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ABSTRACT: We investigated the impact of Singly Occupied Molecular Orbital (SOMO) energy on the n-doping efficiency of 
benzimidazole-derivatives. By designing and synthesizing a series of new air-stable benzimidazole-based dopants with dif-
ferent SOMO energy levels, we demonstrated that an increase of the dopant SOMO energy by only ~0.3 eV enhances the 
electrical conductivity of a benchmark electron-transporting naphthalenediimide-bithiophene polymer by more than one 
order of magnitude. By combining electrical, X-ray diffraction, and electron paramagnetic resonance measurements with 
density functional theory calculations and analytical transport simulations, we quantitatively characterized the conductivi-
ty, Seebeck coefficient, spin density, crystallinity of the doped polymer as a function of the dopant SOMO energy. Our find-
ings strongly indicate that charge and energy transport are dominated by the (relative) position of the SOMO level, whereas 
morphological differences appear to play a lesser role. These results set molecular-design guidelines for next-generation n-
type dopants. 

INTRODUCTION 

Thanks to their versatile chemical synthesis, inexpensive 
solution processability and unique mechanical flexibility,1 
π-conjugated polymers are finding application in a vast 
variety of present and future low-cost and distributed 
technologies, including organic solar cells (OSCs),2–4 organ-
ic light emitting diodes (OLEDs),3 organic thermoelectrics 
(OTEs),5–9 batteries and supercapacitors.10,11 The perfor-
mance of these organic electronic devices strongly de-
pends on the charge transport properties of the semicon-
ductor active layers. The conductivity of several solution 
processable conjugated polymers, and therefore the per-
formance of many of the corresponding devices can be 
enhanced by molecular doping. This can be achieved by 
either oxidizing (p-doping) or reducing (n-doping) the π-
conjugated semiconductor with a dopant, a strategy that 
increases the charge-carrier concentration, and thereby 

the electrical conductivity (σ). For practical applications, 
both hole-transporting (p-type) and electron-transporting 
(n-type) conducting polymers are usually required. How-
ever, unlike p-doped polymers that exhibit σ typically larg-
er than 1000 S cm−1,12–15 n-doped polymers are yet at an 
early stage of development with conductivities only re-
cently passing 1 S cm−1.16–19  

The first dopants reported for n-type organic semicon-
ductors were metal complexes and inorganic salts deposit-
ed by thermal evaporation, a process that is incompatible 
with high throughput, large area device manufacturing.20–24 
Solution-processable aromatic molecules, such as charge 
transfer complexes,25 have also been used as n-type do-
pants, but they are unstable in air. The use of air-stable 
precursors, which are then converted by heat or light into 
the reducing agent, allows to overcome the air instability 
issue.26,27 The most notable example of solution-
processable and air-stable dopant is the 4-(1,3-dimethyl-



 

2,3-dihydro-1H-benzoimidazol-2-yl)-N,N-dimethylaniline 
(N-DMBI).28 It represents a class benzimidazole-based do-
pants that can effectively n-dope semiconducting poly-
mers29 and small molecules30 via hydride31 or electron28,32–

34 transfer, yielding high electron conductivities. Schlitz et 
al., for example, used N-DMBI to dope the high electron 
mobility polymer poly(N,N’-bis-2-
octyldodecylnaphthalene-1,4,5,8-bis-dicarboximide-2,6-
diyl-alt-5,5’-2,2’-bithiophene) P(NDI2OD-T2), obtaining an 
optimized electrical conductivity of ∼0.001 S/cm.29 The low 
conductivity was attributed to the strong charge carrier 
localization on the polymer backbone35 and to the limited 
solubility of benzimidazole-based dopants in the host pol-
ymer, which restricts the doping efficiency to only ∼1%.36 
Following that study, many reports have focused on im-
proving the miscibility of the dopant, by tailoring either 
the host polymer backbone37–42 or the dopant molecular 
structure.36 Despite the progress in this field, the role of 
the benzimidazole-based dopant energetics on the doping 
efficiency remains poorly understood. 

Here, we investigate the influence of the Singly Occupied 
Molecular Orbital (SOMO) energy on the doping efficiency 
of benzimidazole-derivatives, with P(NDI2OD-T2) used as 
a benchmark n-type host polymer. We designed and syn-
thesized a series of benzimidazoles in which the substi-
tutes on the benzo-ring and 2-phenyl ring have been sys-
tematically varied, in order to adjust the energy of the 
SOMO level (Figure 1). We observed that a variation in the 
SOMO energy of only ~0.3 eV induces an increase in the 
electrical conductivity of the doped P(NDI2OD-T2) films by 
more than one order of magnitude. By combining electri-
cal, X-ray diffraction, and electron paramagnetic resonance 
measurements with density functional theory calculations 
and analytical transport simulations, we quantitatively 
characterized the electrical conductivity, Seebeck coeffi-
cient, spin density, crystallinity of P(NDI2OD-T2) films 
doped with the benzimidazole-derivatives. Complementing 
recent works focusing on the guest dopant/host polymer 
miscibility, we show here that the SOMO energy has a 
strong effect on the doping efficiency of benzimidazole-
derivatives and needs to be taken into consideration when 
synthesizing new benzimidazole-based dopants. 

 

Figure 1. Molecular structures of the benzimidazoline-based 
dopants investigated in this study. 

EXPERIMENTAL SECTION 

Dopant synthesis. All dopants were synthesized fol-
lowing the procedures reported in the Supporting Infor-
mation. All reagents and solvents involved in the synthesis 
were purchased from Sigma Aldrich and used as received, 
except THF (freshly distilled from Na/benzophenone un-

der nitrogen atmosphere). Glassware has been flame-dried 
under vacuum before use when necessary. 1H-NMR and 
13C-NMR spectra were recorded on a Bruker Avance DRX-
400 and on a Bruker AMX 300 in CDCl3 or DMSO-d6 as sol-
vents. Mass spectra were obtained with a VG Autospec 
M246 magnetic mass spectrometer with a LSIMS ionic 
source. Elemental analysis was carried out with a Perkin-
Elmer CHN 2400 instrument. 

Calorimetric and Thermogravimetric Measure-
ments. Differential scanning calorimetry (DSC) measure-
ments of pristine dopants were performed on Al-crucibles 
(40 µl) under N2 at 10 K min–1 with a Mettler Toledo DSC 3 
instrument equipped with a Huber TC100-MT cooling sys-
tem. Thermogravimetry measurements were performed 
on alumina crucibles (70 µl) under N2 at 10 K min–1 with a 
Mettler Toledo TGA/DSC 3+. Both TGA and DSC analysis 
were processed by STARe software. 

Electrochemical characterization. The voltammetric 
studies were performed in a 4 cm3 cell, on ca. 2.5 × 10–3 M 
solutions in acetonitrile (Aldrich, 99.8%) with 0.1 M tet-
rabutylammonium perchlorate (TBAP, Fluka) as the sup-
porting electrolyte. The solutions were de-aerated by N2 
bubbling. The ohmic drop was compensated by the posi-
tive feedback technique.43 The experiments were carried 
out using an AUTOLAB PGSTAT potentiostat (EcoChemie, 
The Netherlands) run by a PC with GPES software. Cyclic 
voltammetry (CV) investigations were carried out at scan 
rates typically ranging from 0.05 to 2 Vs–1, with ohmic drop 
compensation. Differential pulse voltammetry (DPV) 
curves were recorded with a step potential of 5 mV and a 
modulation amplitude of 50 mV. The working electrode 
was a glassy carbon one (AMEL, diameter = 1.5 mm) 
cleaned by synthetic diamond powder (Aldrich, diameter = 
1 μm) on a wet cloth (STRUERS DP-NAP); the counter elec-
trode was a platinum wire. The operating reference elec-
trode was an aqueous saturated calomel electrode, but the 
potentials were ultimately referred to the Fc+/Fc (ferrocin-
ium/ferrocene) couple.44,45 To prevent water and chloride 
leakage into the working solution a compartment filled 
with the operating medium and ending with a porous frit 
was interposed between the reference electrode and the 
cell.  

Film preparation and doping. Polymer films were 
prepared inside a nitrogen-filled glovebox. P(NDI2OD-T2) 
ActivInk N2200 (Mn = 29.7 kDa) was purchased from Flex-
terra. P(NDI2OD-T2) (5 mg/ml) and benzimidazole do-
pants were dissolved in C6H4Cl2. All solutions were stirred 
at 60 °C overnight to ensure complete dissolution. Later, 
appropriate amounts of each dopant solution were added 
to the P(NDI2OD-T2) solution and stirred for at least 1 
hour. Glass substrates were cleaned sequentially in ultra-
sonic bath with acetone and isopropanol for 5 min each 
and dried by nitrogen flow. 3 nm Cr and 20 nm Au were 
deposited by thermal evaporation on glass substrates 
through shadow mask to define a two-probe geometry. 
Doped solution at each molar ratio were spin-coated (1000 
rpm for 30 s) on glass with pre-patterned electrical con-
tacts, and subsequently thermally annealed at 150 °C un-
der nitrogen atmosphere for 30 min. 

Optical and Electrical Characterization. Absorption 
measurements of thin films were performed in nitrogen 
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and at room temperature by using an UV-vis-NIR spectro-
photometer (PerkinElmer Lambda 900). Electrical conduc-
tivity was measured in a N2-filled glovebox using a Keithley 
4200-SCS semiconductor parameter analyzer and deter-
mined from the slope 𝑑𝐼 𝑑𝑉⁄ |𝑉=0  for multiple devices per 
sample. The channel dimensions were L/W= 30 μm/1000 
μm. The Seebeck coefficients of the doped films were also 
measured under nitrogen atmosphere. The temperature 
gradient (∆T) across the sample was fixed by two Peltier 
modules, and the thermovoltage (∆V) was probed between 
two separate electrodes (L/W = 0.5 mm/15 mm). The See-
beck coefficient was obtained from the slope of ∆V meas-
ured at five different ∆T values.  

EPR and KP Measurements. Quantitative electron 
paramagnetic resonance (EPR) experiments were per-
formed at the Swedish Interdisciplinary Magnetic Reso-
nance Centre (SIMARC) at Linköping University, using a 
Bruker Elexsys E500 spectrometer operating at about 9.8 
GHz (X-band). EPR spectra were recorded in dark at room 
temperature. A quantitative spin counting was calibrated 
via a standard sample. All EPR spectra were normalized by 
an effective detection volume of the samples. The work 
function of doped films, deposited under the same condi-
tions as for conductivity and Seebeck coefficient samples 
on a 40-nm gold layer, were determined by Kelvin Probe 
(SKP5050, KP Technology Ltd). Freshly exfoliated highly 
ordered pyrolytic graphite (HOPG) was used as the refer-
ence sample (WF = -4.6 eV).  

Thin-Film Morphology Characterization. Atomic 
force microscopy (AFM) (Dimension 3100 microscope 
with Nanoscope IIIa controller; Digital Instruments) was 
operated in tapping mode to characterize the surface mor-
phologies and film thickness. Grazing Incidence Wide An-
gle X-ray Scattering (GIWAXS) experiments were per-
formed at the NCD-SWEET beamline of the ALBA Synchro-
tron, located in Cerdanyola del Vallès, Spain. The wave-
length of the X-rays, , was 0.9998 Å (12.4 keV), the sam-
ple-to-detector distance was 131.3 mm and the angle of 
incidence, αi, 0.15°. The diffracted intensity was recorded 
using a Rayonix LX255-HS detector, which consists of a 
1920  5760 (H  V) pixel array with a pixel size of 44  44 
m2. Data were normalized by the incident photon flux and 
the acquisition time. Flat field, polarization, solid angle and 
efficiency corrections were subsequently applied to the 2D 
GIWAXS images. The scattering vector q was defined with 
respect to the center of the incident beam and has a magni-
tude of q=(4π/λ)sin(θ), where 2θ is the Bragg reflection 
angle. The wedge-shaped corrected images are presented 
in this manuscript, where qxy and qz are the in-plane and 
near out-of-plane scattering vectors, respectively. The 
scattering vectors are defined as follows: 
qx=(2π/λ)(cos(2θf)cos(αf)-cos(αi)), 
qy=(2π/λ)(sin(2θf)cos(αf)), qz=(2π/λ)(sin(αf)+sin(αi)), 
𝑞𝑥𝑦

2 = 𝑞𝑥
2 + 𝑞𝑦

2 where αf is the exit angle in the vertical di-

rection and 2θf is the in-plane scattering angle.46 There-
fore, the scattering vector is calculated as follows 𝑞2 =
𝑞𝑥𝑦

2 + 𝑞𝑧
2. 

DFT Calculations. Theoretical calculations have been 
performed on the benzimidazole-based compounds in 
their reduced neutral (1H-5H), neutral radical (1●-5●) and 
oxidized ionic (1+-5+) forms to get HOMOs, SOMOs and 

LUMOs, respectively. Calculations have been carried out at 
the (U)B3LYP/6-311++G(d,p) level of theory using the 
Gaussian16 program package (Revision A.03).47 The geom-
etry of all compounds has been optimized both in vacuum 
and in acetonitrile starting from the X-ray structure of the 
triflate salt of 1+ and introducing the appropriate substitu-
tions. The effect of solvent was taken into account through 
the PCM approach based on the integral equation formal-
ism model (IEFPCM).48 

RESULTS AND DISCUSSION 

Design and synthesis of benzimidazoline-based 
dopants. In 2008, Cheng et al. reported a comparative 
study on the electron, hydride and hydrogen transfer abil-
ity of several heterocyclic organic hydrides.28 Among all 
the surveyed hydrides, benzimidazolines (BHs) resulted 
the strongest reductants and the authors evidenced in-
creased oxidation standard potentials (more negative) 
when electron-donating groups were introduced on the 2-
phenyl ring and an even larger effect when the substitu-
ents were positioned at the benzo-ring. Inspired by this 
work we rationally designed and synthesized three BHs 
(1H-3H), introducing electron-donating methyl groups on 
the benzo-ring and/or on the 2-phenyl ring (Figure 1). The 
benchmark benzimidazoline N-DMBI (4H), carrying a 
strong donating dimethylamino group on the 2-phenyl 
ring, was synthesized for comparison and its analogous 
(5H), bearing 2 further methyl donating moieties on the 
benzo-ring, was designed and synthesized in order to 
boost the doping efficiency and to prove the robustness of 
our approach. 

Although several synthetic routes have been reported in 
the literature as general methods to get benzimidazole 
compounds, some procedures required a specific customi-
zation due to the presence of sensitive moieties on the 
starting materials or intermediates. The synthetic path-
ways of BHs were finely-tuned to obtain the desired do-
pants in few and trivial steps (Figure 2). A first oxidative 
cyclocondensation from commercially available aryl dia-
mine and aryl aldehydes was drawn to give the benzimid-
azole core (B). When p-tolualdehyde and benzaldehyde 
were used as the starting materials, the reaction effectively 
took place in ethanol in the presence of hypervalent iodine 
reactant activated in situ by oxidation of Bu4NI with H2O2 
as reported by Zhu et al.49 In contrast, low reaction yields 
were obtained with 4-(dimethylamino)benzaldehyde as 
the starting material. Thus, to boost the reaction yield, we 
explored an alternative cyclocondensation route previous-
ly reported to synthesize benzothiazole derivatives.50,51 As 
a result the precursors were promptly converted in the 
corresponding intermediate B with reasonable yields in 
DMSO, which acts simultaneously as solvent and oxidant 
species. 



 

 

Figure 2. General synthesis of benzimidazolines: a) Bu4NI, 
H2O2, EtOH, rt, o.n. or DMSO, 200 °C, 30 min; b) CH3I, tBuOK, 
THF, 60 °C, 48 h / AgOTf, MeOH, rt; c) NaBH4, MeOH, 0 °C, 1 h. 

The following alkylation step was optimized to favour 
the formation of dimethyl benzimidazolium salts (B-X in 
Figure 2) in a one-pot strategy.52 The reaction smoothly 
proceeded at 60 °C in THF with stoichiometric amount of 
tBuOK and an excess of methyl-iodide to promote the sim-
ultaneous methylation of the two benzimidazole nitrogens 
to yield the desired B-I salts. The iodide counterion was 
also replaced with triflate to give B-OTf to prevent any 
influence of iodine on the redox potentials during the elec-
trochemical measurements. The anion exchange step pro-
ceeded almost quantitatively by performing the reaction at 
room temperature in methanol with silver trifluoro-
methanesulfonate. The final reductive step successfully 
converted the benzimidazolium salts in the corresponding 
benzimidazolines with excess of NaBH4.53 It is worth men-
tioning that while 1H, 2H, and 3H derivatives have easily 
been obtained by both iodide and triflate salt precursors, 
4H and 5H derivatives have been formed with appreciable 
yield only from reduction of triflate precursors. Eventually 
the optimized synthetic approach provided a rapid, effec-
tive and scalable pathway to prepare the benzimidazoline-
based compounds. All synthesized dopants were chemical-
ly characterized (Figures S1-S5) and their physical and 
electrochemical properties investigated. 

Dopants characterization. In order to gain insight in-
to the thermal stability of the synthesized dopants, we per-
formed DSC and TGA measurements in the temperature 
range 30-300 °C (10 °C/min) under nitrogen atmosphere. 
The presence of two methyl groups on the benzo-ring 
greatly impacts the dopant melting points (Figures S6-
S10). Indeed 2H, 3H and 5H derivates show melting tem-
peratures over 160 °C, much higher than those of 1H and 
4H derivates (ca. 100-120 °C) which lack the methyl 
groups. TGA analysis show that the onset temperature for 
degradation of all dopants lies at around 200 °C. By moni-
toring the weight losses, only 25% of the initial mass of 1H 
remains at 250 °C, while 60% and 64% can be recovered 
from 2H and 3H, respectively. A slighter difference is ob-
served comparing 4H and 5H which maintain 86% and 
92% of the initial weight. Overall, the collected data sug-
gest a positive effect on the thermal stability by introduc-
ing the methyl substituents at the benzo-ring. 

 

Figure 3. Plot of the SOMO of all synthesized dopants with 
isosurface value 0.04 a.u.. 

The dopant energetics were determined by a combina-
tion of electrochemical measurements and DFT calcula-
tions. Cyclic voltammetry (CV) and differential pulse volt-
ammetry (DPV) measurements were performed on the 
benzimidazoline compounds, and their corresponding 
benzimidazolium triflate salt precursors (see Supporting 
Information for further details). The electrochemically 
derived highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energies 
were then compared to the ones estimated by DFT. The 
results are summarized in Tables S1-S2. Although the DFT-
computed HOMO levels show lower energies compared to 
the CV-derived ones, the trends are in good agreement and 
both methods confirm the destabilizing effect of the benzo-
ring modification on the HOMO energies (Figures S11-S15 
and Tables S1-S2). This is consistent with the HOMO being 
predominantly localized on the benzo-ring (Figure S16). A 
similar trend can be observed for 4H and 5H, despite the 
electrochemical oxidation potentials being affected by the 
dimethylamino donor group on the 2-phenyl ring. Such a 
donor group slightly influences the CV-derived HOMO lev-
els, a result nicely reproduced by DFT. Dopant 5H, carrying 
both methyl substituents on the benzo-ring and the strong 
donor on 2-phenyl ring, shows the highest lying HOMO 
energy in the series from both theoretical calculations and 
electrochemical measurements. Thus, the measured HOMO 
levels vary in the dopant series as 1H (-4.68 eV) < 4H (-
4.62 eV) < 2H (-4.55 eV) < 3H (-4.54 eV) < 5H (-4.49 eV), 
with an average value at -4.68 eV. This value is much lower 
than the LUMO of P(NDI2OD-T2) which is around -3.90 
eV,54 such that no electron transfer can spontaneously oc-
cur between the guest dopant and the host polymer. 

It is known that the doping ability of benzimidazole-
based compounds arises from activation of the pristine 
dopants into highly energetic radicals.30,55 For this reason, 
we computed the SOMO energy levels of the radical species 
(1●-5●). The computed molecular orbital (MO) energy lev-
els are reported in Table S2 and plotted in Figure 3 with 
isosurface value 0.04 a.u.. Unlike the HOMO levels, both the 
DPV-derived and DFT-computed LUMOs as well as the 
DFT-computed SOMOs increase linearly (less negative) in 
the dopant series 1H (-3.02 eV) < 2H (-2.99 eV) < 3H (-
2.91 eV) < 4H (-2.82 eV) < 5H (-2.73 eV). The methyl 
groups have a stronger effect on the SOMO (and LUMO) 
destabilization when they are on the benzo-ring rather 
than on the 2-phenyl ring, as is evident by comparing the 
energies of the singly occupied MO levels of 1H, 2H and 3H 
(Figure 3 and Tables S1-S2). On the other hand, when a 
dimethylamino group is positioned on the 2-phenyl ring, as 
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in the case of 4H and 5H, its strong electron donating abil-
ity induces the SOMO to destabilize to a greater extent. As 
a consequence, the SOMO (and LUMO) level of 4H show 
higher energy than that of 2H bearing a methyl-substituted 
benzo-ring. Finally, it is worth noting that the simultane-
ous introduction of methyl groups on benzo-ring and of 
dimethylamino donor on 2-phenyl ring, as for 5H, has a 
synergistic effect which leads to even higher SOMO and 
LUMO energy levels. 

Electrical characterization. The electrical conductivity 
of doped P(NDI2OD-T2) thin films is reported in Figure 4a 
as a function of the dopant molar concentration. In its un-
doped pristine state, P(NDI2OD-T2) has an electrical con-
ductivity as low as ~4×10–7 S cm−1. After doping, the con-
ductivity dramatically increases by several orders of mag-
nitude with respect to the pristine P(NDI2OD-T2) films, 
regardless of the dopant used. Remarkably, for dopant 
concentrations ≤ 25 mol%, we found that the conductivity 
of doped P(NDI2OD-T2) increases exponentially towards 
shallower (less negative) SOMO energy of the molecular 
dopant by ~0.30 eV (Figure 4b). The derivative 5H, having 
a DFT-calculated ESOMO = -2.73 eV, yields the highest elec-
trical conductivity (~3×10−3 S cm−1) at 25 mol%, which is 
more than one order of magnitude higher than that 
achieved by 1H (ESOMO = -3.02 eV) at the same dopant con-
centration (~1.6×10−4 S cm−1). Notably, we observed that 
the maximum conductivity value shifts towards higher 
molar concentrations for dopant molecules having higher 
SOMO energy. For instance, 1H-doped P(NDI2OD-T2) 
reaches a maximum conductivity of 8.3×10–4 S cm−1 at 100 
mol%, whereas only 15 mol% of 5H is needed to get the 
same conductivity values. However, for dopant concentra-
tions > 25 mol% (Figure S17), the dependence of conduc-
tivity with the SOMO energy is lost, most likely due to seg-
regation of the dopant (Figure S18).56,57 Note that the con-
ductivity values and trends obtained for P(NDI2OD-T2) 
doped with 4H (i.e., N-DMBI) are consistent with previous 
reports,29,39,58 assuring that the films investigated in this 
study are representative of the high-performance material.  

We also measured the Seebeck coefficient (S) of 
P(NDI2OD-T2) films doped with the different benzimidaz-
ole-derivatives (Figure 4c). The negative sign of S is con-
sistent with electrons being the majority carrier. Note that 
the sign inversion observed for 5H-doped P(NDI2OD-T2) 
at 100 mol% is most likely due to the high electrical re-
sistance which changes dramatically while heating the 
substrate, thus introducing an error in the extraction of S. 
As expected, S is reduced when the dopant concentration is 
increased, regardless of the dopant molecule. Interestingly, 
S decreases towards higher lying SOMO energies at all mo-
lar concentrations. The Seebeck coefficients for dopant 
concentrations ≤ 25 mol% are reported as function of the 
SOMO energy in Figure 4d (S for dopant concentrations > 
25 mol% are shown in Figure S19). S reduces for less nega-
tive SOMO energy at all concentrations, and this effect is 
larger at higher dopant concentration. These tendencies 
are in agreement with the observed conductivity trends. 
The resulting power factor, defined as PF = S2σ, increases 
by more than 5 times when P(NDI2OD-T2) is doped with 
15 mol% 5H (0.011 μW m-1 K-2) as compared to 1H (0.002 
μW m-1 K-2, Figure S20). 



 

 

Figure 4. Electrical conductivity of doped P(NDI2OD-T2) as a function of dopant concentration (a) and as a function of 
SOMO energy of the dopant molecules (b). Seebeck coefficient of doped P(NDI2OD-T2) as a function of dopant concentra-
tion (c) and as a function of SOMO energy of the dopant molecules (d). 

EPR Analysis. To shed light on the doping process, 
P(NDI2OD-T2) films doped with the different benzimidaz-
ole-derivatives were investigated via electron paramagnet-
ic resonance (EPR). EPR was performed at room tempera-
ture in an oxygen-free environment and the results, rela-
tive to a representative dopant concentration of 15 mol%, 
are reported in Figure 5. While pristine P(NDI2OD-T2) 
films are silent in EPR, doped P(NDI2OD-T2) films show 
the presence of paramagnetic species with a characteristic 
electron g-factor of about 2.0021, regardless of the ben-
zimidazole-derivative (Figure 5a). Consistent with the 
measured conductivity trends above, the EPR signal inten-
sity increases towards shallower SOMO energies, indicat-
ing that 5H-doped P(NDI2OD-T2) possesses a significantly 
larger amount of paramagnetic species compared to 1H-
doped P(NDI2OD-T2). Quantitative analysis, performed by 
normalizing the EPR signals over the measured sample 
volume, reveals that the spin density increases exponen-
tially with higher lying SOMO energy, with 5H-doped 
P(NDI2OD-T2) possessing a spin density of 4.50×1016 

mm−3, which is about one order of magnitude above that of 
1H-doped P(NDI2OD-T2) (4.57×1015 mm−3). In addition to 
this observation, the spectral linewidth decreases going 
from 0.90 mT to 0.42 mT when P(NDI2OD-T2) is doped 
with 1H and 5H, respectively (Figure 5b). The narrowing 
of the EPR linewidth is consistent with a higher charge 
density.54 We also confirmed this observation by means of 
Kelvin probe, which shows that the work function of doped 
P(NDI2OD-T2) thin films decreases roughly linearly with 

higher lying SOMO energy (Figure S21), indicative of expo-
nentially increasing doping levels (being the Fermi energy 
EF  ln(n/N0), with n/N0 the charge concentration). Fur-
thermore, the absorbance difference between the doped 
and undoped P(NDI2OD-T2) shows a tendency of higher 
absorbance for films doped with shallower SOMO energy 
dopants at ~820 nm (Figure S22), which is consistent with 
the formation of a higher concentration of negative polar-
ons.17 

 

Figure 5. (a) EPR spectra (volume normalized) and (b) spin 
density and linewidth vs. SOMO energy of doped P(NDI2OD-
T2) at 15 mol% dopant concentration. 

Film Microstructure. Grazing incidence wide angle X-
ray scattering (GIWAXS) was performed to assess the im-
pact of the different benzimidazole-derivatives on the sol-



 

id-state microstructure of P(NDI2OD-T2). The recorded 2D 
diffraction patterns (Figure 6) were analyzed after back-
ground subtraction, wedge correction and scattering vol-
ume normalization, allowing for direct quantitative com-
parison between samples. The in-plane scattering data 
(Figure S23a) of the undoped P(NDI2OD-T2) films show 
reflections associated with the (h00) and (00l) families 
that, together with the presence of a significant (010) re-
flection in the out-of-plane scattering direction (Figure 
S23b), are indicative of a preferential face-on orientation 
of the polymer chains. The in-plane GIWAXS data show a 
main peak at 0.247 Å-1, which corresponds to a lamellar 
(100) plane with a d100 spacing in real space of 25.4 Å, in 
agreement with previous reports.59 The (200), (300) and 
(400) scattering peaks are also visible, attesting the high 
structural order of the polymeric films. Moreover, the 
(001) backbone reflection was found at 0.46 Å-1, yielding a 
repeat unit length of 13.7 Å. The higher order (002) back-
bone reflection is also visible at the expected qz values.58,60 
The presence of the (00l) planes for the in-plane data sug-
gests that the polymer chains largely lie with their back-
bones parallel to the substrate. Besides the (010) peak 
located at 1.61 Å-1 (π-π stacking of 3.9 Å), the out-of-plane 
scattering data reported in Figure S23b also show the 
presence of strong (h00) reflections. This is indicative of 
the existence of well-ordered, edge-on oriented P(NDI2OD-
T2) lamellae. The out-of-plane (100) peak of the pristine 
film, located at qz = 0.255 Å-1, corresponds to a lamellar d-
spacing of 24.6 Å. This value is slightly smaller than the 
d100-spacing calculated from the in-plane data (25.4 Å), 
suggesting that the edge-on lamellae are closer-packed 
with respect to the face-on oriented lamellae, in agreement 
with previous reports.61 

 

Figure 6. 2D GIWAXS patterns of undoped and doped 
P(NDI2OD-T2) at 15 mol% dopant concentration. 

Doped P(NDI2OD-T2) films, regardless of the used ben-
zimidazole dopants, show the same sets of in-plane and 
out-of-plane reflections as the undoped film, suggesting 
that the overall crystallite orientation is not affected, i.e. 
edge-on and face-on crystallites co-exist in the films. How-
ever, the intensity of the (h00) family peaks increases sig-
nificantly upon doping. This is indicative of an increase in 
relative crystallinity induced by the dopants, and con-
sistent with previous literature for doped P(NDI2OD-T2). 
No diffraction peaks related to the dopant phase are ob-

served, which is indicative of either a good polymer-
dopant intermixing or an inability of the dopant to crystal-
lize at this concentration (15 mol%). This is in agreement 
with atomic force microscope analysis that show no visible 
aggregates regardless of the dopant used (Figure S24). 
Figure S25a presents a zoom in the in-plane (100) peak, 
the integrated area of which can serve as a measure of 
crystallinity. A relative crystallinity has been estimated by 
normalizing the area of the (100) peak of the doped sam-
ples with respect to that of the pristine one and is present-
ed in Figure S25b. A linear increase of crystallinity is ob-
served as the energy of the SOMO level decreases, with the 
exception of the outlier 1H. Besides a crystallinity increase, 
doping induces a shift of the (100) peak along the qz axis 
towards higher values (Figure S26a), which is indicative of 
a reduced out-of-plane d100 spacing (Figure S26b). Note 
that no apparent shift is visible along the in-plane direc-
tion, implying that only the edge-on oriented crystallites 
are affected by dopants and not the face-on ones. No other 
unit cell parameters are affected by doping, suggesting that 
the dopants are intercalated between the in-plane lamel-
lae. Intuitively, the increased crystallinity (Figure S25b) 
and decreased lamellar spacing (Figure S26b) for higher-
lying SOMO levels can easily be correlated with the in-
crease in conductivity in Figure 4b. The prerequisite for 
such a causal relation to hold is that the long-range charge 
transport is limited by the intra-grain instead of inter-
grain transport, which is not upfront evident in polycrys-
talline films. In fact, it is known that interconnectivity be-
tween grains is more important than crystallinity in this 
class of donor-acceptor polymers.62* Moreover, several 
factors point towards a more complicated situation. First, 
the outliers at SOMO energies of -3.02 eV and -2.99 eV in 
Figure S25b and S26b, respectively, do not correlate with 
any noticeable features in the conductivity trend. Moreo-
ver, while better molecular packing logically leads to larger 
intra-grain transfer integrals and higher inter-grain mobil-
ities, it is harder to reconcile with the exponential increase 
in charge density, c.f. Figure 5, and the concomitant de-
crease in magnitude of the Seebeck coefficient (Figure 4d). 
Note that neither charge density nor Seebeck coefficient 
shows any deviations from smooth trends at the outliers in 
terms of packing that are mentioned above. Thus, we main-
ly attributed the variations in conductivity to the effect of 
SOMO energy. 

Analytical conductivity modeling. In order to inves-
tigate the potential role of the energetics, and particularly 
the position of the SOMO with respect to the P(NDI2OD-
T2) LUMO level, we analytically modeled the conductivity 
of the two-compound (semiconductor and dopant) system 
using a variable range hopping (VRH) model. We deliber-
ately did not include any morphology or packing aspects as 
to focus on the energetics only. The model has previously 
been used to describe the conductivity and thermopower 
of doped organic semiconductors.63–65 

Using Miller-Abrahams hopping rates, the conductivity is 
assumed to be dominated by a characteristic hop over a 
distance 𝑅∗ and going from the Fermi energy 𝐸𝐹 to an en-
ergy 𝐸∗ as: 

𝜎 = 𝜎0 exp (−2𝛼𝑅∗ −
𝐸∗ − 𝐸𝐹
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where 𝜎0 is a conductivity prefactor, 𝜎0 = 𝑛𝜇0 =

𝑁0
𝑅∗2

𝜈0

𝑝𝜎0,𝐷𝑂𝑆
. Here, n is the charge carrier density that is set 

equal to the density of active dopants 𝑁𝐷,𝑎𝑐𝑡 , i.e. the density 

of dopants that undergo integer charge transfer and con-
tribute a free charge to the system, 𝜎0,𝐷𝑂𝑆 is the width of 

the Gaussian DOS 𝑔0(𝐸) =
𝑁0

√2𝜋𝜎0,𝐷𝑂𝑆
2

𝑒𝑥𝑝 (
−(𝐸−𝐸0)2

2𝜎0,𝐷𝑂𝑆
2 ) of the 

pristine (undoped) material and 𝑁0 is the total site density. 
The characteristic hopping distance 𝑅∗ and the critical or 
transport energy 𝐸∗ are connected to each other through 
the density of states 𝑔(𝐸): 

𝐵𝐶 =
4

3
𝜋𝑅∗3 ∫ 𝑔(𝐸)𝑑𝐸

𝐸∗

𝐸𝐹

 

where 𝐵𝐶 ≈ 2.7 is the critical number of bonds on the 
percolating network.  

It is well established that the ionized dopants induce a 
deep tail in the original DOS. Here, we follow Ref. 63 who 
extended the work by Arkhipov et al.66 to systems with 
nonzero energy differences between the relevant level in 
the dopant and the semiconductor, here the SOMO and 
LUMO energies, respectively. Defining 

𝐸𝐶(𝑟 = 𝑁𝑖
−1 3⁄

) = −𝑞2 4𝜋𝜀0𝜀𝑟𝑟⁄  as the Coulomb energy a 

typical inter-site distance away from the ionized dopant 

and 𝐴 =
4𝜋𝑞6𝑁𝑑

(4𝜋𝜀0𝜀𝑟)3, 𝑔(𝐸) becomes 
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In this framework, the Seebeck coefficient can be well 
approximated by:65 

𝑆 ≅ −
𝐸∗ − 𝐸𝐹

𝑞𝑇
. 

Typical results of applying the VRH model to calculate 
conductivity and thermopower as a function of Δ𝐸 =
𝐸𝑆𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂, the energy difference between the dopant 
SOMO and semiconductor LUMO, are shown in Figure 7. 
The parameters used are typical for this type of com-
pounds64 and the shown trends are not sensitive to the 
particular values used. Importantly, the key observations 
in Figure 4 are reproduced by the VRH model for interme-
diate charge concentrations 𝑛 𝑁0⁄  of 1-3%, consistent with 
the limited doping efficiency experimentally observed for 
this polymer/dopant system.29 In particular, the exponen-
tial dependence of conductivity on dopant SOMO with a 
leveling off towards deeper SOMO energies (more negative 
Δ𝐸) is quasi-quantitatively reproduced by the model.  

At larger positive Δ𝐸, the modeled conductivity also lev-
els off due to all dopants having contributed a ‘free’ charge 
to the system, i.e. having been ionized; note that these 
charges still feel the long-range Coulomb attraction from 
the dopant ions. The exponential trend of the conductivity 
at intermediate Δ𝐸 reflects the thermal activation of 
charge carriers out of the trap formed by the Coulomb po-

tential and, if Δ𝐸 < 0, the energy offset towards the 
transport energy 𝐸∗ that sits on the host LUMO. At large 
negative Δ𝐸 this activation becomes increasingly difficult 
and conductivity via direct hopping between dopants be-
comes dominant. In other words, 𝐸∗ shifts from the host 
LUMO to the guest SOMO. The associated drop in 𝐸∗ − 𝐸𝐹 is 
clearly visible as a relatively sudden shift towards less 
negative Seebeck coefficients in panel b. Interestingly, the 
experimental thermopower data in Figure 4d seem to qual-
itatively show the same behavior. Finally, also the trend in 
the measured work function (Figure S21) is reproduced in 
the simulated Fermi energy in the inset of Figure 7. Sum-
marizing, the simulation results seem to strongly indicate 
that for the investigated system, the charge and energy 
transport are dominated by the (relative) position of the 
SOMO level, whereas the observed morphological differ-
ences appear to play a lesser role. 

 

Figure 7. Calculated conductivity (a) and thermopower (b) vs. 
SOMO – LUMO energy difference for different relative charge 
carrier concentrations 𝑛 𝑁0⁄  as indicated in the legend. The 
top axis indicates a hypothetical SOMO energy for comparison 
with Figure 4, calculated assuming 𝐸𝐿𝑈𝑀𝑂 = -3.9 eV and an 
empirical 1 eV offset to account for systematic errors in e.g. 
the absolute SOMO positions as obtained from DFT. The inset 
is the corresponding position of the Fermi level w.r.t. the cen-
ter of the pristine LUMO. Other parameters used are 𝜀𝑟 = 3.6, 
𝑁0 = 6.41025 m–3, 𝜈0 = 3.91010 s–1, 𝜎0,𝐷𝑂𝑆 = 0.075 eV, 𝛼 = 

7.1108 m–1. 

CONCLUSIONS 

In conclusion, we investigated the impact of SOMO ener-
gy on the n-doping efficiency of benzimidazole-based do-
pants. By designing and synthesizing a series of new air-
stable benzimidazole-based dopants with different SOMO 



 

energy levels, we demonstrated that a reduction of the 
dopant SOMO energy by only ~0.3 eV (i.e., less negative 
SOMO) boosts the electrical conductivity by more than one 
order of magnitude. This is corroborated by a reduction of 
Seebeck coefficient, which is indicative of a larger carrier 
concentration when high-lying SOMO dopants are used as 
the reducing agents. Quantitative EPR analysis reveals that 
the spin density increases exponentially with higher lying 
SOMO energy, an observation which is corroborated by 
Kelvin probe and in agreement with the electrical meas-
urements. The solid-state microstructural changes ob-
served with GIWAXS are hard to reconcile with the ob-
served exponential increase in charge density and electri-
cal conductivity, as well as the concomitant decrease in 
magnitude of the Seebeck coefficient. Thus, we mainly at-
tributed the variations in conductivity to the effect of 
SOMO energy. This is supported by an analytical model 
which strongly indicates that charge and energy transport 
are dominated by the (relative) position of the SOMO level, 
whereas the observed morphological differences appear to 
play a lesser role. These results set molecular-design 
guidelines for next-generation n-type dopants. 
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