkinElmer Lambda 900 spectrophotometer. 

Electrical characterization. Electrical conductivity and Seebeck coefficient measurements 

were performed inside a nitrogen-filled glovebox using a semiconductor parameter analyzer 
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(Keithley 4200-SCS). All samples were annealed at 80 °C for 10 minutes in an N2-filled 

glovebox prior to measuring the electrical conductivity and Seebeck coefficient. For electrical 

conductivity measurements and Seebeck measurements substrates with thermally evaporated 

15 nm thick gold electrodes on a 3 nm thick Ti adhesion layer (length 15 mm, width 0.5 mm, 

channel width 1 mm) were used. The samples were fixed in between a pair of Peltier modules 

to maintain the desired temperature difference, and the thermal gradient ∆𝑇 was determined 

by of thermocouples on the sample surface. The electrical conductivity and Seebeck 

coefficient of the samples were measured by recording I-V curves without an applied 

temperature difference and by means of the shift of the I-V curves as a result of the 

thermovoltage ∆𝑉 =  ∆𝑇 𝑆. Measurements of the air stability of doped p(gNDI-gT2) were 

performed on substrates with gold electrodes with a channel length of 1000  𝜇m and a channel 

width of 30 𝜇m. I-V curves of the samples were first measured in an N2 atmosphere and at 

different times after transfer to ambient atmosphere. Subsequently, the samples were returned 

to N2 atmosphere and I-V curves were recorded before and after annealing at 80 °C for 10 

minutes. Cryogenic measurements were conducted inside a cryogenic probe station 

manufactured by Janis Research. Liquid nitrogen was used for temperature control in joint 

with the heater inside the probe station. 

Electron paramagnetic resonance (EPR) spectroscopy. Samples were prepared by spin 

coating ~100 nm thin films on uncoated PET substrates, which were cut to the appropriate 

size (3 x 0.3 mm). Spectra were recorded with a commercial spectrometer (Bruker EMX) 

using an X-band microwave bridge (Bruker ER 041 MR) and a high-quality cavity (Bruker 

4119HS-W1) in conjunction with the respective acquisition software (Bruker 32-bit WIN-

EPR Acquisition Version 3.0). The microwave frequency was read out from an external 

microwave frequency counter (Systron Donner 6520 Microwave Counter). The magnetic field 

has been calibrated using a Li:LiF standard with known g-factor. Spin counting was done by 
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comparing with standard samples with known number of spins (Bruker Strong Pitch and 

Weak Pitch) according to standard procedures. The thickness of films for EPR was measured 

with a KLA Tencor AlphaStep D-100 profilometer. Concentration of paramagnetic species in 

pristine p(gNDI-gT2) was below the detection limit of our setup, thus preventing extraction of 

spin density from the EPR spectra from this sample. 

Atomic force microscopy (AFM). Topography images were obtained from spin-coated 

samples on Si-substrates with a Dimension Icon (Bruker) in Peak Force QNM mode using 

silicon cantilevers (ScanAsyst-Air) with a typical tip radius of approx. 2 nm, a spring constant 

of 0.4 N m
-1

 and a cantilever resonance frequency of about 70 kHz. 

Transmission electron microscopy (TEM). Samples were prepared by spin-coating thin 

films on poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) PEDOT:PSS, followed by 

floating off films in water and finally collecting them on a TEM copper mesh grids. TEM 

images were recorded with a G2 T20 Tecnai transmission electron microscope operated at an 

acceleration voltage of 200 kV. 

Scanning electron microscopy (SEM). Samples were prepared by spin coating films on 

cleaned Si/SiO2 substrates and electron microscope images were acquired with a JEOL JSM-

7800F Prime Field Emission Electron Microscope using an acceleration voltage of 1.5 kV. 

Note, that the samples did not require the application of any conducting coating. 

Grazing-incidence wide-angle X-ray scattering (GIWAXS). Films were prepared by 

spinning on Si/SiO2; samples were annealed in a glove box environment at 80 °C for 10 min. 

X-ray scattering was performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on 

beam line 11-3 (2D scattering with an area detector, Rayonix MAR-225, at grazing incidence) 

with incident energy of 12.73 keV. The incidence angle (0.1°) was slightly larger than the 

critical angle, ensuring that we sampled the full depth of the film. The distance between 
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sample and detector was calibrated using a LaB6 polycrystalline standard. Raw data was 

normalized by monitor counts, and reduced and analyzed using a combination of Nika 1D 

SAXS[2] and WAXStools[3] software packages in Igor Pro. Here, qxy (qz) is the component 

of the scattering vector parallel (perpendicular) to the substrate. 
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Synthesis of p(gNDI-gT2) 

The protocol for the synthesis of p(gNDI-gT2) reported in [1] was modified to increase the 

yield of the polymerization from 21 % to 94 %. The modification includes a change of the 

solvent from chlorobenzene to DMF and lowering the temperatures to 85 °C.  

A 25 mL Schlenk tube was dried and purged with argon. gNDI-Br2 (232.9 mg 0.25 mmol) 

and (3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophene]-5,5'-diyl)bis-

(trimethylstannane) (206.5 mg, 0.25 mmol), Pd2(dba)3 (4.6 mg, 5.1 µmol) and P(o-tol)3 

(6.2 mg, 20.0 µmol) were dissolved in 12 mL of anhydrous, degassed DMF. The reaction 

mixture was degassed for 10 min and heated to 85 °C for 4 h. After 4 hours, the end capping 

procedure was carried out. Then, the polymer was cooled to room temperature and the 

reaction mixture was precipitated in ethyl acetate, followed by the addition of hexane. The 

polymer was collected in a Soxhlet thimble and Soxhlet extraction was carried out with ethyl 

acetate, acetone, hexane, THF and chloroform. The polymer was dissolved in hot chloroform 

and the solution was concentrated in vacuo and precipitated in ethyl acetate, followed by the 

addition of hexane. Finally, the polymer was collected and dried under high vacuum for 16 h. 

A dark green polymer was obtained with a yield of 94 % (297 mg, 24.0 µmol). 

1
H NMR (TFA-d1, 400 MHz) δ: 8.93 (s, 2 H), 7.36 (s, 2H), 4.57 – 4.41 (m, 8H), 4.41 (s, 4H), 

4.26 – 4.01 (m, 18H), 3.96 – 3.74 (m, 30H), 3.51 (s, 6H), 3.48 (s, 6H) ppm. 
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Figure S1. 
1
H NMR spectrum of p(gNDI-gT2) in TFA-d1. The copolymer is also soluble in 

CDCl3, however the solvent peak of chloroform overlaps with the protons of the bithiophene 

and therefore the spectrum is reported in TFA-d1. 
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Figure S2. MALDI ToF of p(gNDI-gT2)  
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Table S1. Compiled literature values of the maximum electrical conductivity (𝜎max) at the 

corresponding dopant molar fractions of n-doped organic semiconductors. 

Semiconductor Dopant 𝝈max 

(S/cm) 
𝜶 at 𝝈max 

(𝜇V K
-1

) 
𝜶𝟐𝝈 at 𝝈max 

(𝜇W m
-1

K
-2

) 

mol% 

at 𝝈max 

Reference 

p(gNDI-gT2) N-DMBI 2.9 × 10
-1

 -93 4.1 × 10
-1

 20 This work 

p(gNDI-gT2) N-DMBI 1.1 × 10
-1

 -190 2.5 × 10
-1

 10 This work 

P(NDI2OD-T2) N-DMBI 6.8 × 10
-4

 -502 1.7 × 10
-2

 25 This work 

x-PNDI-1TH N-DMBI 4.0 × 10
-5

 
 

 37 [4] 

P(NDI2OD-T2) 2-Cyc-DMBI-H 3.4 × 10
-4

 
 

 53 [5] 

P(NDI2OD-T2) (2-Cyc-DMBI)2 2.8 × 10
-3

 
 

 11 [5] 

P(NDI2OD-T2) (2-Fc-DMBI)2 7.6 × 10
-5

 
 

 26 [5] 

P(NDI2OD-T2) (2-Rc-DMBI)2 3.0 × 10
-3

 
 

 12 [5] 

P(NDI2OD-T2) N-DMBI 8.0 × 10
-3

 -850 5.8 × 10
-1

 9 [6] 

P(NDI2OD-T2) N-DPBI 4.0 × 10
-3

 -770 2.4 × 10
-1

 9 [6] 

P(NDI2OD-T2) N-DPBI 1.0 × 10
-3

 
 

 16 [7] 

P(NDI2OD-TET) N-DPBI 2.7 × 10
-7

 
 

 10 [7] 

P(PDI2OD-A) (2-Cyc-DMBI)2 4.5 × 10
-1

 
 

 43 [8] 

P(PDI2OD-DEBT) (2-Cyc-DMBI)2 7.0 × 10
-2

 
 

 35 [8] 

P(PDI2OD-T2) (2-Cyc-DMBI)2 1.0 × 10
-3

 
 

 35 [8] 

P(PDI2OD-E) (2-Cyc-DMBI)2 2.1 × 10
-3

 
 

 32 [8] 

P(NDI2OD-T2) (2-Cyc-DMBI)2 4.0 × 10
-3

 
 

 19 [8] 

P(NDI2OD-T2) (RuCp*Mes)2 4.0 × 10
-3

 
 

 5 [9] 

P(NDI2OD-T2) [RhCp*Cp] 9.5 × 10
-5

   1 [10] 

P(NDI2OD-T2) TDAE 5.0 × 10
-3

 -150 1.1 × 10
-2

 NA
a
 [11] 

NTCDI2DT-2T Na-SG 1.0 × 10
-3

   NA
a
 [12] 

NTCDI-AF4A Na-SG 1.0 × 10
-3

   NA
a
 [12] 

PNDTI-BBT-DT N-DMBI 1.8 × 10
-1

 -56 5.6 × 10
-2

 33 [13] 

PNDTI-BBT-DP N-DMBI 5.0 × 10
0
 -169 1.4 × 10

1
 33 [13] 

PNDTI-BBT-DP N-DMBI 1.2 × 10
0
 -207 5.1 × 10

0
 24

b
 [13] 

BDPPV N-DMBI 2.6 × 10
-1

 -323 2.7 × 10
0
 40 [14] 

BDPPV N-DMBI 4.8 × 10
-2

 -650 2.0 × 10
0
 24

b
 [14] 

CIBDPPV N-DMBI 5.3 × 10
0
 -172 1.6 × 10

1
 28 [14] 

CIBDPPV N-DMBI 3.5 × 10
0
 -221 1.8 × 10

1
 24

b
 [14] 

CIBDPPV N-DMBI 1.9 × 10-
1
 -426 3.5 × 10

0
 11

b
 [14] 
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FBDPPV N-DMBI 1.1 × 10
1
 -126 18 × 10

1
 28 [14] 

FBDPPV N-DMBI 6.0 × 10
0
 -213 2.71 × 10

1
 24

b
 [14] 

FBDPPV N-DMBI 4.5 × 10
-1

 -658 1.91 × 10
1
 11

b
 [14] 

FBDPPV N-DMBI 1.2 × 10
1
 -131 2.1 × 10

1
 31 [15] 

FBDPPV N-DMBI 1.5 × 10
0
 -326 1.6 × 10

1
 16

b
 [15] 

FBDPPV N-DMBI 6.1 × 10
0
 -204 2.5 × 10

1
 24

b
 [15] 

ClBDPPV TBAF 6.2 × 10
-1

 -99 6.1 × 10
-1

 25 [16] 

ClBDPPV TBAF 2.5 × 10
-1

 -375 3.5 × 10
0
 10

b
 [16] 

BBL TDAE 1.7 × 10
0
 -60 6.1 × 10

-1
 NA

a
 [11] 

P(BTP-DPP) (RuCp*mes)2 4.5 × 10
-1

   27 [17] 

P(PymPh) NaNap 1.8 × 10
1
 -16 4.8 × 10

-1
 NA

a
 [18] 

PC 61 BM 2-Cyc-DMBI-H 5.8 × 10
-2

 
 

 11 [5] 

PC 61 BM (2-Cyc-DMBI)2 4.7 × 10
-2

 
 

 10 [5] 

PC 61 BM (2-Fc-DMBI)2 1.9 × 10
-3

 
 

 6 [5] 

PC 61 BM (2-Rc-DMBI)2 1.6 × 10
-2

 
 

 11 [5] 

C60 (2-Cyc-DMBI)2 1.2 × 10
1
 

 
 26 [5] 

C60 (2-Fc-DMBI)2 8.0 × 10
-2

 
 

 20 [5] 

C60 (2-Rc-DMBI)2 1.0 × 10
-1

 
 

 18 [5] 

C60 LCV 1.3 × 10
-2

 
 

 6 [19] 

C60 ACB 2.7 × 10
-2

 
 

 5 [20] 

PCBM N-DMBI 1.9 × 10
-3

 
 

 27 [21] 

C60 Cr2(hpp)4 4.0 × 10
0
 

 
 4 [22] 

C60 W2(hpp)4 4.0 × 10
0
 

 
 12 [22] 

C60 AOB 6.0 × 10
-1

 -188 2.1 × 10
0
 34 [23] 

C60 DMBI-POH 5.3 × 10
0
 -161 1.3 × 10

1
 39 [23] 

C60 o-MeO-DMBI-I 5.5 × 10
0
 

 
 14 [24] 

PCBM AOB 1.0 × 10
-2

 -159 2.5 × 10
-2

 33 [25] 

PCBM DMBI-POH 1.9 × 10
0
 -124 2.9 × 10

0
 41 [25] 

PCBM AOB+DMBI-POH 4.1 × 10
0
 -187 1.4 × 10

1
 33 [25] 

PTEG-1 N-DMBI 2.1 × 10
0
 -284 1.7 × 10

1
 40 [26] 

PCBM N-DMBI 1.2 × 10
-2

 -248 7.3 × 10
-2

 30 [26] 

PTEG-1 TEG-DMBI 1.8 × 10
0
 -325 1.9 × 10

1
 20 [27] 

PTEG-1 N-DMBI 1.9 × 10
0
 -291 1.6 × 10

1
 40 [27] 

PCBM TBAI 5.6 × 10
-3

   10 [28] 



 

12 

 

PCBM TBAAcO 3.5 × 10
-3

   20 [28] 

PCBM TBABr 3.1 × 10
-3

   10 [28] 

PCBM TBAF 2.4 × 10
-3

   10 [28] 

PCBM TBAOH 3.9 × 10
-3

   10 [28] 
a sequentially doped samples 
b dopant molar fraction not at highest conductivity, but within specification (green area, 

Figure 1) 
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Determining the disorder parameter  

The charge carrier density in the pristine polymer can be considered to be very low (cf. EPR 

spectrum). A constant charge carrier density is assumed over variable temperatures 

conductivity measurements, hence the activation energy of conductivity and charge carrier 

mobility should be equal. The measured activation energy is compared to the value to which 

the simulated activation energy of mobility converges at low density in Figure S3. The 

disorder parameter of the materials is then determined by identifying which line converges to 

the measured activation energy of the conductivity. In the case of an activation energy of 290 

meV, a disorder parameter of 90 meV is found. 

Determining charge carrier density 

When the disorder parameter is determined from the pristine material, the activation energy of 

conductivity for the doped material can be measured. Assuming equal disorder parameters for 

the pristine and doped materials, the carrier density for the measured activation energy can 

then be estimated from Figure S3. The unit of charge carrier density is per hopping site 

volume in Figure S3, so to calculate the charge carrier density in SI units (or other preferred 

units), this carrier density should be multiplied by the density of states per unit volume. In this 

work, the density of states is estimated to be 10
21

 cm
-3

. 
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Figure S3. Results of activation energy fits to the charge carrier mobility calculated by the 

extended Gaussian disorder model using a temperature range of 260-300 K. Different disorder 

parameters (𝜎), result in different activation energies. The charge carrier density is expressed 

per effective hopping site volume. 
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Figure S4. Fits to the variable temperature conductivity data of pristine p(gNDI-gT2) (black) 

and doped with 20 mol% N-DMBI (red) with log (𝛼) = log (𝜎0) − (
1

𝑇
)

𝛼

, where 𝜎0 is a pre-

exponential factor, and 𝛼 = (1 + 𝑑)−1. Different dimensionality exponents 𝑑 were used in (a) 

𝑑 = 0 for variable range hopping, and (b) 1, (c) 2, and (d) 3 for 1-, 2-, and 3D variable range 

hopping. 
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Figure S5. 3D topography images from AFM scans of (a) pristine p(gNDI-gT2) and doped 

with (b) 10 mol%, (c) 20 mol%, (d) 30 mol% and (e) 50 mol% N-DMBI. (f) AFM height 

image of p(gNDI-gT2) doped with 50 mol% N-DMBI (5 x 5 𝜇m). 
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Figure S6. AFM height images of (a) pristine p(gNDI-gT2) and doped with (b) 10 mol%, (c) 

20 mol%, (d) 30 mol% and (e) 50 mol% N-DMBI (0.5 x 0.5 𝜇m). 
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Figure S7. SEM images of (a) pristine p(gNDI-gT2) and doped with (b) 10 mol%, (c) 20 

mol%, (d) 30 mol% and (e) 50 mol% N-DMBI (scale in (a) applies to all images). 
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Figure S8. Mean surface roughness (Ra) extracted from AFM height images over a large 

surface area (5 × 5 𝜇m) and over the area between the segregates (0.5 × 0.5 𝜇m) at various 

dopant fractions. We note that the surface roughness changes only slightly from 2 nm for the 

pristine film to 6 nm after up to 20 mol% N-DMBI is added, but increases sharply for 

30 mol% and more. Intriguingly, the surface roughness in the regions between the aggregates 

is not significantly affected by doping, even at higher doping fractions, which suggests that 

the nanostructure of the pristine polymer is largely maintained. 
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Figure S9. TEM images of (a,c) pristine p(gNDI-gT2) and (b,d) doped with 20 mol% N-

DMBI. 
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Figure S10. Grazing-incidence wide-angle X-ray scattering images for as cast films of (a) 

pristine p(gNDI-gT2), (c) 20 and (e) 50 mol% N-DMBI; and after annealing at 80 °C for 10 

minutes, (b), (d), and (f), respectively. 
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Figure S11. X-ray diffractograms of annealed films of pristine p(gNDI-gT2) and doped with 

20 and 50 mol% obtained by integration along (a) the out-of-plane (𝑞𝑧) and (b) in-plane (𝑞𝑥𝑦) 

direction. Annealing does not significantly alter the structure of the polymer, but leads to a 

reduction of the scattering peaks associated with doping, marked with an asterisk (*). 
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Figure S12. Electrical conductivity (a), Seebeck coefficient (b) and power factor (c) of 

p(gNDI-gT2) (blue) and p(NDI2OD-T2) (red) doped with N-DMBI; inset: chemical structure 

of p(NDI2OD-T2). 
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Figure S13. Air stability of the IV behavior of (a) pristine p(gNDI-gT2) and (b) doped with 

20 mol% N-DMBI. 
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Figure S14. Relative conductance (G/G0) before placing a water droplet on a film of 

p(gNDI-gT2) doped with 20 mol% N-DMBI for a few seconds and after removing the water 

droplet again.  
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