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Abstract. 

New insights are given into the electrochemical and chemical doping behavior of the n-type 

regioregular polymer poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-

2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (P(NDI2OD-T2)) and its regioirregular counterparts. Elec-

trochemical experiments clearly show a two-fold reduction mechanism with maximum con-

ductivity in the radical-anion state. Chemical doping with the high performance dopants N-

DMBI and TDAE was studied and gives conductivity values between 10-4–10-3 S cm-1 for as-

cast films with clear involvement of the radical-anion species. Anisotropic conductivities of 

blade-coated films which were vapor doped give up to 6 times higher values along the poly-

mer chain direction compared to the perpendicular direction, both in prominently face-on and 

edge-on oriented chains in the bulk of the films. The polymorph concomitantly changes from 

a mixed stacking of naphthalenediimide and bithiophene units (form II) to a segregated 

stacking mode (form I), indicating a strong effect of the dopant on the overall film structure. 

Maximum achievable conductivities along the chain are 8 ∙ 10-3 S cm-1. Our study underlines 

that regardless of regioisomerism and film preparation higher maximum conductivity seem 

not to be achievable, at least with the here used chemical dopants. Reasons might include 1) 

the strong charge localization on the NDI units, 2) too low reduction potentials of the dopants 

used, 3) too high volatility of the dopants. The latter point is evidenced by transmission elec-

tron microscopy and electron diffraction experiments. 
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Introduction. 

Inherently conducting polymers exhibit unique properties due to their conjugated back-

bones which can be reversibly oxidized or reduced. The search for both stable n-doped and 

p-doped systems with high conductivities is unbowed for applications such as thermoelectric 

generators or hole-blocking and electron-blocking layers for photovoltaic devices.1–8 A thor-

ough understanding in modifying and tuning of conductivities in organic semiconductors is 

needed and this is correlated to both backbone design and film morphology.3,9,10 While p-type 

doping is rather well-studied in literature, n-type doping has only become an active field of 

research in the recent years due to a reduced number of available n-type polymer semi-

conductors prone to chemical or electrochemical n-doping.  

Among different n-type polymers the semiconducting donor-acceptor polymer poly{[N,N’-

bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-

bithiophene)} (P(NDI2OD-T2)) is still one of the best performing systems and it can be re-

garded as the work-horse of the organic electronic community. The aggregating nature of 

P(NDI2OD-T2) was highlighted by several reports in literature, and aggregation in solution 

together with the deposition technique are the key parameters for determining the perfor-

mance in the final device.11–14 A particularly straightforward experiment is simple blade coat-

ing which leads to extremely high anisotropies which can be explained by oriented fibers 

where the fiber direction coincides with the polymer chain direction.15 The high aggregation 

tendency of P(NDI2OD-T2) in organic solvents can be controlled by i) the choice of the sol-

vent quality (which is difficult due to the poor solubility of the polymer, only 1-

chloronaphthalene seems to be a good solvent) and ii) by introducing regioirregularity in the 

polymer backbone by copolymerization of 2,7- and 2,6-linked thiophene comonomers.16,17  

It is commonly accepted that charge transport in semiconducting polymers is intrinsically 

anisotropic, being most effective along the chain and the π-stacking directions, as the solubil-

izing alkyl chains impede charge transport.18–21 For P(NDI2OD-T2) it was shown that anisot-
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ropy in electron mobility is up to 20 with a favored transport along the polymer 

backbone.20,22,23 While several studies have investigated the anisotropy of charge carrier in 

OFETs, the relation between chain orientation and bulk conductivity in doped n-type semi-

conducting polymers has not yet been addressed in details.24 

Doping of conjugated polymer systems can in principle be done either electrochemically 

or chemically by external dopants. The reduction potential of P(NDI2OD-T2) is –1.0 V vs. 

Fc/Fc+, yielding a lowest unoccupied molecular orbital (LUMO) of ≈–4.1 eV, as measured by 

cyclic voltammetry.25–27 The n-dopants therefore have to be strong electron donors with HO-

MO levels/ionization potentials with the same or higher energy level. Rather well-performing 

n-type external dopants include electron rich compounds such as dihydro-1H-benzoimidazol-

2-yl derivatives5,28 which had been successful for doping of fullerenes. In the case of fuller-

enes a probable reaction mechanism is a bimolecular hydride transfer from the hydride donor 

to the acceptor as the rate determining step, followed by an electron transfer between the 

reduced and unreduced fullerene.29,30 Solution doping of P(NDI2OD-T2) was mainly per-

formed with dihydro-1H-benzoimidazol-2-yl derivatives like N-DMBI and N-DPBI yielding 

conductivities around σ = 1−8 ∙ 10-3 S cm-1.28,31 In analogy to fullerenes, a hydride transfer is 

proposed,30 however, clustering of the dopant on top of the film was found which leads to 

poor doping efficiencies of only 1 %.28,32 Noteworthy, the reducing ability is not adequately 

described by HOMO/LUMO offsets and redox potentials, as the reduction is coupled with a 

chemical reaction.30 A second explanation for the doping reaction could be the electron 

transfer from the neutral radical of N-DMBI after a hydrogen radical removal, which has an 

energy level of −2.36 eV (singly occupied molecular orbital SOMO energy calculated by 

Gaussian 03).33 The SOMO has a higher energy than the LUMO of P(NDI2OD-T2) (−4.1 eV), 

which could make reduction plausible.  

Reducing vapors from branched poly(ethylene imine) or small molecule 

tetrakis(dimethylamino)ethylene (TDAE) have been investigated as alternative n-type do-
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pants.34,35 TDAE doping leads to maximum conductivities of around 5 ∙ 10-3 S cm-1 in 

P(NDI2OD-T2) films. Recent studies on the host/dopant miscibility show enhanced conductiv-

ities for both fullerenes and naphthalenediimide copolymers with polar side chains.32,36,37 Fur-

thermore, it was proposed that in P(NDI2OD-T2) an intrinsic limit around 10-3 S cm-1 is 

reached due to a strong localization of the doped state.38  

In this contribution we bring new insights into the conductivity behavior of P(NDI2OD-T2) 

with pure 2,6-linkage, i.e. the regioregular (RR) polymer, and mixed 2,6- and 2,7-linked iso-

mers, the so-called regioirregular polymers, namely RI(70:30), RI (47:53) and RI(24:76), 

compare Scheme 1. In the first part pf this contribution, in-situ spectro-electrochemistry 

demonstrates that electrochemical redox doping occurs in two successive steps, from neutral 

via a radical-anion to a dianion species. Maximum conductivity is observed in the first reduc-

tion step, suggesting that charge transport is mainly via the radical-anion. In as-cast films of 

all polymers we also obtain the reduction to the radical-anion species in films upon chemical 

doping both with N-DMBI and TDAE. However, while the conductivity reaches values of 10-3 

S/cm similar to literature, the intensity of the radical-anion band in absorption spectroscopy is 

surprisingly low. To gain further insight into this paradoxon we used TDAE vapor doping of 

films with well-defined oriented morphologies. Conductivity measurements evidence a high 

anisotropy of charge transport that is enhanced in direction of the polymer chain with anisot-

ropy ratios up to a factor of 6. Absorption spectroscopy and transmission electron microsco-

py /electron diffraction give strong evidence for the volatility of TDAE dopant molecules that 

leave the films when removing the films from the vapor of the dopant, leaving a marginally 

doped film whose structure is substantially modified after the doping/dedoping processes.  
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Results and Discussion. 

Influence of Regioregularity on Electrochemical Doping. 

 

Scheme 1. a) Chemical structure of RR- and RI-P(NDI2OD-T2) and corresponding species occurring 
upon electrochemical reduction or chemical doping. RR: purely 2,6-linked monomer units; RI(70:30): 
70 % 2,6- linkage and 30 % 2,7-linkage; RI(47:53): 47 % 2,6- linkage and 53 % 2,7-linkage; RI(24:76): 
24 % 2,6- linkage and 76 % 2,7-linkage. b) Simplified sketch of the two-fold electrochemical reduction 
accompanied by electrolyte entrance for maintaining electroneutrality.  

In a first step, we looked into the electrochemical doping behaviour, i.e. reduction behav-

iour of P(NDI2OD-T2) (see Scheme 1). The regioregular system RR with solely 2,6-linked 

monomer units is compared with the regioirregular counterparts RI(70:30), RI(47:53) and 

RI(24:76). The synthesis is described elsewhere, polymer characteristics are given in the 

experimental section.17  
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Figure 1. Electrochemical characteristics of RR (a-c) and RI(47:53) (d-f). Cyclic voltammograms (a, d) 
of films spin-coated from CHCl3 on ITO as working electrode in 0.1 M NBu4PF6/MeCN as electrolyte, 
scan rate 20 mV/s. UV-Vis spectra of RR (b,c) and RI(47:53) (e,f) recorded during the forward scan in 
the 2

nd
 cycle, the spectra are divided into the first (−0.8 to −1.25 V) and second (−1.25 to −1.6 V) re-

duction.   

Figure 1 a) shows the first (grey) and second cycle (black) of a cyclic voltammogram of 

the RR polymer film. The data discussion will be started with the 2nd cycle. During reduction 

of the polymer two sets of signals between -0.9 to -1.25 V (red) and -1.3 to -1.6 V (blue) be-

come apparent. Both sets consist of several overlapping reduction and reoxidation waves 

and are reversible for all further cycles. Half wave potentials of the three main signals are 

EIa
1/2 = -1.02 V, EIb

1/2 = -1.17 V and EII
1/2 = -1.36 V, respectively. From the first reduction a 

lowest unoccupied molecular orbital (LUMO) level of -4.08 eV can be estimated, assuming a 

formal potential of -5.1 eV for the ferrocene/ferrocenium redox couple (Fc/Fc+) in the Fermi 

scale.39 During reduction, solvated electrolyte ions diffuse into the polymer film for charge 

neutralization which is often accompanied with swelling of the film.40 

Figure 1 b) and c) show the corresponding UV-Vis spectra measured during the 2nd for-

ward cycle from -0.8 V to -1.25 V and -1.25 V to -1.6 V, respectively. From -0.4 to -0.8 V the 
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neutral polymer absorption is observed, with two maxima at 385 and 671 nm, which are as-

cribed to a π−π* transition and the intramolecular charge-transfer band, respectively.11,41 

Upon reduction a gradual decrease in the neutral absorption bands occurs and new absorp-

tion bands with maxima at 362, 489, 708 and 801 nm arise which can be assigned to the 

radical-anion RR•− species. The appearance of the new species is also evidenced by three 

isosbestic points in the spectra. In particular, the bands at 489 and 801 nm continue to grow 

at wavelengths where the neutral absorption does not superimpose the radical-anion absorp-

tion. Below a potential of -1.25 V the radical-anion band decreases again and new absorption 

maxima at 392 and 717 nm grow. Again, three isosbestic points can be identified, suggesting 

the reduction to the RR2− dianion.  

Reducing films of the regioirregular polymers gives similar courses of the cyclic voltam-

mogram in the 2nd cycle (Figure 1 d) and Figure S 1). The CV of RI(47:53) (black, Figure 1, d) 

gives half-wave potentials of EIa
1/2 = -0.99 V, EIb

1/2 = -1.14 V and EII
1/2 = -1.35 V with a LUMO 

value at -4.11 eV which is similar to RR. The spectral change while reducing RI to RI•− and 

from RI•− to RI2− is shown in Figure 1 e) and f), respectively. The neutral RI shows maxima at 

382 and 643 nm, which corresponds to a blue shift of the charge-transfer band of around 

30 nm compared to RR. This can be attributed to the reduced aggregation tendency in re-

gioirregular polymers due to the disruption of the polymer chain by the regioirregular 

linkage.17 The decrease of the neutral band clearly matches with the onset of reduction to the 

radical-anion RI•− in the CV. Interestingly, the absorption maxima at 362, 489, 701 and 

801 nm of the reduced RI•− are very similar to the RR•− bands and differ less than in the neu-

tral state of both polymers. At potentials below -1.3 V the polymer is further reduced and RI2- 

bands occur at 392 and 714 nm.   
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First Cycles 

The attention is now turned to the comparison of the first and second cycles of the RR 

and RI films. The very first cycle of RR (Figure 1 a), grey) features signals shifted to lower 

potentials and differs especially in the first reduction set to that of the second cycle. Two 

main reduction waves with peak potentials of -1.12 V and -1.27 V are observed, which is in 

accordance to our earlier studies.27 One possible reason for the first cycle effect is the high 

order and dense packing in the RR films. It has to be kept in mind that electrochemical dop-

ing always involves counterion and solvent diffusion into the films to ensure electroneutrality 

which is accompanied by swelling of the films. Denser films can lead to hindered diffusion of 

counter ions and solvent into the film upon reduction.40 This behavior is morphology depend-

ent and even more pronounced in more ordered films obtained by annealing at 220 and 

300 °C, respectively.27 For the RI systems on the other hand the 1st cycle (Figure 1, d), grey 

for RI(47:53)) shows no pronounced shift of the potentials and is almost overlapping with the 

2nd cycle. From these data a facilitated diffusion of counter ions and solvent into the film upon 

reduction might be proposed. This would be consistent with the more amorphous and less 

aggregated nature of the regioirregular films.17,27  
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Figure 2. In-situ conductance (1
st
 and 2

nd
 full cycles) of RR (a) and RI(47:53) (b) films spin coated 

from CHCl3 (c = 3 g/l) on interdigitated Pt electrodes. Blue is the forward and orange the backward 
scan. In-situ conductance (1

st
 and 2

nd
 cycle) of RR (c) and RI(47:53) (d) films spin coated from CHCl3 

(c = 3 g/l) on interdigitated Pt electrodes at a lower vertex potential around -1.1 V. The potential differ-
ence between the two interdigitated combs is 10 mV. The measurements were performed in 
NBu4PF6/MeCN as electrolyte with a scan rate of 10 mV/s. 
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To shed light on the conducting state in such polymers, the conductance as function of 

applied potential was measured with an organic electrochemical transistor configuration, Fig-

ure 2 a) and b).42 The cyclic voltammograms on the Pt electrodes are identical to those dis-

cussed above, the forward scans are drawn in blue and the backward scan in orange. The 

conductance profile in the first full cycle shows two maxima, one at potentials corresponding 

to the first reduction to RR•− around -1.0 V and one during the second reduction to the dian-

ion RR2− around -1.45 V. Interestingly, the maximum conductance at the radical-anion state 

RR•− is higher compared to the dianion state RR2−. Furthermore, a decrease of the overall 

conductance is observed in the backward scan and remains at these low values in all further 

cycles. In the second full cycle the conductance profile is reversible both in the forward and 

in the backward scan.  

The formation of maxima instead of a conductance plateau, as e.g. observed for 

polythiophenes, indicates a different charge transport mechanism compared to classical con-

jugated polymers.40,43,44 This can be mainly attributed to localized charges on the naphtha-

lenediimide units which involves a hopping mechanism between different redox sites rather 

than delocalization along the polymer backbone.45,46 This mixed-valence conductivity is ob-

served also for redox-polymers, which associates RR to the class of conjugated redox-

polymers.27,31 Both temperature dependent measurements of charge carrier mobility in or-

ganic field effect transistors and results from charge modulation spectroscopy support these 

findings.47,48 The drop of the maximum of the in-situ conductance from the forward to the 

backward scan of RR is presumably due to a kind of overdoping or to an excessive degree of 

swelling and change of the film morphology through the formation of flow channels, thus di-

minishing charge transport.  

To address these issues, the in-situ conductance was investigated at different vertex po-

tentials (see also Supporting Information). Figure 2 c) shows the in-situ conductance of RR in 

the potential regime of –0.35 to –1.1 V (vs. Fc/Fc) where the radical-anion is observed in the 
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corresponding in-situ spectroelectrochemistry data. In these data the conductance does not 

drop and remains stable over numerous cycles. This is a strong indication that the second 

reduction does cause the decrease in conductance. This process might be the incorporation 

of even more counter ions – in addition to the incorporation during the first reduction – and 

further swelling of the film, which is a plausible reason why the in-situ conductance irreversi-

bly decreases upon cycling to very low potentials. 

The in-situ conductance profile of RI(47:53) is shown in Figure 2 b). The profile of the 

first full cycle shows two maxima at a potential around -0.95 V (RI•−) and of -1.38 V (RI2−), 

respectively, which are shifted to slightly higher potentials compared to RR. Again, a profile 

with two maxima is observed, however, differences between the forward and backward cycle 

are less pronounced, concurrent with the observations in the CVs. Although RI(47:53) seems 

to have a less ordered structure and should therefore allow easier intercalation of counterca-

tions upon reduction, reduction to the dianion decreases the maximum conductance as well. 

Electrochemical measurements of the two regioirregular polymers RI(70:30) and RI(24:76) 

are in line with the results for RI(47:53), Figure S 1. Irrespective of the chemical linkage 

found in the regioirregular polymers, the redox units are the same, explaining a related 

charge transport by hopping processes in RI, also leading to similar conductance profiles. 

Overall the regioirregular systems seem to enable a facilitated diffusion of counterions and 

solvent into the films which can be seen by lower differences in the first and second cycles. 

This is reasonable and can be explained by less order in the films due to a lower degree of 

aggregation.  

Different countercations were used to see if the ion size has an impact on the conductiv-

ity, however, the decrease in conductance is observed for both RR and RI(47:53) in 

NMe4PF6, NBu4PF6 and NHex4PF6, as shown in Figure S 3.  
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From these experiments important insights in the reduction / doping behaviour of RR 

and RI P(NDI2OD-T2) are obtained. 1) In-situ spectroelectrochemistry allows the identifica-

tion of two charged states (radical-anion and dianion) upon reduction which are not sensitive 

to regioisomerism. 2) Organic electrochemical transistor measurements suggest mixed va-

lence conductivity of P(NDI2OD-T2) with a maximum conductance observed in the radical-

anion state. 3) For all systems conductivity is reduced when charging is performed until the 

dianion state and fully reversible when staying in the potential window for the radical-anion. 

4) For all regioirregular systems no first cycle effect in the cyclic voltammograms are ob-

served which can be explained by a more isotopic and easier accessible structure for re-

versible charging. 
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Chemical Doping of Regioirregular Films. 

Encouraged by the in-situ conductance measurements, the conductivity was tested with 

external chemical doping strategies. As mentioned in the introduction the search for chemical 

dopants of P(NDI2OD-T2) is not straightforward. To allow comparison with literature data, N-

DMBI was used for solution doping and TDAE for vapor doping in the following study (for 

chemical structures see Figure 3 a). Since miscibility problems and thus ineffective doping 

were already described in literature,28 advantage was taken of tunable aggregation in the 

regioirregular polymers by different amounts of 2,6- and 2,7 linkage of the repeating units. 

For organic solar cells it had been shown that a lower degree of aggregation can indeed lead 

to a better mixing in the blends, resulting in superior performance when regioirregular 

P(NDI2OD-T2) was used as acceptor.17 Also from the electrochemical investigations on 

regioirregular systems a less ordered film structure and better diffusion of counter ions is 

apparent, which might facilitate polymer/dopant miscibility. Less order and interaction be-

tween several polymer chains could potentially also enable a better diffusion/penetration of 

the TDAE dopant vapor into the polymer film.  

Solution Doping with N-DMBI 

The typical procedure for doping with N-DMBI in the literature includes mixing of the pol-

ymer with the dopant at room temperature (I), solution-deposition of the blends into films (II) 

and inducing the doping reaction upon heating (III).28 The optimized procedure for the exper-

iments in the following is mixing of stock solutions, spin coating, followed by heating of the 

blend films for 3 h at 55 °C in an inert atmosphere (see also Figure S 4). To study the reac-

tion success, UV-Vis absorption spectra were recorded after heating in inert conditions. 
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Figure 3. a) Chemical structures of N-DMBI and TDAE. UV-Vis spectra of spin-coated films of RR (b) 
and RI(47:53) (c) before doping (grey dotted lines) and upon solution doping with N-DMBI (50 mol%, 
red dotted lines) and vapor doping with TDAE (35 °C, 2 h, red dashed lines). Radical-anion bands at 
489 and 800 nm are highlighted and for comparison spectra taken at –1.25 V are shown (from Figure 
1, grey dashed lines). 

Compared to the absorption of the neutral RR film, the absorption profile of a 50 mol% 

N-DMBI doped RR film (Figure 3 b) shows a rather weak absorption increase at 489 nm and 

800 nm and only little changes of the neutral band at 710 nm. These data suggest that dop-

ing to the radical-anion state is happening, but only to a small extent compared to the in-situ 

spectroelectrochemistry results. Doping of the regioirregular films shows similar trends, as 

displayed in Figure 3 c) and Figure S 5. The only difference is that slightly more distinct radi-
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cal-anion bands at 489 and 800 nm are visible. With increasing 2,7-linkage in the 

regioirregular polymers the charge-transfer band of the neutral polymer gets less pronounced 

and blue shifted,17 leading to the stronger visibility of the second maximum of the radical-

anion around 800 nm in doped films.  

Table 1. Conductivity values for N-DMBI and TDAE doping of RR, RI(70:30), RI(47:53) and RI(24:76). 

 RR RI(70:30) RI(47:53) RI(24:76) 

 Conductivity σ / S/cm 

25 mol% 
N-DMBI 

(5.7 ± 1.1)   10
-4 (4.6 ± 0.7)   10

-4
 n .d. n .d. 

50 mol% 
N-DMBI 

(1.6 ± 0.2)   10
-3 (2.2 ± 0.2)   10

-3
 (6.1 ± 0.6)   10

-4
 (4.5 ± 0.6)   10

-4
 

TDAE (2.3 ± 0.3)   10
-3 (7.5 ± 0.7)   10

-4
 (3.9 ± 1.3)   10

-4
 (4.4 ± 0.4)   10

-4
 

 

Conductivity values of films doped with 25 and 50mol% N-DMBI are listed in Table 1. 

The measurements were performed with a 4-line-probe method where four terminal sensing 

eliminates contact resistances occurring at the probe/electrode or electrode/film interface.49 

The conductivities are σ = 5.7 ∙ 10-4 S cm-1 for 25 and σ = 1.6 ∙ 10-3 S cm-1 for 50 mol% doped 

RR films. Additionally, RI(70:30), RI(47:53) and RI(24:76) were doped with N-DMBI and the 

conductivity was measured to clarify the influence of regioregularity. Although featuring a 

lower charge carrier mobility,17 spin coated RI(70:30) can be doped with 25 and 50 mol% N-

DMBI to conductivities of σ = 4.6 ∙ 10-4 and σ = 2.2 ∙ 10-3 S cm-1, which is as high as for RR. 

For RI(47:53) and RI(24:76) doped with 50 mol% N-DMBI, slightly lower values around 5 ∙ 10-

4 S cm-1 are found. Higher dopant amounts of 100 mol% N-DMBI lead to a slight decrease in 

conductivity (RR: σ = 1∙ 10-3, RI(70:30): σ = 7 ∙ 10-4 S cm-1). 

AFM images (Figure S 6) of all polymers doped with N-DMBI show clustering of the do-

pant on the top surface. This implies a rather poor miscibility of polymer and dopant mole-

cules, fitting to observations in similar systems in literature.28,31 Also the blends with the 

regioirregular polymers do not seem to improve the mixing with the dopant. 
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Vapor Doping with TDAE 

Next, we used the electron rich vapor dopant TDAE which is known to be a reducing 

agent for fullerenes and polymers.50,51 TDAE has a reduction potential of -1.08 V vs. Fc/Fc+ 

which is in the potential range of the first reduction of P(NDI2OD-T2) (Figure 1).39,52 The ad-

vantage of vapor doping is that it is a post-deposition technique and the film morphology can 

be precisely controlled before the actual doping procedure is started. No dopant molecules 

can disturb the film formation process which should lead to higher order in the thin films.  

After optimizing the vapor doping time and temperature procedure (see supporting in-

formation), spin coated films were doped in TDAE vapor at 35 °C for 2 h and first their UV-Vis 

absorption behavior was investigated. The absorption spectra are shown in Figure 3 b) and 

c) for RR and RI(47:53), respectively. Similarly to what is observed with N-DMBI, the overall 

absorption of the radical-anion is hardly visible at 489 and 800 nm for the RR system and is 

slightly more pronounced for the regioirregular systems (Figure S 7 for RI(70:30) and 

RI(24:76)). 

RR films show conductivities of σ = 2.3 ∙ 10-3 S cm-1 after doping in TDAE vapor, which is 

comparable to 50 mol% N-DMBI doped films. Less aggregated systems as found in the re-

gioirregular polymers show conductivities of σ = 7.5 ∙ 10-4, σ = 3.9 ∙ 10-4 and σ = 4.4 ∙ 10-4 S cm-

1 for RI(70:30), RI(47:53) and RI(24:76), respectively. The values are summarized in Table 1. 

AFM images (Figure S 8) of the polymer films show a rather homogeneous surface and no 

clusters were observed. This is in contrast to films doped with N-DMBI. While for doping of 

RI(70:30) with N-DMBI similar conductivities to those of RR were found, the conductivities 

measured with TDAE remain slightly lower for the regioirregular polymers.  
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Discussion of N-DMBI and TDAE Doping of RR and RI Films. 

When RR films were doped, both dopants showed conductivities around σ = 2 ∙ 10-

3 S cm-1, which are in the same order of magnitude as for comparable systems in literature 

(1−8 ∙ 10-3 S cm-1).28,31,38,53 With N-DMBI a maximum conductivity could be observed at 

50 mol% of dopant. One main reason for this observation might be the strong clustering of 

dopant molecules which was observed for all dopant concentrations in atomic force micros-

copy. Consequently, only a very low doping efficiency is present, which was quantified in 

literature to only 1 %.28,31 A small extent of doping is supported by the UV-Vis absorption after 

doping. Similarly, Wang et al. observed high conductivities at rather low radical-anion ab-

sorption,54 and no clear correlation with the UV-Vis absorption could be found for both N-

DMBI and TDAE doping. The low efficiency is presumably the reason for various different 

polymer/N-DMBI ratios given in different manuscripts in literature for achieving the highest 

conductivity. Furthermore, this might be the reason that processing conditions are dissimilar 

in different investigations of independent research groups. No pure redox reaction but a hy-

dride transfer is proposed as doping mechanism for P(NDI2OD-T2)/N-DMBI doping, which 

complicates comparison between electrochemical and chemical doping behavior with N-

DMBI even further. 

Despite these issues, the regioirregular polymers RI(70:30), RI(47:53) and RI(24:76) 

could be successfully doped with N-DMBI and TDAE and similar conductivities of RI(70:30) 

compared to RR were measured. Lower values for RI(47:53) and RI(24:76) might be ex-

plained by even lower order in the films and thus hindered charge transport or an altered 

diffusion of the TDAE dopant vapor into the films. 

These findings suggest that independent of mobility, the conductivity seems to saturate 

in this polymer at around 2 ∙ 10-3 S cm-1. Naab et al. could show that the proportionality be-

tween mobility and conductivity is not always given in this and similar naphthalenediimide 

and perylenediimide polymers.38 It was proposed that the strong donor-acceptor character of 
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P(NDI2OD-T2) leads to a strong localization of the charges on the backbone and thus rather 

localized polarons with inefficient charge transport. More planarized NDI-based polymers 

with reduced donor–acceptor character were recently demonstrated to achieve higher con-

ductivities.55 On the other hand, neither N-DMBI nor TDAE reveal a strong radical-anion ab-

sorption after doping. It remains unclear if more charges in the backbone might also exceed 

the conductivity values of 10-3 S cm-1. In the following we use highly defined polymer mor-

phologies to further understand the chemical doping behavior.  
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Structural Analysis of Chemically Doped Anisotropic Films. 

 

Figure 4. Blade coating of aggregated polymer solutions to prepare anisotropic films. A fibrillar struc-
ture is observed in AFM of BC and BC/220 °C films, ribbons are present in AFM micrographs of 
BC/300 °C films. Anisotropy is probed by polarized UV-Vis spectroscopy parallel and perpendicular to 
the blade coating direction. Electrodes for four line probe conductivity measurements are shown 

schematically on a blade coated film. Conductivities are measured parallel (σ||) and perpendicular (σ) 
to the blade coating/chain direction. Schematic representations of the thin film morphologies after BC 
and BC/220 °C (face-on, form I) and BC/300 °C (edge-on, form II). Irrespective of the bulk morphology, 
at the top surface an edge-on orientation of the polymer chains is observed. 

While the direction dependence of absorption and charge carrier mobility has been well 

addressed for P(NDI2OD-T2), no reports in literature focus on the anisotropy in conductivity. 

Here, we follow a blade coating (BC) protocol which has been recently reported as a versa-

tile and easy method to prepare anisotropic P(NDI2OD-T2) films from aggregated 

chlorobenzene solutions.15 To summarize the procedure and the resulting morphologies: 

Preparation of aligned homogeneous P(NDI2OD-T2) films with thicknesses between 30-40 

nm can be achieved by blade coating of polymer solutions in chlorobenzene. Three different 

sample preparations will be compared: (I) as-cast blade coated films (BC), (II) blade coated 

films annealed at 220°C (BC/220°C) and (III) blade coated films annealed at 300°C 

(BC/300°C). The BC and BC/BC220°C films show a face-on morphology in bulk with poly-

morph form I (segregated stacking) and the BC/300°C films (mixed stacking) yield an edge-
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on morphology in bulk with polymorph form II.15,20,56 All films have an edge-on oriented layer 

on the top surface. Dichroic ratios (DR = A|| / A) determined by polarized UV-Vis spectros-

copy parallel and perpendicular to the blade coating direction of the films gave values of 8 

and above. The polymorphism is evidenced by ED, but can be also seen in the absorption 

spectra: a 790 nm absorption shoulder is characteristic for Form I and a 640 nm absorption 

shoulder for Form II. For the in-depth structural characterization we refer to reference 15.  

The oriented P(NDIT2OD-T2)  films were doped either with N-DMBI or with TDAE to 

make them conductive. As a matter of facts, N-DMBI doping was difficult since bladecoating 

and N-DMBI doping interfere (see experiments and discussion in the supporting information). 

Therefore, we will essentially focus in the following on the TDAE-doping from the vapor 

phase that allows to investigate the impact of initial film structure and morphology on the re-

sulting electronic properties of the TDAE-doped films. Dichroic ratios were determined by 

polarized UV-Vis measurements and before doping values of DR = 7.9, 8.0 and 8.4 were 

found for BC, BC/220 °C and BC/300 °C films, respectively. Vapor doping was performed at 

35 °C for 2 h in a sealed Petri dish. Alignment of the polymer chains seemed not to suffer 

from the doping process, as the polarized absorption after TDAE doping parallel is still signif-

icantly higher compared to perpendicular to the BC direction (Figure S 13). As discussed 

above due to the spectral change in the absorption spectrum upon generation of radical-

anions, no dichroic ratios were calculated. Atomic force micrographs indicate that alignment 

is maintained after doping, even though clusters of dopant seem to be present on the film 

surface (Figure S 14). 

The conductivities of the BC film parallel and perpendicular to the blade coating direction 

are σ|| = 3.3 ∙ 10-3 and σ = 1.2 ∙ 10-3 S cm-1, respectively, corresponding to an anisotropy in 

conductivity of 2.8. Isotropic films by spin coating have conductivities of σ = 2.3 ∙ 10-3 S cm-1, 

which is in between the values of parallel and perpendicular obtained by blade coating. 

BC/220 °C films show conductivities of σ|| = 7.7 ∙ 10-3 and σ = 1.3 ∙ 10-3 S cm-1 and maximum 
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values reach σ|| = 8.3 ∙ 10-3 S cm-1. An anisotropy factor of 5.9 is reached, which is the highest 

value reported for conductivities for P(NDI2OD-T2) so far. BC/300 °C films show slightly lower 

values of σ|| = 1.8 ∙ 10-3 and σ = 4.5 ∙ 10-4 S cm-1, with an anisotropy of 4.0. The values are 

summarized in Erreur ! Source du renvoi introuvable..  

Table 2. Conductivity values and anisotropy factors after TDAE doping in anisotropic blade coated 

films. 

 Doping with TDAE 

 BC BC/220 °C BC/300 °C 

σ / S·cm
-1
 (3.3 ± 1.6)   10

-3
 (7.7 ± 0.6)   10

-3
 (1.8 ± 1.4)   10

-3
 

σ / S·cm
-1
 (1.2 ± 0.2)   10

-3
 (1.3 ± 0.2)   10

-3
 (4.5 ± 1.8)   10

-4
 

σ  / σ 2.8 5.9 4.0 

 

Transmission electron microscopy was used to gain a more detailed understanding of 

the doping process in the polymer films. Films were blade coated on glass substrates, re-

moved from the substrate by floating on dilute HF solution and recovered on TEM grids. The 

films were then annealed to 220 °C or 300 °C to yield the target morphologies/polymorphs 

and subsequently doped with TDAE vapor. Figure 5 shows the ED patterns of both a) 

BC/220 °C and b) BC/300 °C films with and without TDAE doping, respectively. Additionally, 

cross-section profiles of the ED patterns along the meridian and equator are shown. The dhkl 

values evaluated from the reflections are summarized in Table 3. 
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Figure 5. Comparison of the TEM-ED diffraction patterns of doped and undoped P(NDI2OD-T2) blade-
coated films. a) The left patterns correspond to BC/220 °C and b) the right images to BC/300 °C films. 
Cross-section profiles along the meridian and equator show the relative intensities of the diffraction 
peaks along the alkyl (h00), π-stacking (0k0) and backbone (00l) directions. 

 

Table 3. Calculated distances from TEM-ED reflections in BC/220 °C and BC/300 °C before and after 
doping with TDAE vapor at 35 °C for 2h. Accurate diffraction distances were obtained by calibration 
with an oriented PTFE film on a second TEM copper grid, which was put on top of the doped film. The 
100 PTFE reflection observed corresponds to a distance of 4.9 Å.

56,57
 

 dhkl / Å 

 001 002 004 100 200 300 020 

BC/220 °C 13.9 7.17 3.58 25.1 12.5 8.36 - 

BC/220 °C 
doped 

13.6 6.85 3.42 21.6 - - - 

BC/300 °C 14.2 7.27 3.65 - - - 4.10 

BC/300 °C 
doped 

13.4 6.75 3.39 - - - - 
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BC/220 °C Samples 

BC/220 °C films show the typical reflections present in face-on oriented polymer chains 

with polymorph form I. This was assigned according to previous studies on P(NDI2OD-T2) 

with directional epitaxial crystallization on 1,3,5-trichlorobenzene and high-temperature rub-

bing and subsequent annealing below 280 °C.20,56 Recently, we showed that blade coating 

and annealing at 220 °C also leads to the observed morphology, albeit for polymers of lower 

molecular weight (Mn=XXX).15 The presence of a faint 020 reflection could result from edge-

on oriented chains on the film surface, which was also observed by near-edge X-ray absorp-

tion fine structure (NEXAFS) spectroscopy.15 The observation of (h00) reflections up to the 

fourth order in the alkyl direction and rather narrow diffraction arcs support the high align-

ment in the films, as it was also observed by polarized UV-Vis spectroscopy. 

TDAE doped samples display a less-defined ED pattern compared to BC/220 °C. Most 

prominent on the first view is the loss of higher order (h00) reflections along the side chain 

direction: only the 100 reflection remains visible after doping. This indicates a lower degree 

of order along this crystallographic direction, which could be explained by the intercalation of 

the dopant molecules between the alkyl chains. Hence, the distance between the chains 

should increase, as an additional molecule between the chains needs a certain amount of 

space. Surprisingly, the d100 value calculated from the observed reflection is 21.6 Å, which is 

3.5 Å shorter than for the undoped sample. The decrease in the d100 alkyl spacing is concur-

rent with a decrease of the backbone periodicity from d001=13.9 to 13.6 Å (higher-order reflec-

tions 002 and 004 correspond to 6.85 Å and 3.42 Å periodicities). GIWAXS measurements on 

TDAE doped P(NDI2OD-T2) in literature showed also a reduction in the lamellar reflexes (in-

plane) and a smoothing of the out-of-plane π-stacking peak.54 

Simultaneous decrease of both alkyl and backbone distance could have several origins. 

In form I, the a and c axes (along the side chains and backbone, respectively) make an angle 

= 76°.20,56 A simultaneous reduction of the d100 and d001 reticular distances could in principle 
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reflect a change in the  angle. However, this would imply the 001 reflections to depart from 

the meridional position which is contrary to the observation of a meridional 001 after doping. 

In other words, the original monoclinicity of the P(NDI2OD-T2) form I unit cell is lost after dop-

ing with TDAE whereas it should be enhanced in the case  decreases. Therefore, a change 

in the  angle seems not likely to explain the changes of the ED pattern upon doping. 

As an alternative explanation, the reduction of the d001 periodicity can also be due to a 

change in the P(NDI2OD-T2) backbone conformation. NEXAFS studies and vibrational spec-

troscopy showed that a dihedral angle θ around 40° between the naphthalenediimide and 

bithiophene units is present, even if on average the P(NDI2OD-T2) chains lie preferentially 

face-on with respect to the substrate.58–61 Additionally, a torsional angle around 148° exists 

between the two thiophenes (see also Figure S 15).60,62 Depending on the dihedral angles θ 

and , and the value of , different d001 periodicities along the polymer backbone can be ob-

tained. Also computational results on charged species showed changes in the bond lengths 

and torsional angles upon oxidation or reduction.63 Accordingly, TEM ED evidences a sizable 

change in the unit cell parameters of form I after TDAE doping possibly related to a change 

of backbone conformation. 

BC/300°C Samples  

In non-doped BC/300 °C samples, a preferential edge-on orientation of the P(NDI2OD-

T2) with polymorph form II (mixed stacking) is observed both in literature and in the work pre-

sented here.15,20,56 This can be seen from reflections along the meridian assigned to the 

backbone (00l) and the π-stacking reflection 020 with a distance of 4.1 Å. The ED pattern 

confirms polymorph form II in BC/300 °C films, given the dominant intensity of the 002 reflec-

tion over the 001.  

After doping with TDAE vapor for 2 h, no π-stacking reflection can be observed any-

more, which indicates an important reduction in the ordered packing of P(NDI2OD-T2) 
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chains. This is in line with recent results by Wang et al., who observed a disruption of the π-

stacking of TDAE doped P(NDI2OD-T2) films by GIWAXS measurements.55 Due to missing 

π-stacking or lamellar reflections, no assignment of face-on or edge-on is possible in 

BC/300 °C doped samples. Similar to the BC/200 °C samples, a reduction of the periodicity 

along the backbone is observed (the d00l distances are 13.4, 6.75 and 3.39 Å for l=1,2 and 4, 

respectively). The cross-sectional profiles along the meridian demonstrate an increase in 

scattering intensity of the 001 reflection. This is the fingerprint of polymorph form I and re-

veals a shift of the polymer chains along the c-direction from a mixed stacking in the un-

doped films to a segregated stacking after doping. The polarized UV-Vis absorption of a less 

doped BC/300 °C film in Figure S 16 supports this finding, as no absorption shoulder around 

640 nm is present after doping.20,56 In the thermodynamically stable form II, electron rich T2 

and electron poor NDI2OD are stacked on top of each other. If the electron rich dopant 

TDAE dopes the polymer and incorporates between the chains in the π-stacking plane, an 

additional electron rich molecule is present in the polymer film. TDAE molecules could thus 

disrupt the original mixed stacking (form II) of T2 and NDI2OD. This could further explain the 

transformation of form II back to form I after doping. 

No crystallites of the dopant molecules are observed in both BC/220 °C and BC/300 °C 

samples, thus no larger domains of the dopants seem to be present in the film. Additionally, 

the change of the TEM-ED patterns evidence doping of the bulk. At no point two crystalline 

phases, i.e. doped and undoped are observed, which indicates a uniform doping of all crys-

talline domains in the film. This is an important finding, which is not given by AFM or UV-Vis 

measurements. No significant broadening of the diffraction arcs can be observed, suggesting 

that the alignment of the polymer chains is preserved. This is in line with polarized UV-Vis 

spectra having qualitatively similar dichroic ratios before and after doping.  
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Discussion of TDAE Doped Anisotropic Films. 

All films indeed show an anisotropic charge transport in conductivity of 2.8, 5.9 and 4.0 

for BC, BC/220 °C and BC/300 °C films, respectively. However, as the dichroic ratio meas-

ured by polarized UV-Vis was around 8 for all samples, this is unexpectedly low. Lower ani-

sotropies in conductivity compared to electron mobility could indicate an inherently less de-

pendent transport on chain alignment in P(NDI2OD-T2). The charge carrier channel in tran-

sistors is at the interface between dielectric layer and polymer, while in conductivity meas-

urements charge carriers move three-dimensionally through the bulk. This is a fundamental 

difference and could explain different anisotropies and might even prevent the comparison of 

mobility and conductivity anisotropies. Likewise, for P3HT a dichroic ratio of 50 was obtained 

after high-temperature rubbing, while a conductivity anisotropy of 8–10 was found in F4TCNQ 

doped samples.24 The maximum conductivity of σ|| = 8.3 ∙ 10-3 S cm-1 parallel to the chain is 

among the highest conductivities for P(NDI2OD-T2) and even slightly higher measured here 

with TDAE.28,54 Furthermore, an anisotropy factor of 5.9 is reached, which has not been re-

ported for conductivities for P(NDI2OD-T2) so far.  

However, despite optimized procedures for vapor doping and high conductivities, TDAE 

seems to be not a very good dopant for P(NDI2OD-T2). This seems to have several reasons. 

(1) One reason might be that the conductivity reaches an intrinsic limit of P(NDI2OD-T2) dop-

ing due to the strong localization of charges caused by the strong donor-acceptor character 

of this polymer.38 This is corroborated by the electrochemical data which give clear evidence 

for mixed valence conductivity with discrete redox states. The localization of the charges is 

enhanced by the large dihedral angle between the naphthalenediimide and the bithiophene. 

Replacement of bithiophene with bithiazole was for example shown to reduce the torsional 

angle and increase conductivity.55 Recently, several examples showed improved miscibility 

by polar side chains or kinks in the polymer structure.32,37,64  
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(2) Another reason might be that TDAE is not strong enough in terms of reducing capa-

bility. Cyclic voltammetry studies of TDAE in acetonitrile gave reversible oxidation waves for 

TDAE to TDAE•+ and TDAE2+ with half wave potentials of -0.68 and -0.53 V vs. SCE which 

would result in -1.08 V and -0.93 V vs. Fc/Fc+.39,65,66 That means the first oxidation of TDAE 

fits to the first reduction of P(NDI2OD-T2).When the films are put into the heated TDAE dish, 

the TDAE evaporates and condenses on the polymer films. As an excess of TDAE is pre-

sent, P(NDI2OD-T2) seems to be reduced the radical-anion to a certain extent and is elec-

troneutralized by the TDAE•+ radical cation. This is in line with a pronounced radical anion 

band in presence of TDAE, as it could be shown in literature.54 

(3) The third possibility is related to the high volatility of TDAE dopant molecules that 

leave the films after doping. As soon as the samples are removed from the TADE vapor, they 

seem to dedope as indicated by the colour change of the films. This might be explained by 

the high vapor pressure of TDAE (boiling point around 60 °C) or a slightly higher redox po-

tential of RR•– → RR. The latter is reasonable as the neutral band of P(NDI2OD-T2) is rising 

after dedoping and no new bands are observed indicative of an irreversible secondary reac-

tion (Figure S 17). TDAE might be too volatile to efficiently dope the polymer and stay in a 

doped state. This explanation is corroborated by the TEM data. TDAE doping of both form I 

and form II polymorphs of P(NDI2OD-T2) results in a reduction of the unit cell parameters in 

the (a,c) plane and a substantial loss of -stacking reflections. Moreover, order along the 

alkyl side chains is also disrupted as witnessed by a loss of higher order (h00) reflections. 

The reduction of the unit cell volume after doping suggests that there is no substantial 

amount of TDAE molecules present in the crystalline phase of P(NDI2OD-T2). The final state 

of the film implies that most TDAE molecules that have doped the films in presence of dopant 

vapor, must have left the crystalline domains after removal of the sample from the dopant 

vapor atmosphere. This is corroborated by the UV–Vis results showing that the intensity of 

the radical-anion is lower in intensity after pumping the samples under vacuum (Figure S 17). 



29 
 
 

This situation reminds of the dedoping of iodine-doped polymers upon time as the doping is 

unstable.67,68 Accordingly, it is proposed that the crystallites observed by TEM are essentially 

dedoped, whereas TDAE dopants may still be present in the amorphous phase. This would 

further be consistent with the rather low intensity of the radical-anion peaks in the UV–Vis 

spectra of TDAE-doped films as compared to the films doped electrochemically and the 

overall low conductivities measured in these samples.  

Most remarkable is also the different impact of doping on the structures of form I and 

form II. After doping, the segregated stacking of form I is maintained but the interlayer order 

along alkyl side chains is strongly reduced (h00 with h≥2 are lost). Concerning form II, the 

situation is different. After doping with TDAE, form II films are transformed to form I. This im-

plies a strong structural reorganization from mixed stacking (form II) to segregated stacking 

(form I). In other words, it implies that the -stacking of the P(NDI2OD-T2) chains is strongly 

perturbed upon doping. If the film is annealed to 300 °C for a second time, the UV–Vis spec-

trum suggests the recovery of form II (Figure). This suggests that no irreversible reaction with 

the dopant takes place as the polymorph can be recovered. 

 

This is an interesting result as it shows that different polymorphs can respond differently 

to doping with TDAE in terms of structural reorganization. 

To the best of our knowledge, it is the first evidence for the influence of polymorphism on 

doping in polymer semiconductors.  

 

Conclusion. 

Electrochemical and chemical doping of P(NDI2OD-T2) and its regioirregular derivatives 

was investigated in detail. Organic electrochemical transistors were used to identify conduct-
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ing states and first cycle effects could be elucidated. In contrast to classical semiconducting 

polymers, a maximum conductivity is only observed at a certain level of doping instead of a 

conductance plateau, which is in accordance with a mixed valence-conductivity model. N-

DMBI and TDAE were used to chemically dope both regioregular and regioirregular 

P(NDI2OD-T2) in isotropic spin-coated films and regioregular P(NDI2OD-T2) in blade coated, 

large-scale aligned anisotropic films with well-defined morphologies. Maximum values up to 

σ|| = 8.3 ∙ 10-3 S cm-1 were measured, which is among the highest values reported for 

P(NDI2OD-T2) and slightly higher compared to literature doping with TDAE. Anisotropies 

around 5.9 indeed show a favoured charge transport along the blade coating direction over 

that perpendicular to it. 

A reduced lamellar and backbone periodicity was observed in TEM after doping in 

BC/220 °C samples, while the lamellar order was reduced and no clear monoclinicity of the 

unit cell could be observed anymore. Additionally, the polymorph changes upon doping from 

form II back to form I. No coexistence of doped and undoped phases is found in the doped 

films and the overall alignment of the chains is only marginally perturbed by the doping proc-

ess. All these findings claim for further in situ investigations of the doping process of n-type 

organic semiconducting polymers using GIXD or UV-vis spectroscopy in order to precise the 

mechanism of doping/dedoping with volatile dopants such as TDAE. 

Our study helps further understanding the impact of doping on the polymer morphology, 

however, further studies are needed to fully understand the impact on the structure, e.g. re-

duction in backbone periodicity upon doping. Concluding, blade coating and doping of 

P(NDI2OD-T2) with TDAE seem to be a suitable method for both achieving reasonable con-

ductivities with high anisotropies and receiving detailed structural information on n-type 

doped semiconducting polymer films.  
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From this it is rather surprising that the polymer shows a measurable conductivity at all. The 

values in the manuscript are in the range of literature values. Wang et al. also showed the 

maximum conductivity at rather low radical-anion absorption, which is in line with the results 

here.54 All the structures observed by TEM and characterized for their electrical conductivity 

corresponds most likely to a partially dedoped films, as TDAE leaves the samples in vacuum 

(present in the TEM and upon gold contact evaporation for electrical characterization).   

It is still unclear if the conductivity around 10-3 S cm-1 is the maximum conductivity, as neither 

in literature nor by us a “fully doped” sample could be measured. On the one hand, the val-

ues shown on the slide are all around 10-3 S cm-1 but show substantial more radical-anion 

bands without vacuum. On the other hand, higher conductivity might be accessed when the 

radical-anion band exceeds the neutral band more than shown here. The search of stronger 

dopants in terms of reduction potential or less volatile dopants is presumably the key for suc-

cessful, “irreversible doping” or “non-equilibrium doping”. 
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Experimental Section. 

Cyclic voltammograms were recorded under Ar atmosphere in a three electrode setup 

with the polymer films deposited by spin coating on indium tin oxide (ITO) as working elec-

trode, a platinum plate as counter electrode and a silver chloride coated silver wire as pseu-

do reference electrode. As electrolyte 0.1 M NBu4PF6 in acetonitrile was used, the scan rate 

was 20 mV s-1. Experiments were performed with an Autolab PGSTAT101 potentiostat from 

Metrohm using the NOVA software. All potentials were rescaled to the formal potential of the 

redox couple Fc/Fc+ (ferrocene/ferrocenium) as external standard.69 UV-Vis spectra during 

cyclic voltammetry were taken with a Zeiss UV−vis spectrometer equipped with a MCS621 

Vis II spectrometer and a CLH600F lamp. For in-situ conductance experiments inderdigitated 

platinum electrodes with the spincoated polymer film were used as working electrode. A con-

stant bias of 10 mV was applied between the combs of the interdigitated electrode (distance 

between the combs is 5 µm) using a second potentiostat (μSTAT400, DropSens). The con-

ductance profile of the polymers was calculated from the measured current between the two 

interdigitated Pt electrodes according to Ohm’s law. Since the actually covered surface of the 

electrodes and the film thickness is very hard to determine, only the in-situ conductance pro-

file no conductivity values of different films can be determined. 

Atomic force microscopy was performed on a Bruker Dimension Icon AFM in tapping 

mode with HQ:NSC15/Al BS cantilevers from µMasch. 

Preparation of aligned films by blade coating was performed on a Coatmaster 510 by 

Erichsen equipped with a blade tilted by 8 ° with respect to the substrate. The height was 

adjusted by micrometer screws to 100 µm above the substrate. Bladecoating was performed 

with a velocity of 1 mm s-1 at 80 °C. The polymer solution (c = 20 g l-1 in chlorobenzene) was 

applied at 80 °C with a preheated glass syringe.  
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Annealing of polymer films was done in an inert atmosphere using a THM 600 hot-stage 

(Linkam) controlled by a T95-PE temperature controller. Films were heated with a rate of 

10 K min-1 to the indicated temperature, annealed for 5 min and slowly cooled to room tem-

perature with a rate of 0.5 K min-1.   

Structural analysis: TEM: The preparation of the samples for TEM analysis involved four 

steps: i) floating the blade coated polymer layers on diluted HF solution (5 %) and transfer to 

TEM copper grids, ii) coating the films with a carbon layer deposited with an auto 306 Ed-

wards evaporator, iii) annealing to 220 or 300 °C and iv) doping the TEM grids in the glove 

box with TDAE at 35 °C. To avoid sample ageing in ambient atmosphere, the TEM grids 

were mounted on the TEM sample holder inside the glove box and the holder was then 

transferred to the TEM in an air-tight container. The samples were only swiftly exposed to air 

(1-2 s) just before introducing the sample holder into the TEM. TEM was performed in the 

bright field and diffraction modes using a CM12 Philips microscope equipped with an MVIII 

(Soft Imaging System) Charge Coupled Device camera. Beam exposure was set to a mini-

mum using the low dose system. TEM grids with a thin film of oriented PTFE films were fur-

ther superposed with the P(NDI2OD-T2) samples to serve as a reference for the calibration of 

reticular distances.   

Doping: N-DMBI was synthesized according to procedures published in literature.29,30 4-

(dimethylamino)benzaldehyde (0.150 g, 1.00 mmol, 1 eq.) and N,N-dimethyl-o-

phenylenediamine (0.138 g, 1.01 mmol, 1.01 eq.) were dissolved in MeOH (2 ml) in a Schlenk 

tube. Glacial acetic acid (50 µl, cat.) was added and the solution was sonicated for 2 h. After 

freezing with liquid nitrogen and heating again to room temperature, a white precipitate was 

observed, which was then separated. Recrystallization from MeOH:H2O (1:1, v:v, 22 ml) 

yielded N-DMBI as white, needle-like crystals (14 mg, 52.4 µmol, 5 %).  
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1H NMR (250 MHz, CDCl3): δ = 7.4–7.38 (m, 2H), 6.81–6.66 (m, 4H), 6.48–6.36 (m, 2H), 

4.79 (s, 1H), 3.00 (s, 6H), 2.56 (s, 6H) ppm.  

13C NMR (63 MHz, CDCl3): δ = 151.4, 142.4, 129.8, 126.2, 119.2, 112.2, 105.7, 94.0, 40.7, 

33.2 ppm. 

Isotropic P(NDI2OD-T2)/N-DMBI blend films (RR:  n
     = 18 kg mol-1, PDI = 1.7, 1,2,4-

trichlorobenzene HT-SEC (160 °C) calibrated vs. PS standards) were prepared by mixing 

aliquots of the polymer (3.33 g l-1 CHCl3) and N-DMBI (3 g l-1 CHCl3) and spin coating after-

ward in a N2 filled glove box. The doping reaction was induced by heating at 55 °C for 3 h in 

inert atmosphere. RI(70:30) ( n
     = 25 kg mol-1, PDI = 1.7), RI(47:53) ( n

     = 36 kg mol-1, PDI = 

1.9) and RI(24:76) ( n
     = 11 kg mol-1, PDI = 1.3) blends with N-DMBI were prepared accord-

ingly. 

TDAE was purchased from Ark Pharm, Inc. and was used as received. Vapor doping of 

P(NDI2OD-T2) ( n
     = 18 kg mol-1, PDI = 1.7) was done by blade coating the pure polymer 

from 20 g l-1 CB at 80 °C, a blade height of 100 µm and 1 mm s-1 on cleaned glass substrates. 

The solution was not cooled down and was prepared beforehand by dissolving the polymer 

over night at 80 °C. In a glove box, TDAE (100 µl) was put in a closed Petri dish (V = 80 ml, d 

= 8 cm) and the substrates were fixed on top of the petri dish to expose the films to the TDAE 

vapor for the indicated time. For a higher vapor pressure, the Petri dish was put on a hot 

plate at 35 °C. Spin coating and vapor doping was done for all polymers with CHCl3 at a con-

centration of 3 g l-1. 

Conductivity measurements: 

Four equally distanced Au contacts (delectrode = 30 nm, lchannel = 450 µm, wchannel = 10 mm) 

were patterned on top of the doped films with a UNIVEX 350 G evaporation chamber by Oer-

likon Leybold Vacuum at pressures below 10-6 mbar. Two sets of lines are parallel and per-

pendicular to the blade coating direction, respectively. Four-line electrical measurements 
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were done inside a nitrogen filled glove box using an EP 6 Probe Station from Süss MicroTec 

and a Keithley 2636 SourceMeter. The contact resistances are eliminated by applying a cur-

rent at the outer lines and measurement of the voltage at the inner lines. The conductivity is 

calculated as follows: 

   
        

                    
 (1) 

Film thicknesses dfilm were determined by scratching the film from the substrate with a can-

nula and measuring the height difference at the edge between film and substrate by AFM.  
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Supporting Information 

 

Figure S 1. Electrochemical characteristics of RI(70:30) (top) and RI(24:76) (bottom). Cyclic voltam-
mograms were measured of films spin coated from CHCl3 (c = 3 g/l) on ITO as working electrode in 
0.1 M NBu4PF6/MeCN as electrolyte. Scan rate is 20 mV/s. UV-Vis spectra recorded during the for-
ward scan in the 2

nd
 cycle, the spectra are divided into the first (−0.8 to −1.25 V) and second (−1.25 to 

−1.6 V) reduction. In-situ conductance and cyclic voltammogram on interdigitated Pt electrodes. Purple 
is the forward and green the backward scan. The potential difference between the two combs is 
10 mV. The measurements were performed in NBu4PF6/MeCN as electrolyte with a scan rate of 
10 mV/s. 
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Figure S 2. Plots of the in-situ conductance as function of the cycles of RR and RI(47:53). During the 
first three cycles, the potential scan was reversed after the first reduction (around -1.1 V, *), and in the 
three subsequent cycles (4

th
-6

th
 cycle), the polymer was fully reduced to the dianion (#). The high-

lighted color corresponds to the in-situ conductance curves presented in the main text in Figure 2. 

The in-situ conductance was investigated at different vertex potentials. Specifically, a 

freshly prepared film was just reduced to the radical-anion for three times and then fully re-

duced to the dianion, which is shown in Figure 2 c) for RR. In this graph the course of the in-

situ conductance of several consecutive measurements is plotted versus the measurement 

time, which is connected to the potential via the scan rate (10 mV/s). In the first three cycles 

the potential was turned before the second reduction, that is, the first six signals in Figure 2 

belong to the first reduction and the associated reoxidation.  

In the fourth cycle, RR was reduced twofold, i.e. to the dianion. Four peaks (highlighted 

by * and #) in the plot belong to this cycle, namely that of the first reduction (*), second re-

duction (#) and that of the two corresponding reoxidations. From this figure it is obvious that 

the in-situ conductance remains almost constant during the first three cycles and then drops 

after the polymer is reduced to the dianion for the first time. This suggests that a process 

during the second reduction causes the decrease in conductance. This process might be the 

incorporation of even more counter ions – in addition to the incorporation during the first re-

duction – and further swelling of the film, which might irreversibly decrease the in-situ con-

ductance.  
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Figure S 3. In-situ conductance of RR and RI(47:53) films spin coated from CHCl3 (c = 3 g/l) on inter-
digitated Pt electrodes. The measurements were performed with the indicated conducting salt in 
MeCN as electrolyte with a scan rate of 10 mV/s. The in-situ conductance is plotted as function of the 
measurement time. During the first cycles, the potential was turned before the second reduction 
(around -1.1 V), and in subsequent cycles, the polymer was fully reduced to the dianion, as illustrated 
by the dotted line. 
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In-situ absorption spectroscopy of films following the peak trend of the 489 nm radical-anion 

band upon heating from RT with 1K/min up to 180°C clearly show that: (1) already at tem-

peratures around 50 °C the 489 nm band constantly increases suggesting that the doping 

reaction is already happening at low temperatures and that (2) temperatures over 80°C re-

veal decreasing intensity of the 489 nm which might be due to dedoping. 

 

Figure S 4. a) UV-Vis absorption spectra during doping of a P(NDI2OD-T2) film with 100 mol% N-
DMBI at 55 °C for 3 h. Difference between the spectra is 10 min. b) Absorption intensities at 489 nm as 
function of doping time. The colored data points correspond to the absorption spectra shown on the 
left. c) Peaktrend during doping of a P(NDI2OD-T2) film with 100 mol% N-DMBI at higher temperatures 
with a heating rate of 1 K min

-1
. 

 

 

Figure S 5. Absorption spectroscopy of spin coated P(NDI2OD-T2)/N-DMBI blends with different 
amounts of N-DMBI after temperature treatment at 55 °C for 3 h.. Black: RR, red: RI(70:30), blue: 
RI(47:53), green: RI(24:76).  
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Figure S 6. AFM height and phase images obtained in tapping-mode of spin coated RR/N-DMBI (25 
and 50 mol%) (black), RI(70:30)/N-DMBI (25 and 50 mol%) (red), RI(47:53)/N-DMBI (50 mol%) (blue) 
and RI(24:76)/N-DMBI (50 mol%) (green) thin films. Films were temperature treated for 3 h at 55 °C 
after spin coating to induce the doping reaction. 
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Figure S 7. Absorption spectroscopy of spin coated P(NDI2OD-T2) films doped for 120 min in TDAE 

vapor at 35 °C. Black: RR, red: RI(70:30), blue: RI(47:53), green: RI(24:76).  

 

  

Figure S 8. AFM height and phase images obtained in tapping-mode of spin coated RR (black), 
RI(70:30) (red), RI(47:53) (blue) and RI(24:76) (green) thin films. Films were doped in TDAE vapor for 
120 min at 35 °C. 
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Solution Doping with N-DMBI and Blade Coating 

For solution doping and blade coating of P(NDI2OD-T2) ( n
     = 37 kg mol-1, PDI = 3.2, 

CHCl3 SEC calibrated vs. PS standards) the polymer was dissolved overnight in CB at 80 °C, 

c = 20 g l-1. The solution was cooled to room temperature, N-DMBI was added (25 and 

50 mol%, respectively) and the room temperature blend was blade coated on a blade coater 

(Erichsen Coatmaster 510, sample stage at 80 °C), a blade height of 100 µm and a speed of 

1 mm s-1 on precleaned glass substrates (ultrasonication in iPrOH and acetone for 10 min 

each, followed by an oxygen plasma treatment for 10 min, 100 W). The blade coated films 

were immediately transferred into an inert atmosphere in a glove box and heated to 55 °C for 

3 h.  

For solution doping the procedure of blade coating had to be performed at room temper-

ature. The optimized blade coating protocol with solution and sample stage temperatures of 

80°C would have already induced the doping process, thus the P(NDI2OD-T2)/N-DMBI 

blends were first blade coated from room temperature solutions and then the doping reaction 

was induced by heating the films at 55°C for 3 hours. Before inducing the doping reaction 

dichroic ratios can be determined to DR = 2.4 and 4.8 for doping amounts of 25 and 

50 mol%, respectively (see Figure S 10). This is overall lower than in P(NDI2OD-T2) blade 

coated homopolymer films and seems to be due to disturbance of the polymer alignment 

when N-DMBI is present. After inducing the doping reaction the anisotropy does not seem to 

change and a slight increase of a radical-anion band is visible at 489 nm comparable to what 

was observed in spin coated films. It was decided not to calculate dichroic ratios of the doped 

films due to the presence of the radical-anion band. 

The conductivities were measured parallel and perpendicular to the blade coating direc-

tion and are denoted as σ|| and σ, respectively (see also Figure 4). Values of σ|| = 3.2 ∙ 10-3 

and σ = 1.2 ∙ 10-3 S cm-1 are obtained for samples doped with 25 mol% of N-DMBI, which 

results in an anisotropy factor of 2.7. These as well as all other conductivities and anisotropy 
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factors are summarized in Erreur ! Source du renvoi introuvable.. When the amount of N-

DMBI is increased to 50 mol%, conductivity values of σ|| = 2.3 ∙ 10-3 and σ = 5.7 ∙ 10-4 S cm-1 

are observed, resulting in an anisotropy factor of 4.0. Interestingly, both dopant amounts of 

25 mol% and 50 mol% result in values around σ = 2 ∙ 10-3 S cm-1. The anisotropy factors of 2.7 

and 4.0 indicate a moderate difference between the conductivity parallel and perpendicular to 

the chain direction, but are lower compared to the anisotropies observed for example in elec-

tron mobilities in aligned films (around one order of magnitude or higher) by mechanical rub-

bing or blade coating.15,20 This might be explained due to the disturbance of polymer chain 

alignment in presence of the dopant. Blend formation could be not fully homogeneous and 

therefore hindering a smooth and high alignment of the chains. Another reason for lower 

alignment in the films could be the fact that the blend solution was not heated at 80 °C after 

addition of N-DMBI.  

Lower anisotropy in conductivity is also seen in lower dichroic ratios of 2.4 and 4.8 of N-

DMBI/P(NDI2OD-T2) blends. As observed for spin-coated films, no direct correlation between 

the molar ratio of polymer/dopant and the intensity of the radical-anion absorption can be 

made. This might be explained by the low miscibility of the dopant in the polymer matrix and 

thus different blend phase separation depending on the deposition conditions. Similar to 

spin-coated films, clustering of dopant on the surface of the film can be seen in all AFM im-

ages, independent of the amount of dopant used (Figure S 11). 

 

Table S 1. Conductivity values and anisotropy factors for N-DMBI doping in anisotropic blade coated 

films. 

 Doping with N-DMBI 

 25 mol% 50 mol% 

σ / S·cm
-1
 (3.2 ± 0.4)   10

-3
 (2.3 ± 1.4)   10

-3
 

σ / S·cm
-1
 (1.2 ± 0.2)   10

-3
 (5.7 ± 3.4)   10

-4
 

σ  / σ 2.7 4.0 
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Figure S 9. Polarized absorption spectroscopy of blade coated P(NDI2OD-T2) with  n
     = 37 kg mol

-1
 

and PDI = 3.2. The dichroic ratio is DR = 9.2. 

 

 

Figure S 10. Polarized absorption spectroscopy of blade coated P(NDI2OD-T2)/N-DMBI blends with 
different amounts of N-DMBI. The top row corresponds to the absorption prior temperature treatment, 
the bottom row shows the absorption spectra after temperature treatment at 55 °C for 3 h. 

DR = 9.2 

DR = 2.4 DR = 4.8 
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Figure S 11. AFM height (top) and phase (bottom) images obtained in tapping-mode of blade coated 
RR-P(NDI2OD-T2)/N-DMBI (25 and 50 mol%) thin films. Films were temperature treated after blade 
coating to induce the doping reaction. The scale bars represent 500 nm.  
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Since an exact control over the amount of TDAE dopant is difficult to achieve by vapor 

doping, doping times were varied from 1 to 180 min and the conductivity was measured for 

different vapor exposure times (see Figure S 12). The graph shows the stepwise increase of 

the conductivity with increasing vapor doping time. After 1 min of vapor exposure, the con-

ductivity was too low to be measured with our setup. 10 min of vapor doping lead to conduc-

tivities of around 3 ∙ 10-5 S cm-1, saturating at around 3 ∙ 10-4 S cm-1 after 120 min. In literature 

it is proposed that short doping times around 60−90 s lead to the highest conductivities 

(around 10-3 S cm-1) and further doping leads to a monotonic decrease of the conductivity.54 

These differences are likely due to usage of different doping chambers with different volumes 

and consequently different vapor concentrations. Thus, to increase the vapor pressure fur-

ther, the temperature of the setup was increased to 35 °C in the following doping procedures. 

 

Figure S 12. Conductivity values after vapor doping of blade coated P(NDI2OD-T2) films with TDAE 

for different doping times.  

 

Table S 2. Conductivity values and anisotropy factors of blade coated P(NDI2OD-T2) films doped with 

TDAE in Figure S 12.  

Doping with 

TDAE 
10 min 30 min 60 min 90 min 120 min 180 min 

σ / S·cm
-1
 (3.5 ± 0.3) ∙ 10

-5
 (6.1 ± 0.9) ∙ 10

-5
 (1.4 ± 0.1) ∙ 10

-4
 (2.1 ± 0.3) ∙ 10

-4
 (3.2 ± 0.1) ∙ 10

-4
 (3.3 ± 1.1) ∙ 10

-4
 

σ / S·cm
-1
 (1.0 ± 0.4) ∙ 10

-5
 (1.5 ± 0.2) ∙ 10

-5
 (4.1 ± 0.7) ∙ 10

-5
 (5.7 ± 0.6) ∙ 10

-5
 (8.0 ± 0.4) ∙ 10

-5
 (9.7 ± 0.5) ∙ 10

-5
 

σ  / σ 3.4 4.0 3.5 3.8 4.0 3.4 
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Figure S 13. Polarized absorption spectroscopy of blade coated P(NDI2OD-T2) thin films. Films were 
annealed after blade coating at the indicated temperature. The top row shows the absorption prior 
doping, the bottom row shows the absorption of films exposed to TDAE vapor at 35 °C for 120 min.  

 

Figure S 14. AFM height (top) and phase (bottom) images obtained in tapping-mode of blade coated 
P(NDI2OD-T2) thin films. Films were annealed after blade coating at the indicated temperature and 
exposed to TDAE vapor at 35 °C for 120 min. The scale bars represent 500 nm.  

 

DR = 7.9 DR = 8.0 DR = 8.4 
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Figure S 15. Backbone dihedral angles are shown in the monomer structure, reproduced from 
(U)CAM-B3LYP/6-31G* optimized cartesian coordinates given in ref. 

63
. The alkyl chains were re-

placed by methyl groups for computing reasons. 

 

 

Figure S 16. Polarized absorption spectroscopy of a BC/300 °C P(NDI2OD-T2) thin film exposed to 

TDAE vapor at room temperature for 120 min. 

 



63 
 
 

 

Figure S 17. Absorption spectroscopy of TDAE doped samples with and without vacuum treatment.  

The UV–Vis data shown in Figure S 17 were recorded directly after vapor doping with TDAE, 

whereas all other data in the manuscript were recorded after conductivity measurements 

which included an electrode deposition step in vacuo. The spectrum after TDAE doping at 

35 °C without additional vacuum (blue) shows a more pronounced radical-anion absorption 

as observed after the usual sample preparation including vacuum. If the sample is put in the 

vacuum of the evaporation chamber for 45 min, a decrease in the radical-anion absorption is 

visible (red) and corresponds to the spectra measured of the other samples in the manu-

script. In terms of conductivity, both samples show values around 10-3 S cm-1, which is in line 

with the values obtained in the manuscript. Thus, the films are partially dedoped when they 

are placed in vacuo.  
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Figure S 18. Polarized absorption spectroscopy of a BC/300 °C P(NDI2OD-T2) thin film exposed to 

TDAE vapor at 35 °C for 120 min and then again annealed at 300 °C. 

 


