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0. ABSTRACT 

This work aims to investigate the n-type doping mechanism of the naphthalene diimide - bithiophene 

copolymer P(NDI2OD-T2) by the 1H-benzimidazole dopant DiPrBI for the development of the field of organic 

thermoelectric applications. 

The first part of this work clarifies the interactions between DiPrBI and P(NDI2OD-T2). In particular, it aims 

to establish whether the n-doping of P(NDI2OD-T2), by DiPrBI is a thermally activated process. The study of 

both spin-coated and drop-casted films of either pristine and doped samples with different annealing 

conditions is carried out. The analysis interestingly demonstrates that a three orders of magnitude increase 

of electrical conductivity, occurs before the annealing process takes place, revealing that benzimidazole-

derived dopants are already active at room temperature. Furthermore, despite annealing time and 

temperature affect the electrical conductivity of the system, their contribution is less relevant, with the 

increase of electrical conductivity limited to three times. The results from the electrical characterization of 

the samples are supported by GIWAXS, revealing a dramatic structural change between the undoped and the 

just-doped not annealed P(NDI2OD-T2) films, accompanied by only minor modifications during the annealing 

process. Time dependent IR spectroscopy further confirms these results, showing a rise of the intensity of 

the characteristic polaronic band that occurs at room temperature. Finally, based on the results of density 

functional theory simulations, it is proposed a new doping mechanism that involves a conformational 

modification of the dopant molecules, triggered by the interaction with the polymer, that it is already effetive 

at room temperature. 

In the second part of this work it is reported the design, the synthesis, and the electrical characterization of 

new 1H-benzimidazole dopants whose electron density is modified by chemically introducing donor or 

acceptor substituents to the benzimidazole moiety. According to density functional theory simulations, the 

newly designed dopants exhibit a higher HOMO energy level which is directly connected with the dopant 

effectiveness. This is confirmed by the electrical characterization of the samples that show a direct 

correlation between the HOMO energy level of the pristine dopant and the highest electrical conductivity 

achieved by doped P(NDI2OD-T2). 
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1. INTRODUCTION 

The ever-increasing energy consumption and the subsequent carbon emission generate concerns regarding 

the long-term availability of natural resources and the impact of carbon emissions on global climate. The 

development of a successful mitigation policy requires a descriptive growth theory. [1] Growth models 

generally describe mid-term projection of carbon emissions and energy consumption in a top-down 

approach. By interpreting on a global scale macroeconomic data such as total world population, production 

and consumption rates of resources and gross domestic product (GDP), it is possible to obtain a good 

valuation of annual averages. [2]- [3] The world and the per capita energy consumption can be expressed as 

[4] - [5] : 

Equation 1     𝒆 = 𝒈 (
𝒆

𝒈
) = 𝒈 𝜼𝒆 

Equation 2     𝑬 = 𝒆𝑷 = 𝑮𝜼𝒆 

where e is the annual fossil fuel consumption per capita, E is the annual world fossil fuel consumption, P is 

the world population, g is the GDP per capita, G is the world GDP, and ηe is the energy consumption per GDP 

unit defined as energy intensity factor. The fossil fuel consumption is directly connected to the carbon 

emission per capita as expressed by the Kaya Identity: [6]. 

Equation 3     𝒄 = 𝒈 (
𝒆

𝒈
) (

𝒄

𝒆
) = 𝒈 𝜼𝒆 𝒊𝒄 

Equation 4     𝑪 = 𝒄𝑷 =  𝑷 
𝑮

𝑷
 
𝑬

𝑮
 
𝑪

𝑬
= 𝑷 𝒈 𝜼𝒆𝒊𝒄 

where c and C are the annual carbon emission per capita and the annual global carbon emission, respectively; 

ic is named carbonization index, also known as “carbon footprint” and defines the quantity of CO2 emissions 

per unit of spent energy. It is important to notice that although greenhouse gasses include CH4, N2O and CO2, 

carbon emissions are always expressed as CO2 equivalents. Greenhouse gasses are compared on the base of 

their global warming potential (GWP). A CO2 equivalent is obtained by converting a given quantity of a certain 

gas to the amount of CO2 with the same GWP. [7] For example: CH4 and N2O have 25 GWP and 298 GWP, 

respectively; therefore, 1 kg of CH4 and N2O are equivalent to 25 kg and 298 kg of CO2, respectively (Table 1). 
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Common Name Chemical Formula GWP [8], [9] 

Carbon dioxide CO2 1  

Methane CH4 25 

Nitrous Oxide N2O 298 

Dimethyl Ether CH3OCH3 1 

Methylene Chloride CH2Cl2 9 

Methyl Chloride CH3Cl 13 

Chloroform CHCl3 31 

Ethane C2H6 6 

Propane C3H8 3 

Trifluoromethane CHF3 14800 

Difluoromethane CH2F2 675 

Tetrafluoromethane CF4 7390 

Fluoromethane CH3F 92 

Hexafluoroethane C2F6 12200 

Octafluoropropane C3F8 24000 

Octafluorocyclobutane c-C4F8 10300 

1,1,1,2-tetrafluoroethane CH2FCF3 1430 

1,1,2-trifluoroethane CH2FCHF2 353 

Sulphur hexafluoride SF6 22800 

Pentafluorodimethylether CHF2OCF3 14900 

Isofluorane CHF2OCHClCF3 350 

pentafluoropropanol CF3CF2CH2OH 42 

bis(trifluoromethyl)-methanol (CF3)2CHOH 195 

Nitrogen trifluoride NF3 17200 

Ethylene C2H4 4 

Propylene C3H6 2 

Cyclopentane C10H10 5 

Ammonia NH3 0 

 

Table 1: list of some greenhouse gasses defined by the European Union in 2014. GWP is the global warming 

potential of each compound referred to the global warming potential of CO2 which is defined as 1. [8]  
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Figure 1: historical CO2 emissions per year expressed in billions of metric tonnes. Worth to notice the sharp 

decrease in CO2 emissions caused by Coronavirus pandemic in 2019-2020. [10], [11] 

 

According to the Paris agreement, the global response to climate change must be strengthened to maintain 

the world mean temperature below 2°C with respect to the pre-industrial level. [12] To achieve this goal, 

greenhouse gasses (GHG) emissions must be reduced at least 80% below GHG emissions of 1990 (Figure 1). 

[13] To achieve such GHG emission reduction goal, International Energy Agency (IEA) has proposed different 

strategies, which consist in the decrease of one or more factors of the Kaya identity (Equation 4). However, 

the first two factors (P and g) are socio-economic, and they are practically difficult to decrease. The third and 

fourth factors (ηe and ic) are technologically related, and their reduction requires more efficient energy 

processes and the decarbonisation of energy sources, respectively. Another possibility to directly decrease C 

is the implementation of carbon capture and storage systems (CCS). [14], [15] 

According to IEA, comparing the predicted 2025 and 2050 scenarios (Figure 2, Figure 3), it is possible to notice 

a remarkable decrease in the demand of fossil fuels by -31%, -57% and -27% for oil, coal and natural gas, 

respectively; meanwhile, an increase in the other energy sources is expected. [13] However, such 

decarbonization of energy sources is accompanied by a rise of around 30% in the demand of raw materials. 

As underlined by A. Valero et al. [16], the availability and the production rate of raw materials might hinder 

the development of green technologies. Indeed, the construction and the operation of renewable energy 

plants is associated with a cost of raw materials. It is therefore possible to define a material intensity 

parameter as the amount of material consumed per MW of energy produced by the power plant ( 
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Table 2). Such parameter must be taken into consideration while elaborating predictive models. For example, 

according to the authors, in 2027 the global production of Ni will be insufficient to fulfil the demand of such 

material, hence creating a bottleneck that will slow the diffusion of carbon-free technologies. [16] 

 

 

 

Figure 2: world energy flow predicted by International Energy Agency (IEA) for 2025. Energy path is traced 

from primary energy sources (on the left), through energy transformation to the end-use device final 

conversion (on the right). Line thickness represents the amount of energy flow. All data are expressed in 

Mtoe (millions of tonnes of oil equivalent, 1Mtoe ≈ 4.2 x 1016J) Image adapted from [13].  
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Figure 3: world energy flow predicted by IEA for 2050. Energy path is traced from primary energy sources 

(on the left), through energy transformation to the end-use device final conversion (on the right). Line 

thickness represents the amount of energy flow. All data are expressed in Mtoe (millions of tonnes of oil 

equivalent, 1Mtoe ≈ 4.2 x 1016J) Image adapted from [13].  
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Material Wind 
Solar 

Geother. 
Gas 

power 
Nuclear 

Hydro 

power PV CSP Thermal 

Mg  45.84 2840 149.86     

Al 784 125111 9644 228.38 6790 750 200  

Si  5377.53  1615.29     

P    14.62     

K    37.3     

Ti   15 21.2     

V   2      

Cr   2800 3249.33 200  2190 96000 

Mn   3480 324.94   75.19 5760 

Fe 160214 116358 851200 28390 14900 5500 58904 1242000 

Ni 111 0.94 1284 162.5 240    

Cu 2060 3554 2480 2988.57 2440 750 1470  

Zn  4.29 950 4.72 110    

Ga  0.35       

Ge  0.74       

As    0.01     

Mo  9.74 141.4 162.46     

Ag  113.08 14.2      

Cd  8.54       

In  5.78       

Sn  442  0.04 3.6    

Te  7.27       

Nd 85.29        

Dy 6.80        

Pb  151,82  0.36     

 

Table 2: material intensity of different technologies. PV column refers to solar photovoltaic and CSP to 

concentration solar power. All data are reported as kg/MW. [13]- [16] 

 

As previously discussed, the decarbonization of energy sources reduces the ic factor of the Kaya identity 

(Equation 4). Traditionally, emission reduction strategies mainly focus on the change of energy supply 
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sources, such as swapping from fossil fuels to renewable energies or nuclear power, but this approach might 

be insufficient or too slow to achieve the desired objectives of the Paris agreement. 

It is important to consider that to be useful for any practical human application, the energy harvested from 

a supply source is usually converted many times in other types of energies that are easier to store, to 

transport or to use. Unfortunately, since 100% efficiency is thermodynamically impossible in any process, 

each energy conversion step is accompanied by a remarkable energy loss (Figure 4). A huge portion of energy 

is transformed into thermal energy, and it is lost due to the lack of an efficient process to convert thermal 

energy into other types of energy [17]. By reducing energy waste, it is possible to decrease the ηe factor of 

the Kaya Identity (Equation 4). For this reason, thermoelectric (TE) devices, which are systems that can 

convert thermal energy into electricity, have gathered a lot of attention in the recent years for their potential 

to reduce CO2 emissions and to provide clean energy.  

 

 

Figure 4 Path of energy and its losses. Conversion devices transform sources into more useful energy (e.g., 

hydroelectric power plant from potential to mechanical and then to electrical). Each conversion is 

associated to an energy loss. Image adapted from [18]. 

 

While a more formal description of TE materials is discussed in the next chapters, here is reported an example 

of how TE devices could decrease energy losses and GHG emissions.  

The steel manufacturing industry requires an enormous amount of electric power and fuel. According to JFE 

Steel Corporation, the second biggest steel corporation in Japan, that produces around 380 million of tons of 

steel per year; the production of 1 ton of steel is associated with a heat waste of 1010 J. Therefore, every year, 

the company wastes around 3.8 x 1018 J of energy as heat during the manufacturing process. [19] In order to 
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decrease environmental impact, JFE Steel Corporation has applied heat-recovery technologies to its 

production line recovering the 0.05% of energy waste, around 1.9 x 1015J per year. [19] The thermoelectric 

generators (TEG) applied in the reported case are based on Bi2Te3, measure 50 x 50 x 4.2 mm and weight 47g 

(Figure 5). The size of the applied TEG system is around 4m x 2m and contains 896 TEG modules distancing 

2m from the steel slab whose temperature is 1188K (Figure 6). [19] The state-of-the-art TEGs available on 

the market for high temperature applications (i.e. T > 600°C) are mainly based on Bi2Te3 and on the alloy class 

(GeTe)x(AgSbTe2)100−x, (where 80 < x < 90), commonly known as TAGS-x [20]. However, recent studies have 

been conducted on BaAgAs0.95Bi0.05 [21] and on BiAgSeS0.97Cl0.03 [22]. 

 

  

Figure 5: on the left thermoelectric generator module. On the right: Efficiency and generated power for the 

thermoelectric generator as a function of the hot side temperature (the cold side is kept at 303K by a 

water-cooled copper plate). Image adapted from [19]. 

 

 

Figure 6: TE generator installed along the continuous casting line by JFT Steel Corporation. Image adapted 

from [19].  
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2. TERMOELECTRIC EFFECT 

2.1 ORIGINS OF THERMOELECTRIC 

In 1821, T. J. Seebeck discovered that a thermocouple, a device made by the junction of two different metals, 

under a temperature gradient deflects the magnet of a compass, due to the magnetic field generated by the 

electric current flow (Figure 7). The temperature difference acts as a driving force that makes charge carriers 

drifting from the hot side to the cold side of the junction. Since charge carriers carry thermal energy, Seebeck 

noticed that the process is accompanied by a gradual decrease of temperature of the hot side (Th) and a 

gradual increase of temperature of the cold side (Tc). At the equilibrium when Th = Tc, the charge carrier flow 

is null. This was the first observation of the coupling of electrochemical potential and temperature. [23], [24] 

 

    

Figure 7. On the left: Thomas Johann Seebeck (1770 – 1831). Image taken from [25]. On the right: Seebeck 

effect in a thermocouple. The Seebeck voltage is related to the difference of temperature, therefore a 

thermocouple can be used as a thermometer. Image adapted from [26]. 

 

Experimentally, Seebeck demonstrated that the current density in the circuit is given by: 

Equation 5    𝒊 =  𝝈 (�⃗⃗⃗�𝒆𝒙𝒕 −  𝜶 �⃗⃗⃗�𝑻)  

where 𝑖 is the electron current density, σ is the electrical conductivity, �⃗⃗�𝑒𝑥𝑡 is the external electric field, T is 

the temperature and α is the Seebeck coefficient which is generally measured in µVK-1. [27]   
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In 1834, J. C. A. Peltier (Figure 8) observed that a current applied across a junction of two different conductive 

materials results in heating or cooling of the junction. Furthermore, when the current flow is reversed, the 

opposite phenomenon is observed. This demonstrated the coupling between heat flux and electrical current. 

[28] 

 

   

Figure 8. On the left: Jean Charles Athanase Peltier (1785 – 1845). Image taken from [25]. According to the 

current flow direction, the thermoelectric junction is cooled (center) or heated (right) through Peltier 

effect. Image adapted from [26]. 

 

Electric current is carried by electrons (e-) in n-type materials and by holes (h+, travelling in the opposite 

direction) in p-type materials. Connection of a n-type material and a p-type material is called p-n junction. 

When a voltage is applied in a certain direction across the p-n junction (Figure 8 center) e- / h+ pairs are 

created within the junction region and both charge carriers flow away from the junction: e- flows into the n-

type material and h+ flows into the p-type material. Since charge carriers leave the junction, they remove 

thermal energy, hence, the junction is cooled. On the other hand, if the voltage is reversed, charge carriers 

move toward the junction and this process heats the junction (Figure 8, on the right). Experimentally, the 

Peltier heat per time unit generated at the junction is given by: 

Equation 6     �⃗⃗⃗�
̇

= (∏𝑨 − ∏𝑩)𝒊 

where 𝑖 is the electric current from A to B and ∏𝐴 and ∏𝐵 are the Peltier coefficients of A and B materials. 

[29]. 

Few years later, in 1855, W. Thompson demonstrated, using thermodynamics, that Seebeck and Peltier 

effects are not independent. [30], [31], [32] 
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2.2 THE ONSAGER-CALLEN THEORY 

In 1931, L. Onsager provided a theoretical description of the out of equilibrium thermodynamic systems. [33], 

[34] Finally, 1948, H. B. Callen expanded the Onsager theory in the case of electrical and thermal coupled 

fluxes. [35] Onsager was awarded the Nobel prize in 1968 for “for the discovery of the reciprocal relations” 

[36].  

    

Figure 9: On the left: Lars Onsager (1903 – 1976). On the right Herbert Bernard Callen (1919 – 1993) Images 

taken from [25]. 

 

A thermoelectric (TE) material has some analogies with a steam engine (Figure 10): [37] in both cases the 

entropy is carried by a fluid which, in the case of a TE material, consists in a gas of electrons, also known as 

Fermi gas that can be approximated to a perfect gas [38]. The electrochemical potential (µe) is: 

Equation 7     𝝁𝒆 =  𝝁𝒄 + 𝒆𝑽 

where e is the electron charge (≈1.6 x 10-19C), V is the electrical potential and µc is the chemical potential. 

 

 

Figure 10: scheme of thermoelectric “engine”. On side of the material is maintained at Th and the other at 

Tc, where Th>Tc. On the hot side there is a lower concentration of particles which have a higher velocity. 

Image adapted from [39].  
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The two sides of the material are maintained at Th and Tc, with Th>Tc. According to simple gas kinetic theory, 

there is a lower density of electrons which move at high speed at the hot side, while at the cold side the 

electron density is higher, but the speed of the particles is lower. While th ≠ tc the heat flows from the hot 

side toward the cold side and the thermodynamic system is not under equilibrium; the temperature 

difference is directly connected to the gradient of electron density. Furthermore, since electrons are charged 

particles, the temperature difference generates an electrochemical difference. Therefore, charge carriers 

and heat fluxes are coupled. The thermodynamical cycle can be described as a Carnot cycle with two 

isothermal branches and two adiabatic branches. The sources of entropy are the non-adiabatic movement 

of charge carriers between the two sides caused by electrons colliding with the lattice and the non-isothermal 

heat transfers, in both cases, entropy is carried by the electrons of the Fermi gas. According to the first 

principle of thermodynamic, the conservation of energy imposes that: 

Equation 8     𝑱𝑬
⃗⃗ ⃗⃗ =  𝑱𝑸

⃗⃗⃗⃗⃗  +  𝝁𝒆 𝑱𝑵
⃗⃗⃗⃗⃗ 

where JE is the energy flux, JQ is the heat flux and JN is the particles flux. Furthermore, each of those fluxes is 

directly correlated to the gradient of its thermodynamic potential that acts as a driving force. In the case of 

a Fermion gas, the potentials are: 

Equation 9     𝑭𝑵
⃗⃗⃗⃗ ⃗⃗ =  �⃗⃗⃗� (−

𝝁𝒆

𝑻
)  for particles 

Equation 10     𝑭𝑬
⃗⃗⃗⃗⃗⃗ =  �⃗⃗⃗� (

𝟏

𝑻
)  for energy 

From Equation 9 and Equation 10 it is possible to get the transport of particles and energy as two coupled 

equations [40]: 

Equation 11    [
𝑱𝑵
⃗⃗⃗⃗⃗

𝑱𝑬
⃗⃗ ⃗⃗

] =  [
𝑳𝑵𝑵 𝑳𝑵𝑬

𝑳𝑬𝑵 𝑳𝑬𝑬
] [

�⃗⃗⃗� (−
𝝁𝒆

𝑻
)

�⃗⃗⃗� (
𝟏

𝑻
)

] 

Under the assumption of minimal entropy production during out-of-equilibrium conditions, and in the 

absence of external magnetic field, it is possible to consider LNE = LEN [41]. The symmetry of the elements on 

the anti-diagonal of the matrix also agrees with the Le Châtelier principle. It is also possible to express 

Equation 11 using 𝐽𝑄 instead of 𝐽𝐸. From Equation 8 [39]: 

Equation 12    [
𝑱𝑵
⃗⃗⃗⃗⃗

𝑱𝑸
⃗⃗⃗⃗⃗

] =  [
𝑳𝟏𝟏 𝑳𝟏𝟐

𝑳𝟐𝟏 𝑳𝟐𝟐
]  [

−
𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)

�⃗⃗⃗� (
𝟏

𝑻
)

] 

where:       𝑳𝟏𝟏 =  𝑳𝑵𝑵 



 
19 

 

     𝐿12 =  𝐿21 =  𝐿𝑁𝐸 − 𝜇𝑒  𝐿𝑁𝑁   

    𝐿22 =  𝐿𝐸𝐸 − 𝜇𝑒(𝐿𝐸𝑁 + 𝐿𝑁𝐸) + 𝜇𝑒 𝐿𝑁𝑁    

From Equation 12 it is now possible to derive the expressions of both coupled (Seebeck and Peltier effects) 

and uncoupled (Ohm’s Law and Fourier Law) transport processes. 

 

2.2.1 The Ohm’s Law 

The Ohm’s law states that the electric current through an electrical conductor is proportional to the voltage, 

with a proportionality constant called resistance (the inverse of conductance). The Ohm’s Law can be 

obtained with the Onsager-Callen theory. From Equation 12, under isothermal conditions, in the case of 

charged particles, the current density J can be expressed as: 

Equation 13     �⃗� = −𝒆
𝟏

𝑻
𝑳𝟏𝟏 �⃗⃗⃗�(𝝁𝒆) 

The electric field E is obtained from the electrochemical potential: 

Equation 14     �⃗⃗⃗� =  − 
�⃗⃗⃗�(𝝁𝒆)

𝒆
 

From Equation 13 and Equation 14 it is possible to obtain the Ohm’s Law. And then the expression of the first 

Onsager Coefficient L11 of the conductivity matrix: 

Equation 15     �⃗� =  𝒆𝟐𝑳𝟏𝟏
𝟏

𝑻
 �⃗⃗⃗� 

     𝜎𝑇 =  𝑒2𝐿11
1

𝑇
  𝐿11 =  

𝑇

𝑒2 𝜎𝑇 

 

2.2.2 The Fourier Law 

The Fourier Law, also known as the Law of Heat Conduction, states that the heat transfer across a material is 

proportional to the temperature gradient. In a similar way to what previously discussed for the Ohm’s Law, 

Fourier Law can also be obtained from the Onsager-Callen theory. To estimate the thermal conductivity, it is 

easier to study JQ while imposing JN = 0 (absence of any particle/charge transport) 

Equation 16    𝑱𝑵
⃗⃗⃗⃗⃗ =  �⃗⃗⃗� =  −𝑳𝟏𝟏 (

𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)) + 𝑳𝟏𝟐�⃗⃗⃗� (

𝟏

𝑻
) 

      (
1

𝑇
∇⃗⃗⃗(𝜇𝑒)) =  

𝐿12

𝐿11
∇⃗⃗⃗ (

1

𝑇
) 
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Therefore, the heat flux JQ can be expressed as: 

Equation 17    𝑱𝑸𝑱
⃗⃗ ⃗⃗ ⃗⃗ =  

𝟏

𝑻𝟐 (
𝑳𝟐𝟏𝑳𝟏𝟐− 𝑳𝟏𝟏𝑳𝟐𝟐

𝑳𝟏𝟏
) �⃗⃗⃗�(𝑻) 

Therefore, the thermal conductivity k, in absence of electric current (JN = 0) is: 

Equation 18    𝒌𝑱 =  
𝟏

𝑻𝟐 (
𝑳𝟐𝟏𝑳𝟏𝟐− 𝑳𝟏𝟏𝑳𝟐𝟐

𝑳𝟏𝟏
) 

With a similar approach it is also possible to express the thermal conductivity in the absence of and 

electrochemical gradient (JQ = 0): 

Equation 19   𝑱𝑸𝑬
⃗⃗ ⃗⃗⃗⃗⃗ =  

𝑳𝟐𝟐

𝑻𝟐  �⃗⃗⃗�(𝑻) =  𝒌𝑬 �⃗⃗⃗�(𝑻)   𝒌𝑬 =  
𝑳𝟐𝟐

𝑻𝟐  

 

2.2.3 Seebeck Coefficient 

As discussed in the previous section, the Seebeck coefficient is defined as the ratio between electrochemical 

and temperature gradients: 

Equation 20     𝜶 ≡  − 
𝟏

𝒆
 
�⃗⃗⃗�(𝝁𝒆)

�⃗⃗⃗�(𝑻)
 

Therefore, it is possible to obtain an expression of the Seebeck coefficient from Equation 16 and Equation 20 

connecting α to the conductivity matrix terms:  

Equation 21     𝜶 =  
𝟏

𝒆𝑻
 
𝑳𝟏𝟐

𝑳𝟏𝟏
 

According to Equation 21 α depends on the charge of the charge carrier, therefore, in a p-type (holes 

conducting material) the Seebeck coefficient is positive, while in a n-type material (electron conducting 

material) the Seebeck coefficient is negative. 

 

2.2.4 Peltier Coefficient 

The Peltier Coefficient ∏ is the coupling term between heat flux and current density. Under isothermal 

conditions, from Equation 13 and Equation 12: 

Equation 22     �⃗� = 𝒆𝑳𝟏𝟏 (−
𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)) 

Equation 23     �⃗�𝑸 = 𝒆𝑳𝟐𝟏 (−
𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)) 
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Equation 24   �⃗�𝑸 =
𝟏

𝒆
 
𝑳𝟐𝟏

𝑳𝟏𝟏
 �⃗�   �⃗�𝑸 =  ∏ �⃗�  ∏  =

𝟏

𝒆
 
𝑳𝟐𝟏

𝑳𝟏𝟏
 

It is finally interesting to notice from Equation 24 and Equation 21 that the Seebeck and the Peltier effects 

are strongly related: 

Equation 25          ∏  = 𝑻 𝜶 

 

2.2.5 Entropy per carrier 

As previously discussed, the electrons of the Fermi gas carry entropy during the thermoelectric cycle. Indeed, 

to the heat flux JQ is associated an entropy flux JS: 

Equation 26   �⃗�𝑺 =  
�⃗�𝑸

𝑻
=  

𝟏

𝑻
 [𝑳𝟐𝟏 (− 

𝟏

𝑻
 �⃗⃗⃗�(𝝁𝒆)) +  𝑳𝟐𝟐 �⃗⃗⃗� (

𝟏

𝑻
)]  

From Equation 13: 

Equation 27     �⃗⃗⃗�(𝝁𝒆) = − �⃗�
𝑻

𝒆𝑳𝟏𝟏
 

From Equation 26 and Equation 27: 

Equation 28    �⃗�𝑺 =  
𝑳𝟐𝟏

𝑻𝒆𝑳𝟏𝟏
 �⃗�  +  

𝟏

𝑻
 𝑳𝟐𝟐 �⃗⃗⃗� (

𝟏

𝑻
) 

According to Equation 28, the entropy flux is composed of two terms, namely i) the electrochemical 

contribution and ii) the thermal contribution. Therefore, the amount of entropy per carrier is: 

Equation 29     𝑺𝑱 =  
𝑳𝟐𝟏

𝑻𝑳𝟏𝟏
 

Comparing the Equation 21, Equation 25 and Equation 29 it is also interesting to notice that there is a close 

relation between Seebeck coefficient, Peltier coefficient and carrier entropy: 

Equation 30    𝑺𝑱 = 𝒆𝜶  𝑺𝑱 = 𝒆
∏

𝑻
  

Finally, from Equation 15, Equation 18 and Equation 29, it is possible to complete the list of all the Lxy 

coefficients of Equation 12: 

Equation 31  𝑳𝟏𝟏 =  
𝑻

𝒆𝟐 𝝈𝑻  𝑳𝟏𝟐 =  
𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱  𝑳𝟐𝟐 =  
𝑻𝟑

𝒆𝟐 𝝈𝑻𝑺𝑱
𝟐 + 𝑻𝟐𝒌𝑱 

From Equation 19, Equation 29, Equation 30 and Equation 31, the electron thermal conductivity can be 

expressed as the sum of two terms: 
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Equation 32     𝒌𝑬 =  𝑻 𝜶𝟐 𝝈𝑻 + 𝒌𝑱 

where kJ is a conductive term and represents the thermal conductivity associated with the electric current.  

 

2.2.6 General conductivity matrix 

Thanks to Equation 31 and Equation 32, It is now possible to rewrite Equation 12 as follows: 

Equation 33    [
𝑱𝑵
⃗⃗⃗⃗⃗

𝑱𝑸
⃗⃗⃗⃗⃗

] =  [

𝑻

𝒆𝟐 𝝈𝑻
𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱

𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱 𝑻𝟐𝒌𝑬

] [
−

𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)

�⃗⃗⃗� (
𝟏

𝑻
)

] 

Equation 34      [
𝑱𝑵
⃗⃗⃗⃗⃗

𝑱𝑸
⃗⃗⃗⃗⃗

] =  [

𝑻

𝒆𝟐 𝝈𝑻
𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱

𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱 𝑻𝟑𝜶𝟐𝝈𝑻 + 𝑻𝟐𝒌𝑱

] [
−

𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)

�⃗⃗⃗� (
𝟏

𝑻
)

] 

Equation 35        [
𝑱𝑵
⃗⃗⃗⃗⃗

𝑱𝑸
⃗⃗⃗⃗⃗

] =  [

𝑻

𝒆𝟐 𝝈𝑻
𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱

𝑻𝟐

𝒆𝟐 𝝈𝑻𝑺𝑱
𝑻𝟑𝑺𝑱

𝟐𝝈𝑻

𝒆𝟐 + 𝑻𝟐𝒌𝑱

] [
−

𝟏

𝑻
�⃗⃗⃗�(𝝁𝒆)

�⃗⃗⃗� (
𝟏

𝑻
)

] 

From Equation 14, Equation 33 and considering that ∇⃗⃗⃗ (
1

𝑇
) =  −

1

𝑇2  ∇⃗⃗⃗(𝑇): 

Equation 36    [
�⃗�

𝑱𝑸
⃗⃗⃗⃗⃗

] =  [
𝝈𝑻 𝜶𝝈𝑻

𝑻𝜶𝝈𝑻 𝒌𝑬
] [

�⃗⃗�

−�⃗⃗⃗�(𝑻)
] 

The conductivity matrix [σ] is therefore defined as: 

Equation 37    [𝝈]  = [
𝝈𝑻 𝜶𝝈𝑻

𝑻𝜶𝝈𝑻 𝒌𝑬
] 

Equation 38    [𝝈]𝜶=𝟎  = [
𝝈𝑻 𝟎
𝟎 𝒌𝑬

] 

In Equation 37, the Seebeck coefficient α is present only on the terms of the anti-diagonal of the conductivity 

matrix. Therefore, in the case of α = 0 the conductivity matrix diagonalizes and the Ohm law and the Fourier 

law are completely decoupled (Equation 38). This gives an important meaning to the Seebeck coefficient (and 

to the entropy per carrier, as defined in Equation 30): it is the coupling parameter between thermal and 

electrical fluxes. 

So far, the Onsager model only considers the electron gas and neglects any lattice contribution to the 

thermal conductivity. Such lattice contribution, kL, might be added as a corrective term in the L22 term in 

the Equation 36.  
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Equation 39    𝒌 =  𝒌𝑬 + 𝒌𝑳 =  𝑻 𝜶𝟐 𝝈𝑻 + 𝒌𝑱 + 𝒌𝑳 

Equation 40    [
�⃗�

𝑱𝑸
⃗⃗⃗⃗⃗

] =  [
𝝈𝑻 𝜶𝝈𝑻

𝑻𝜶𝝈𝑻 𝒌 ] [
�⃗⃗�

−�⃗⃗⃗�(𝑻)
] 

 

2.2.7 Thermoelectric Potential 

The relative current density u is defined as: 

Equation 41     𝒖 ≡  − 
𝑱

𝒌𝑱𝛁𝑻
  

Combining Equation 32, Equation 36 and Equation 41, 

Equation 42  �⃗� =  𝝈𝑻�⃗⃗� − 𝜶𝝈𝑻 �⃗⃗⃗�(𝑻) and  𝑱𝑸
⃗⃗⃗⃗⃗ =  𝑻𝜶𝝈𝑻�⃗⃗� −  𝒌𝑬�⃗⃗⃗�(𝑻) 

   𝜎𝑇 E⃗⃗⃗ =  𝐽 − 𝛼𝜎𝑇  ∇⃗⃗⃗(𝑇) therefore: 𝐽𝑄
⃗⃗⃗⃗ =  𝑇𝛼 (𝐽 − 𝛼𝜎𝑇 ∇⃗⃗⃗(𝑇)) − 𝑘𝐸 ∇⃗⃗⃗(𝑇) 

since:       𝑘𝐸 =  𝑇 𝛼2 𝜎𝑇 +  𝑘𝐽 

Equation 43     𝑱𝑸
⃗⃗⃗⃗⃗ =  𝑻𝜶�⃗� − 𝒌𝑱�⃗⃗⃗�(𝑻) 

   𝐽𝑄
⃗⃗⃗⃗ =  𝑇𝛼𝐽 −

𝐽

𝑢
  𝐽𝑄

⃗⃗⃗⃗ =  (𝑇𝛼 −
1

𝑢
) 𝐽  𝐽𝑄

⃗⃗⃗⃗ =  Φ∗𝐽 

where Φ∗ was firstly defined by Snyder et al. [42] and it is called thermoelectric potential which directly 

connects the heat and the charge carrier fluxes, leading to a more concise description of TE process. The 

thermoelectric potential Φ∗ allows to directly access the total entropy and heat production: ∇⃗⃗⃗ (
Φ∗

𝑇
) and 

∇⃗⃗⃗(Φ∗), respectively. [42]   
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2.3 THERMOELECTRIC GENERATOR 

The efficiency of a TE device is a function of the final and the initial state of the material. The efficiency is the 

relative change of the thermoelectric potential [42], [43]: 

Equation 44    𝛈 =  
∆𝚽∗

𝚽𝒉
∗ =  

𝚽𝒉
∗ −𝚽𝒄

∗

𝚽𝒉
∗ = 𝟏 −  

𝚽𝒄
∗

𝚽𝒉
∗  

It is interesting to notice that ∆𝚽∗ is measured in Volts and it is also the voltage produced by the 

thermoelectric generator [42].  

Equation 45     𝛈 = 𝛈𝐜𝛈𝐫   

where ηc =  
Th−Tc

Th
  is the Carnot efficiency, the maximum possible efficiency in a reversible thermodynamic 

process. For practical issues, the most efficient process is not useful: the ideal condition η = ηc can be 

achieved only in a reversible process that would last an infinite amount of time. The factor ηr in Equation 45 

is the relative efficiency with respect to ηc (ηr ≤ 1). From Equation 44 it is possible to demonstrate that the 

efficiency of a TE device is directly connected to a dimensionless parameter called figure of merit: [42], [40] 

Equation 46     𝛈𝐫 =  
√𝟏+𝐙𝐓−𝟏

√𝟏+𝐙𝐓+𝟏
  

Equation 47      𝒁𝑻 ≡  
𝜶𝟐𝝈𝑻

𝒌
 𝑻  

Equation 47 underlines that ZT is a key TE parameter: it relates the most important TE variables (α, σ and k) 

with the TE efficiency ηr. Generally, a higher ZT value is directly related to more desirable TE properties. 

Furthermore, the maximum output power Pmax and the efficiency of a thermoelectric generator delivering 

Pmax can be expressed as: [44] 

Equation 48     𝑷𝒎𝒂𝒙 =  
𝟏

𝟒
 𝜶𝟐𝝈𝑻 (∆𝑻)𝟐 

Equation 49     𝛈𝑷𝒎𝒂𝒙
=  

𝛈𝐜

𝟐
 

𝒁𝑻

𝒁𝑻+𝟐
 

From Equation 46 and Equation 49 (Figure 11): 

Equation 50   𝐥𝐢𝐦
𝒁𝑻 → 𝟎

𝛈(𝐙𝐓)  =   𝟎    𝐥𝐢𝐦
𝒁𝑻 → ∞

𝛈(𝐙𝐓)  =   𝛈𝐜  

Equation 51   𝐥𝐢𝐦
𝒁𝑻 → 𝟎

𝛈𝑷𝒎𝒂𝒙
(𝐙𝐓)  =   𝟎    𝐥𝐢𝐦

𝒁𝑻 → ∞
𝛈𝑷𝒎𝒂𝒙

(𝐙𝐓)  =   
𝛈𝐜

𝟐
 

The curves in Figure 11 demonstrate that the difference between the maximum efficiency and the efficiency 

at maximum power is neglectable when ZT<1 



 
25 

 

 

Figure 11: maximum efficiency η (orange) and efficiency at maximum power ηPmax (blue), both curves are 

normalized over ηc 

 

As previously discussed, thermocouples are the simplest thermoelectric devices and, since their efficiency is 

generally very low, they are usually implied as a cheap and simple way to measure temperature. However, 

by connecting multiple thermocouples electrically in series and thermally in parallel the output of the final 

device is increased. Such device is called thermoelectric generator (TEG, Figure 12). 

 

 

Figure 12. Thermoelectric generator: connection of multiple thermocouples thermally in parallel and 

electrically in series. Image adapted from [45].  
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2.4 INORGANIC AND ORGANIC THERMOELECTRICS 

In principle, according to Equation 47 and Equation 46, to maximize TE properties, Seebeck coefficient and 

electrical conductivity must be maximized (i.e. PF must be maximized) while thermal conductivity must be 

minimized. Unfortunately, since heat is carried by both phonons and charge carriers, a good electrical 

conductor is usually a good heat conductor as well. For example, a metal is both a good electrical and thermal 

conductor (Figure 13).  

 

 

Figure 13. Coarse classification of materials as function of their electrical and thermal conductivity. To be 

suitable for TE application, materials must have low thermal conductivity and high electrical conductivity. 

 

The design of a TE material requires the optimization of conflicting properties that are interrelated to material 

properties. An ideal TE material could be described as a phonon glass and an electron crystal. Good TE 

materials are therefore crystalline materials that scatter phonons without interfering with the electrical 

conductivity.  

 

2.4.1 Inorganic Thermoelectric materials 

According to Equation 47, ZT is a function of α, σ and k. However, these three parameters are not 

independent. 

To maximize α, a TE material should have a single type of charge carriers: in fact, a mixed p-type and n-type 

conduction mechanism would result in both charge carriers be driven toward the cold side, hence reducing 

the induced Seebeck voltage. For metals and degenerate semiconductors (parabolic band and energy 

independent scattering approximation [46]), α can be described by the equations of metallic conductor 
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transport [47]. Materials with low charge carrier concentration usually exhibit large α (Equation 52). Seebeck 

coefficients are in the order of 10-6 VK-1 for metals and 10-3 VK-1 for electrical insulators: 

Equation 52    𝛂 =  
𝟖𝛑𝟐𝐤𝐛

𝟐

𝟑𝐞𝐡𝟐 𝐦∗𝐓 (
𝛑

𝟑𝐧
)

𝟐 𝟑⁄
 

where n is the charge carrier concentration, m* is the charge carrier effective mass, kb is the Boltzmann 

constant (1.38 × 10-23 m2 kg s-2 K-1), and h is the plank constant (6.62 × 10-34 m2 kg s-1).  

However, also electrical conductivity depends on charge carrier concentration, and in particular, low charge 

carrier concentration leads to low electrical conductivity (Equation 53): 

Equation 53            𝛔 =
𝟏

𝛒
= 𝐧𝐞𝛍  

where n is the charge carrier concentration, σ is the electrical conductivity, ρ is the electrical resistivity and 

µ is the charge carrier mobility.  

Thermal conductivity (Equation 39) arises from two different sources: e- and h+ transporting heat (electronic 

thermal conductivity, ke) and phonons moving through the lattice (lattice thermal conductivity, kl). According 

to Wiedemann-Frantz law: 

Equation 54     𝒌 =  𝒌𝒆 + 𝒌𝒍  

Equation 55     
𝒌𝒆

𝝈
= 𝑳𝑻 

Equation 56     𝒌𝒆 =  𝝈𝑳𝑻 = 𝒏𝒆𝝁𝑳𝑻 

where k is the thermal conductivity, σ is the electrical conductivity, L is Lorentz factor (2.44 x 10-8 W𝛺K-2 or 

2.44 x 10-8 J2K-2C-2 for free electrons) and T is the absolute temperature. Wiedemann-Frantz equation is valid 

under the approximation of elastic scattering. Variations to the k value occur in materials with low charge 

carrier concentration where the Lorentz factor is around 20% smaller than in the free electron case, and in 

materials that exhibit a mixed conduction which introduces a bipolar factor in the thermal conductivity 

expression [48]. The lowest thermal conductivities are typical of glasses. However, glasses are very poor TE 

materials because they lack the required electrical properties: in fact, compared to crystalline 

semiconductors, glasses have poor charge carrier mobility caused by higher electron scattering.  

According to Equation 47, Equation 52 and Equation 53, there is a compromise between α, σ and k that must 

be achieved in order to maximize ZT (Figure 14). The maximum peak of ZT usually occurs at charge carrier 

densities around 1019 and 1021 charge carriers per cm3. These values are typical in heavily doped 

semiconductor materials. 
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Figure 14. Thermoelectric figure of merit (ZT) as function of charge carrier concentration n. Image 

adapted from [48]. 

 

A lot of attention has been focussed on inorganic materials due to their generally high electrical conductivity 

and Seebeck coefficient. Furthermore, they are stable at high temperatures (900-1000K, Figure 15), which is 

ideal for massive TE energy recovery. However, the broad application of inorganic TE materials is hindered 

by drawbacks such as: high density, high thermal conductivity, and high cost. Common inorganic TE materials 

are Bi2Te3 [49], CoAs3 [50], PbTe [51], Sb2Te3 [52] and other alloys [53] (Figure 16).  

 

  

Figure 15: Figure of merit in and working temperature ranges of commercial inorganic TE materials. Image 

adapted from [48]. 
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Figure 16 Best performing inorganic TE alloys based on PbTe (on the top) and on CoAs3 (on the bottom). In 

both graphs the optimization techniques to enhance ZT are labelled. Image adapted from [50].  
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2.4.2 Organic Thermoelectric materials 

Compared to inorganic TE materials, organic TE materials are lighter, flexible, cheaper, easier to process; they 

have a lower thermal conductivity (around 10-1 Wm-1K-1) and a lower working temperature (compatible with 

human body conditions). However, organic TE materials suffer from two major disadvantages: they tend to 

be unstable at hight temperatures and they have a generally lower efficiency if compared with inorganic 

counterparts (1-3 orders of magnitude lower [54]). Generally, organic TE materials are intrinsically 

conducting polymers that will be briefly introduced in the following chapter. 

Given their peculiar features, organic and inorganic TE materials do not directly compete each other, but 

rather cooperate to fulfil two different needs to solve the thermal energy harvesting problem. An interesting 

application of organic TEG is in flexible wearable electronics (Figure 17, [55], [56]). 

 

  

 

Figure 17: Carbon nanotube fibers wrapped among acrylic fibers can be woven into stretchable 

thermoelectric modules. Images adapted from [55]. 

 

In the case of organic materials, there is a lack of a predictive model that relates PF, α and σ. An interesting 

approach has been proposed by Russ et al. [57], who suggest analysing the Seebeck coefficient as a function 
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of electrical conductivity based on experimental observations. Thanks to the wide range of doped organic 

materials described in the literature, it is possible to underline an empirical relation between the electrical 

conductivity and the Seebeck coefficient (Figure 18). 

Equation 57      𝛂 ∝  𝛔−𝟏 𝟒⁄   

Equation 58      PF ∝  σ1 2⁄   

 

Figure 18. Thermoelectric properties of different organic materials reported in literature: Seebeck 

coefficient (α), on top, power factor (PF = α2σ), on bottom. Both values are plotted as function of 

electrical conductivity (σ). The solid black line indicates the empirical relation α ∝ σ−1/4 (top) and PF ∝ 

σ1/2 (bottom). The data regarding the best inorganic thermoelectric material (Bi2Te3) are also included, 

for reference. Image adapted from [57]. 

 

Finally, it is worth mentioning that in the recent years, attempts have been made to create hybrid organic-

inorganic TE systems [54], [58][59][60][61]- [62]. 
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3. DOPED CONJUGATED MATERIALS 

Polyacetylene, the polymer obtained by the polymerization of acetylene (Figure 19) was firstly reported by 

Natta et al. in 1958. However, despite many initial attempts, polyacetylene has not attracted great interest 

for a long time because the material is insoluble and infusible and highly reactive [63].  

 

Figure 19 chemical structure of polyacetylene 

In 1967 polyacetylene was studied by Hideki Shirakawa, who obtained a polyacetylene film using a high 

amount of Ziegler Natta catalyst, which could easily be handled and partially characterized. The first report 

on a highly conducting polyacetylene was published in 1977 by Alan J. Heeger, Alan G. MacDiarmid, Hideki 

Shirakawa [64] (Figure 20). The authors demonstrated that polyacetylene exposed to iodine vapours 

becomes highly conductive through a redox (doping) reaction. Indeed, the electrical conductivity of the trans-

polyacetylene increased from 10-9 S cm-1 to 105 S cm-1 with the formation of a metal-like material that they 

called “synthetic metal” [65], [63], [66] (Figure 21). This can be considered as the beginning of the era of 

organic electronics. 

 

   

Figure 20: The Noble laureates of 2000, Alan J. Heeger (left), Alan G. MacDiarmid (center), Hideki Shirakawa 

(right). Pictures taken from [36].  
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Figure 21. Conductivity ranges of different common materials. It is remarkable to notice the change in 

conductivity of conjugated polymers before and after the doping process. 

 

Nowadays, conjugated organic materials are gathering increasing interest [67] for their potential to 

manufacture flexible [68],[ [69] and easy to process [70], [71] electronic devices. Conjugated materials can 

either be small molecules or polymers. Both classes have been extensively studied in the past.  

Recently, thanks to the development of new synthetic techniques [72], [73] conductive polymers have made 

remarkable results as active materials for organic TE generators and have attracted increasing interest ( [67], 

Figure 22). 

 

Figure 22. Number of publications on the topic of “conjugated polymer” in the last 40 years. Image adapted 

from [67]. 

 

For practical applications, polyacetylene is not suitable due to its instability and poor processability. Indeed, 

polyacetylene, as well as several unsubstituted conjugated polymers, have a drawback: due to π-
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delocalization, their chains are rigid, and they effectively interact through p-stacking, making conjugated 

materials poorly soluble in common organic solvents, hindering their processability. For these reasons, 

flexible side chains are often added to the conjugated backbone to improve solubility. The rigidity of 

conjugated chains and their weak non-covalent Wan der Waals interactions promote the formation of 

aggregates in solution and the formation of crystalline domains within polymer films. Hence, monomer units 

can be engineered to modify polymer behaviour such as either preventing [33] or controlling over [32] π-π 

stacking. Some conjugated polymers are shown in Figure 23. 

 

Figure 23: chemical structure of some conjugated polymers. 

 

Like inorganic semiconductors, organic semiconductors can be classified in p-type and n-type materials 

[74]. P-type materials have an electron-rich conjugated structure often composed of multiple conjugated 

aromatic rings and/or polycyclic aromatic compounds. N-type materials have an electron-poor structure 

and are characterized by electron withdrawing substituents. Both classes will be further analysed in the 

next chapters.  
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3.1 DOPING 

Because of rather low charge carrier concentration (<1020 /m3 [75]), conjugated materials tend to have a 

rather low electrical conductivity (Equation 53). Therefore, to increase electrical conductivity, it is necessary 

to increase charge carrier density. The process of injecting additional charge carriers (h+ or e-) in the 

conjugated structure is called “doping” because of its strong analogy with inorganic semiconductors. 

However, there are two major differences between inorganic and organic doping. The first one is the doping 

level (amount of dopant species within the host semiconductor): inorganic dopant concentration is around 

few ppm while organic polymers can be doped up to 100%mol/mol. The second one is the actual doping 

mechanism which, in the case of organic materials, is a redox reaction. There are two main ways to increase 

polymer conductivity through doping: 

• Electrochemical doping 

The conjugated polymer is in contact with an electrolyte and a metal, and charge carriers are injected 

from the metal electrode. To maintain electro-neutrality, small counterions penetrate the polymer 

structure. The oxidation/reduction of a conjugated polymer occurs when the metal electrochemical 

potential is equal to the ionization potential / electron affinity of the polymer. 

• Chemical doping 

In this case, the polymer is exposed to an oxidizing/reducing species, which leads to the introduction 

of positive/negative charges on the polymer backbone, respectively, with the dopant being co-

product of this reaction which remains as counterion to balance the charge carriers formation. 

After doping, the electrostatic interactions between the new charges of the systems (i.e. counterions and 

charge carriers) increase the polymer cohesive energy. Therefore, highly doped conjugated polymers are 

even less soluble than their undoped form. A common solution to enhance solubility is to either use a soluble 

polymeric counterion such as polystyrene sulfonate in the case of poly 3,4-ethylenedioxythiophene (PEDOT 

– PSS, [76], Figure 33) or using a ionic surfactant as a counterion such as camphor sulfonic acid in the case of 

polyaniline [77].  

According to the simple integer transfer model (Figure 24) doping process is classified into two classes: p-

type and n-type doping. A p-type dopant is an oxidizing compound that removes an e- from the HOMO 

(Highest Occupied Molecular Orbital) of a conjugated polymer, hence introducing a positive charge to the 

polymer backbone. On the other hand, a n-type dopant is a reducing molecule that donates an e- to the 

LUMO (Lowest Unoccupied Molecular Orbital), thus introducing a negative charge carrier. Integer charge 

transfer model is useful to have a rough idea of the doping mechanism, but a more accurate analysis of the 



 
37 

 

process describes the doping mechanism with the formation of a charge transfer state originated from the 

mixing of both donor and acceptor orbitals (hybrid charge transfer model) [78], [79]. 

 

 

Figure 24. p-type and n-type doping of an organic semiconductor according to the integer charge transfer 

model. Image adapted from [80]. 

 

The charge introduced by doping generates a perturbation of the polymer electronic structure, which 

displaces the surrounding nuclei from their equilibrium positions and generates a local defect named 

“polaron”. Indeed, the chain structure of neutral conjugated polymers made of cyclic monomers (such as 

polythiophene) usually has an aromatic character, while the polaron deformation alters the single/double 

bond alternation and has a more pronounced quinoid character (Figure 25, [81]). Such distortion is usually 3-

4 repeating units long and it is associated with two new energy levels within the band gap (Figure 26b [27], 

[81]). A polaron can be defined as a quasi-particle composed of a charge and its related polarization and 

distortion effects, which is generated at very low doping ratio. [82], [83] Conjugated polymers also exhibit 

another type of local defect, which is usually predominant at high doping ratio: the bipolaron (Figure 25). A 

bipolaron is a quasi-particle that carries two charges, it has a clear quinoid character and it originates two 

bipolaronic energy levels within the band gap with a higher energy compared to the polaron levels (Figure 

26c).  

By further increasing the doping level an increased number of defects is created, and the overlapping of their 

wave functions generates new bands (either intra- or inter chain) within the band gap (Figure 26d). The width 

of these bands strongly depends on the doping level, and it increases with increasing dopant amount. Some 

intrinsically conducting polymers show metallic-like electrical behaviour even at room temperature [77]. 

Doping is also associated to a remarkable change not only of the electrical properties of the material, but 

also of the optical properties: electrochemical doping and undoping can turn into a reversible change of 

colour, known as electrochromism, which is applied for smart windows. 
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Figure 25. In order from the top: chemical structure of pristine polythiophene, polythiophene with positive 

polaron and positive bipolaron, polythiophene with negative polaron and negative bipolaron. Locally the 

conjugated backbone bond alternation changes from aromatic to quinoid. Image adapted from [81]. 

 

 

 

Figure 26. On the left: electronic structure of undoped polypyrrole with a band gap of 3.16 eV (a), positive 

polaron (b), positive bipolaron (c) and new bands originated by the overlapping of multiple defect wave 

functions that reduce the band gap to around 1.46 eV (d). On the right: chemical structures of pristine, 

positive polaron and positive bipolaron backbone of polypyrrole. Image adapted from [81]. 



 
39 

 

In the case of polymer-based semiconductors with spatial and energetic disorder, the charges in the 

conjugated polymer chain, are trapped by counterions attractive Coulomb potentials. Therefore, the charge 

transport requires the charge carrier to tunnel from a spatially localized site to another. This type of transport 

is called hopping mechanism while the charge movement is often informally referred as a “jump” between 

the two states. [83] Since the typical values of dielectric constant in organic materials are very low (ε ≈3 [84]), 

the Coulomb traps have a rather large radius (≈ 20 nm), often including many hopping sites [27], [85]. The 

hopping transition between two localized sites depends on the energy difference, the distance, and the 

overlap of the wave functions of the two sites. A low dopant concentration is associated with a low density 

of hopping sites, which are far from each other. Such condition is insufficient to overcome trapping 

phenomenon and to effectively enhance the charge carrier transport. At higher doping concentrations (> 1017 

cm-3), Coulomb traps begin to overlap with each other, and the energy barrier (Δ) against the hopping process 

decreases. At high doping levels (around 30%), the average distance between counterions decreases and the 

electrostatic potential becomes smooth, facilitating charge hopping (Figure 27). Conjugated polymers e- [86] 

and h+ [87] mobility can vary from ≈ 10-5 cm2V-1s-1 to ≈ 1 cm2V-1s-1 . 

 

 

Figure 27. On the left: increasing dopant concentration reduces the energy barrier Δ for the charge 

transport process to occur, under an external electric field F(x). On the right: the charge carrier mobility at 

different doping levels. Image adapted from [27]. 

 

To sum up, whether the charge transport mechanism is described by the hopping model or by the formation 

of new defect bands, understanding the complex relation between the dopant and the polymer is crucial to 

design efficient TE materials.  
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4. P-TYPE MATERIALS 

As previously discussed, the first conducting polymer to be studied was the trans-polyacetylene. 

Conductivities of about 560 Scm-1 and mobilities of 1 cm2V-1s-1 have been reported when trans-polyacetylene 

was p-doped with AsF5 (arsenic pentafluoride). When doped with I2 vapor, electrical conductivity can be 

further increased to 104 S cm-1. Electrical conductivities as high as 3x104 S cm-1 can be measured in oriented 

polyacetylene at 220K with power factor around 2 x 10-4 Scm-1 [88], [80]. Unfortunately, despite the initial 

very promising results, trans-polyacetylene is not suitable for electronic applications as it is not soluble in any 

solvent, and it is unstable at normal environment. Nevertheless, in the last 50 years, many p-type polymers, 

mainly consisting of 5 or 6 membered aromatic rings, have been reported. The most important for TE 

applications are: polythiophenes, polypyrroles, polycarbazoles, polyphenylenevinylenes, poly(3,4-

ethylenedioxythiophene) and polyaniline. 

 

4.1 POLYTHIOPHENE 

Polythiophenes (PT) are polymers obtained from the 2,5- polymerization of thiophene. Worth noting, a chain 

of unsubstituted thiophene rings is unsoluble, and for this reason, the thiophene monomers are often 

functionalized in the 3-position with side alkyl chains to enhance both polymer solubility and processability 

(Figure 28). For example, poly-3-alkylthiophenes exhibit good solubility in common organic solvents such as 

chloroform, tetrahydrofuran and toluene. [89] Common examples of poly-alkyl thiophenes are poly(3-

octylthiophene) (P3OT), poly(3-methylthiophene) (P3MeT) and poly 3-hexylthiophene (P3HT).  

 

 

Figure 28. Chemical structure of polythiophene (R = H) and of poly(alkyl thiopene)s (R = alkyl chain).  

PTs are often synthetised via electrolytic polymerization, which is a process that proceeds by anodic oxidation 

during which both the polymerization and the doping occur simultaneously on the electrode interface. The 

films can subsequently be undoped by chemical or electrochemical reduction. Typically, nitrobenzene and 
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tetra-butylammonium perchlorate (TBAClO4) were used as solvent and electrolyte, respectively. [90] By 

changing the polymerization conditions such as monomer and electrolyte concentration, electric current, 

solvent, and temperature, it is possible to tune the PT film structure and its TE properties [91]. For instance, 

a high monomer or electrolyte concentration (more than 1 M) can originate side reactions that shorten the 

polymer molecular weight, while a too high deposition rate might generate a rough film with more defects. 

[92] High crystallinity PT films obtained by electrolytic polymerization of thiophene (0.5 M) using TBAClO4 

(0.018 M) as electrolyte exhibit electrical conductivity as high as 200 S cm-1 and PF of 10 µW m−1 K−2. [91] Li 

et al. [92] reported the synthesis of PT films on a stainless-steel electrode with a high mechanical strength 

(around 117MPa which is higher than aluminium) and an electrical conductivity of 49 Scm-1, using a solution 

of borontrifluoride diethyl etherate (BFEE) and a low monomer concentration (10 mM). Similarly, P3OT films 

have also been prepared from a BFEE solution, achieving the remarkably high tensile strength of 127MPa. 

[93] Xu et al. have modified the classic electrolytic polymerization of PT, P3MeT and P3OT by adding 2,6-di-

tert-butylpyridine (DTBP) to the BFEE solution, which acts as a H+ scavenger lowering acidity and prevents 

acid catalysed reactions that could shorten the polymeric conjugation length. The authors demonstrated an 

increase between 5 and 30% of the TE power factor due to the DTBP addiction. [94] 

 

4.1.1 Poly 3-hexylthiophene 

Thanks to its facile synthesis, processability, environmental stability and relatively high hole mobility (ranging 

from 10-5 – 10-1 cm2V-1s-1), the poly-3-hexylthiophene (P3HT) has found many applications in different fields 

such as TEGs [95], organic field effect transistors [96] and solar cells. Several studies have been conducted 

on chemically doped P3HT with the p-type dopant F4TCNQ either by solution or vapour doping. In both cases, 

the electrical conductivity remains in the order of 1 S cm-1 [97], [98]. However, as highlighted by Chabynic et 

al. [99], the TE performances are slightly better in the case of vapor doping (PF 20 µWm-1K-2) than in the case 

of solution doping (PF 0.5 µWm-1K-2). 

Xuan et al. have evaluated the TE properties of P3HT doped with nitrosonium hexafluorophosphate (F6NOP). 

At low dopant concentrations, the bulky counterions disturb the order of the system; however, by increasing 

the dopant concentration, the order of the polymer matrix increases with a subsequent increase in both the 

Seebeck coefficient and electrical conductivity. The maximum power factor (0.1 µW m−1 K−2) is reached at 

doping levels between 20 and 31% [100]. A higher PF (2 µW m−1 K−2) has been reported when doping P3HT 

with ferric salt TFSI-. [101] 
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4.1.2 Polythiophene derived polymers 

An interesting PT derived polymer is poly(diketopyrrolopyrroleterthiophene) (PDPP3T, Figure 29) [102]. The 

presence of the diketopyrrolopyrrole bicyclic γ-lactam ring generates a more planar structure than PT, with 

an improved molecular order. Jung et al. [103] have doped PDPP3T with FeCl3, obtaining a PF of 276 µW m−1 

K−2. Zhu et al. [104] compared several polymers including PDPP3T, poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-

b:2′,3-d] silole)-2,6-diyl-alt-(2,1,3 benzothiadiazole)-4,7-diyl] (PSBTBT and poly(2,5-bis(3-dodecylthiophen-2-

yl)-thieno[3,2-b]thiophene) (PBTTTC12) (Figure 29), obtaining PF of 25, 4 and 14 µW m−1 K−2 , respectively. 

Katz et al. [105] have synthesized PDTDE12, PDTDES12 and PQTS12 (Figure 30). The ethylenedioxy groups 

and the sulfur atoms raise the HOMO and facilitate the oxidation of the polymer. However, while the 

presence of sulfur atoms does not affect the overall planarity of the polymer, ethylenedioxy groups have a 

non-negligible steric effect on the conjugated backbone. For this reason, while PQTS12 films have an ordered 

packing structure, PDTDE12, PDTDES12 have a distorted backbone. The TE properties of some PT materials 

are reported in Table 3. 

 

 

Figure 29. chemical structure of PDPP3T (left), PSBTBT (centre) and PBTTTC12 (right).  

 

 

 

Figure 30. chemical structure of PDTDE12 (left), PDTDES12 (centre) and PQTS12 (right).   
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Material Treatment 
α 

(µVK-1) 

σ 

(Scm-1) 

PF 

(µWm-1K-2) 
Ref. 

PT Doped with ClO4
- 26 201 10 [106] 

P3HT Immersion doping with TFSI- 48 87 20 [101] 

PBTTTC14 Vapor doping with FTS 23 466 25 [107] 

PBTTTC15 Vapor doping with F4TCNQ 42 670 120 [108] 

PDPP3T Spin coating doping with FeCl3 226 55 276 [103] 

PDPP3T Immersion doping with TFSI- 45 62 25 [104] 

PDTDE12 Drop doping with F4TCNQ 30 120 10 [105] 

 

Table 3: TE properties of PT derived materials  
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4.2 PEDOT 

Poly(3,4-ethylenedioxythiophene) (PEDOT, Figure 31) is a conjugated polymer obtained from the oxidative 

polymerization [76] of the 3,4-ethylenedioxythiophene (EDOT), which is a thiophene unit functionalized with 

an ethylenedioxy group that connects the 3- and 4- thiophene positions. PEDOT was originally reported in 

1991 [109] and today, thanks to its properties such as optical transparency as a thin film [110], chemical and 

environmental stability, relatively low toxicity [111], [112] and versatile deposition techniques, [113] it is one 

the most important p-type conducting polymer. PEDOT has found applications in many fields such as TEG 

[114], organic solar cells [115], biosensors [116] and electrochromic switches [117] (Figure 32). 

 

 

Figure 31. chemical structure of PEDOT. 

 

 

Figure 32 On the left: total number of publications about PEDOT in the period 2005-2015. On the right: 

number of publications regarding PEDOT divided for each field of application in the period 2005-2015. 

Image adapted from [113]. 
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Although PEDOT has been doped with many different small molecules, such as (O-tosylate)3 (PEDOT:TOS,), 

ClO4
-, bis(trifluoromethylsulfonyl)imide (BTFMSI−) and PF6- [118], [119] , [120], the PEDOT:PSS system (Figure 

33) has received the greatest attention thanks to its remarkable solution processability. 

Poly(styrenesulfonate) (PSS) is a sulfonated derivative of polystyrene that acts as a solubilizing counter ion 

when it is deprotonated. Aqueous PEDOT:PSS dispersions are commercially available, and this makes the 

material a good candidate for ink-based processing such as dip-coating [121], ink-jet printing [122] and spin-

coating [123]. PEDOT:PSS properties can be tuned changing the PEDOT:PSS ratio, the dopant and the solvent 

used for film fabrication [124]. 

 

 

Figure 33. PEDOT:PSS structure. Image adapted from [115]. 

 

It is important to consider, that after PEDOT:PSS deposition from an aqueous solution, TE properties are not 

ideal (σ < 1 Scm-1 , α ≈ 15 µVK-1 and PF ≈ 10-3 µWK-2m-1 [114], [125]). Such poor performance is caused by the 

excess of PSS required to disperse PEDOT in water [125]. Removing excess PSS after film deposition 

remarkably increases electrical conductivity [126], and this process is called “dedoping”. Dedoping increases 

Seebeck coefficient, however, it reduces electrical conductivity. Therefore, it is important to find the best 

compromise to reach an optimal conductivity and Seebeck coefficient. Dedoping can be done both 

electrochemically [127] and chemically with reducing compounds such as hydrazine [128], 

tetrakis(dimethylamino)ethylene (TDAE), ammonium formate, hydroiodic acid and sodium borohydride 

[129]. Furthermore, a secondary doping can be performed, aimed at increasing electrical conductivity by 

changing film morphology and/or composition without altering the doping level [130]. It consists of the 

addition of a chemical species into the aqueous solution or to treat the PEDOT:PSS film with a vapor, a solvent 

or a solution. Kim et al. [131] used different solvents such as tetrahydrofuran (THF), N,N-dimethyl formamide 

(DMF), dimethyl sulfoxide (DMSO) and water, obtaining an increase of electrical conductivity from 0.8 S cm -



 
47 

 

1 (in water) to 80 S cm-1 (in DMSO). The relation between the use of DMSO and the electrical conductivity has 

been explored in [132], where conductivities around 600 S cm-1 (a figure of merit of 9.2 x 10-3) have been 

found for by adding DMSO (5% vol) to the aqueous PEDOT : PSS solution. Gong et al. [133] reported that the 

addition of DMSO (5%) and polyethylene oxide (PEO, 0.4%) to the aqueous PEDOT : PSS solution dramatically 

increases electrical conductivity (up to 1300 S cm-1), Seebeck coefficient (up to 40 µVK-1) and PF (157 µWK-

2m-1). Secondary doping can be also achieved through post processing the PEDOT:PSS film. Chu et al. [134] 

have post-treated PEDOT:PSS films with different organic compounds. When exposed to formic acid, 

PEDOT:PSS films exhibit an electrical conductivity of 1900 S cm-1, Seebeck coefficient of 21 µV K−1 and a PF of 

81 µW m−1 K−2. A remarkable electrical conductivity of 3 x 103 S cm-1 has been reported when a PEDOT:PSS 

film (24nm thick) was treated with a 1M solution of sulfuric acid (H2SO4) at 160°C [135]. Some TE properties 

of PEDOT materials are reported in Table 4. 
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Material Treatment 
Α 

(µVK-1) 

Σ 

(Scm-1) 

PF 

(µWm-1K-2) 
Ref. 

PEDOT:PSS PEO and DMSO addition 38 1060 157 [133] 

PEDOT:PSS Posttreatment with formic acid 21 1900 81 [134] 

PEDOT:PSS Posttreatment with a solution of ZnCl2 in DMF 26 1400 98 [136] 

PEDOT:PSS Electrochemical dedoping 100 20 23,5 [127] 

PEDOT:PSS Chemical dedoping with ammonium formate 436 0,036 0,69 [137] 

PEDOT:PSS Treated with EMIM-BF4 and DMSO 23 700 38 [138] 

PEDOT:PSS Treated with DMSO and hydrazine 41 677 115 [128] 

PEDOT:PSS Treated with NaOH 16 800 20 [139] 

PEDOT:PSS Treated with hydrazine 67 578 112 [140] 

PEDOT:PSS Treated with TSA and then hydrazine and DMSO 50 1300 318 [141] 

PEDOT:PSS Treated with H2SO4 and then NaOH 39 2170 334 [142] 

PEDOT:TFSI Dedoped with hydrazine 37 1100 147 [118] 

PEDOT:TOS DMF addition 35 640 79 [143] 

PEDOT:TOS Posttreatment with p-Tos 15 1570 34 [144] 

PEDOT:TOS Posttreatment with MeOH 24 1200 70 [145] 

PEDOT:TOS Electrochemical dedoping 117 923 1270 [146] 

PEDOT:TOS Chemical dedoping with TDAE 220 67 324 [147] 

PEDOT:TOS Treated with NaOH 20 650 26 [148] 

PEDOT:TOS Treated with a NaBH4 solution in DMSO 40 580 98 [149] 

PEDOT:TOS Treated with HI 20 1690 70 [150] 

 

Table 4: TE properties of some PEDOT materials.  
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4.3 OTHER POLYMERS 

Polyaniline (PANI, Figure 34) is another important conjugated polymer due to its easy synthesis and good 

stability. PANI synthesis can follow a chemical or an electrochemical route yielding material with different 

electrical conductivities. Chemical synthesis leads to higher conductivities (6.3 x 10−4 S cm−1) than 

electrochemical synthesis (1.7 x 10−4 S cm−1) [151]. In neither case, PANI exhibits TE performance comparable 

to other p-type polymers [114]. It has been demonstrated that the cross-linking of PANI monomers enhances 

the order of the structure and increases the electrical conductivity (+25%, Figure 34). [152] At high doping 

concentrations, PANI shows temperature dependent metallic behaviour and conductivities around 601 S cm-

1 (at around 300 K). The maximum value of ZT for PANI doped with HCl is 2.7 x 10−4 (measured at 423K [153]). 

 

 

Figure 34. on the left: chemical structure of polyaniline. On the right: chemical structure of cross-linked 

polyaniline 

 

Another polymer that has received some interest due to its good solubility and facile synthesis is polypyrrole 

(PPy, Figure 35). Films of polypyrrole prepared by freezing interfacial polymerization can reach electrical 

conductivity in the order of 2 x 103 S cm-1 [154]. Depending on the synthetic protocol and on the dopant used, 

the Seebeck coefficient of polypyrroles can be over 1 µV K-1 at 250 K [155]. 

 

 

Figure 35. chemical structure of polypyrrole. 

 

Polycarbazoles (Figure 36 left) usually exhibit lower electrical conductivity, but higher Seebeck coefficient 

than PANI and PPy [114]. The addition to the backbone of vinylene and electron donors such as thiophene 
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or EDOT, dramatically increase the electrical conductivity in polycarbazole derivatives [156]. Leclerc et al. 

[157] reported a polycarbazole derivate (PCDTBT, Figure 36 right) that shows an electrical conductivity up to 

160 cm-1, Seebeck coefficient of 34 µV K−1 and PF of 20 µW m−1 K−2. 

 

 

Figure 36. on the left: chemical structure of polycarbazole. On the right: chemical structure of PCDTBT.  
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5. N-TYPE MATERIALS 

As previously discussed, a TE device is composed of two legs made of different materials: a p-type and a n-

type (Figure 12). In the past, research has primarily focussed on the development and understanding of p-

type materials (Figure 37). The reduced attention on n-type conductive materials is due to two main reasons: 

1. The study of n-type TE materials is more complex than the study of p-type TE materials due to their 

instability to oxygen and humidity. This affects their processability and technological applications. 

2. There is still a lack of high performing and commercially available n-type organic polymers. 

So far, the performances obtained by p-type materials are out of reach (Figure 37). 

 

 

 

Figure 37. comparison between the electrical conductivity of p-type (orange dots) and n-type polymers 

(blue dots) developed in the last 10 years. 

 

The LUMO level is a key parameter of a n-type material. A low LUMO favours the n-type doping mechanism 

(this will be discussed in the following chapters), and it also increases the environmental stability of the 

molecule. Indeed, after an e- is injected in the lowest unoccupied molecular orbital by doping, a n-type 

material should be thermodynamically stable to redox reactions with oxygen and moisture, which might 

generate e- traps that hinder the charge transport process. [158]. As water is reduced at a potential below -

0.66 V (-3.7eV), and oxygen undergoes reduction at 0.57 V (-4.9 eV),  [159] a n-doped (reduced) material 

should exhibit a LUMO lower than -3.7eV (with respect to vacuum) to be stable in the presence of water and 

lower than -4.9 eV to be stable in presence of oxygen. By taking into consideration redox kinetics, recent 
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studies have demonstrated that the threshold to achieve stability in atmosphere is slightly less restrictive: n-

doped LUMO should be lower than -4.0 eV. [160] 

LUMO level can be deepen by introducing electron withdrawing groups in the structure. Some common n-

type molecules are naphthalenetetracarboxylic dianhydrides (NDA) [161], perylene bisimides [162], 

naphthodithiophenediimides [163] and fullerenes [164]. In case of n-type polymers, they are often obtained 

by the polymerization of such molecules in combination with a conjugated π-bridge spacer such as 

bithiophene. 

 

 

5.1 FULLERENES  

Fullerenes (Figure 38) are among the best n-type molecular semiconductors: high charge carrier mobilities, 

low thermal conductivities (around 0.4 W/m K, [165]) and good thermal stability make them ideal for organic 

electronic applications.  

 

Figure 38. different sizes of fullerenes. Fullerenes are named as Cx, where x is the number of carbon atoms 

in their structure. Image adapted from [166]. 

 

The n-doping of fullerenes can be accomplished by dopant vacuum deposition [167]. A power factor of 20.5 

x 10-6 W m-1 K-2 was obtained using a Cs2CO3/C60 bilayer device [168]. Similar values have been obtained for 

C60 samples doped with Cr2(hhpp)4 or W2(hhpp)4 (where hhpp = 1,3,4,6,7,8-hexahydro2H-pyrimido [1,2-a] 

pyrimidinate) [164], organometallic complexes [169], hydride donors [170], and tetrabutylammonium salts. 

However, the greatest problem afflicting n-type extrinsic dopants is their reactivity to atmospheric oxidants 

such as humidity and oxygen. An interesting approach to solve this problem is to promote the formation of 

an active dopant specie in situ through photo or thermal activation. Bao et al. [171] used 1,3-dimethyl-2-

phenyl-2,3-dihydro-1H-benzoimidazole (DMBI, Figure 39 left) as a solution-processable air-stable n-type 

dopant for a well-known n-type system such as [6,6] - phenyl C61 butyric acid methyl ester (PCBM, Figure 39 

right), obtaining an increase of electrical conductivity from 8.1 x 10-8 S cm-1 to 1.9 x 10-3 S cm-1 upon an 
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overnight thermal treatment at 80°C to activate the dopant. Fullerene derivatives with glycol side chains 

doped with DMBI have been reported to achieve electrical conductivity around 10 S cm-1 and a figure of merit 

ZT around 0.3. [172] 

 

 

Figure 39. on the left: chemical structure of 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (DMBI). 

On the right: chemical structure of [6,6] - phenyl C61 butyric acid methyl ester (PCBM).  

 

 

 

5.2 p-PHENYLENE VINYLENE POLYMERS 

Poly p-phenylene vinylene (PPV) is a conjugated polymer ( 

Figure 40 left) and its derivatives have been applied in the first polymer-based light emitting diodes [173] and 

in the first bulk heterojunction solar cells [174]. Low charge carrier mobility in PPV (10-4 cm2 V-1s-1) is mainly 

due to i) the trans-cis isomerization (both in solid state and in solution) induced by irradiation with UV light, 

ii)  the free rotation of the single bonds with subsequent formation of conformational isomers, iii) the weak 

interchain interactions, resulting in slow interchain charge transport, and iv) a too high LUMO level (usually 

between -2.7 and -3.2eV [175]). To solve these issues, Pei et al. [176], have synthetized a benzodifurandione-

based PPV (BDPPV, Figure 40 right). BDPPV is characterized by the presence of strong electron withdrawing 

carbonyl groups that, on one side, lower the LUMO level and, on the other, form H-bonds to prevent 

isomerization of the conjugated backbone. Furthermore, side chains (R = 4-octadecyldocosyl groups) improve 

solubility and processability. BDPPV has a mobility of 4 orders of magnitude higher than PPV (1 cm2 V-1s-1). 
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Figure 40. on the left chemical structure of poly p-phenylene vinylene polymer (PPV). On the right: chemical 

structure of benzodifurandione-based PPV (BDPPV) [176]. 

 

Pei et al. [177] doped BDPPV with DMBI, (RuCp*mes)2 and DMBI2 (Figure 41). According to the authors, DMBI2 

dimer shows better doping performances than DMBI (Figure 39) and (RuCp*mes)2 because it shares both 

their key features: DMBI2 has the same small size planar cation of DMBI while keeping the good reducibility 

and absence of side reactions typical of (RuCp*mes)2 dimer. However, it is important to consider that DMBI-

doped BDPPV reaches almost the same conductivity of DMBI2-doped BDPPV, for a higher dopant 

concentration. 

  

   

Figure 41. (a) electrical conductivity; (b) Seebeck coefficient and (c) power factor of BDPPV doped with 

different molecules versus the dopant concentration. On the bottom: chemical structure of DMBI2 (on the 

left) and (RuCp*mes)2 (on the right). Image adapted from: [177].  
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5.3 ORGANOMETALLIC COORDINATION POLYMERS 

Organometallic coordination polymers (OMCP) are macromolecules composed of metal ions connected with 

different organic ligands. Zhu et al. [178] studied the TE properties of poly [Ax(M-ett)] systems, where A is an 

ion, M is a coordination metal and ett is 1,1,2,2-ethenetetrathiolate (Figure 42), obtaining relatively high 

electrical conductivities (between 6 and 40 S cm-1) and ZT around 0.1. In their work, they have used different 

counter cation such as Na+, K+, Cu2+, Ni2+, tetrabutylammonium and tetradecyltrimethyl ammonium; and 

different coordination metals such as Ni or Cu. 

 

Figure 42. poly [Ax(M-ett)] structure. Image adapted from [178]. 

 

Poly [Ax(M-ett)] materials (where A is Na+ or K+ and M is Ni2+) have excellent n-type TE properties. Poly [Kx(Ni-

ett)] shows electrical conductivities up to 63 S cm-1 (at 440K) with a Seebeck coefficient between -50 and -

200 x 10-6 VK-1. A TE generator with poly [Nax(Ni-ett)] as n-type leg material and poly [Cux(Cu-ett)] as p-type 

leg material leads to a power output of 750 µW and a figure of merit of 0.1 at 400K. Further studies on OMCP 

investigated Cu 7,7,8,8-tetracyanoquinodimethane (Cu-TCNQ, Figure 43) coordinated polymers [179]. 

Nanocrystals of Cu-TCNQ (NC-CuTCNQ) deposited by chemical vapor deposition on a glass substrate exhibit 

an electrical conductivity around 1.5 x 10-2 S cm-1 (at room temperature) and 3.7 x 10-2 S cm-1 (at 370K), and 

a Seebeck coefficient between -6.77x 10-1 V K-1 and 6.30 x 10-1 V K-1. On the other hand, nanorod arrays of 

CuTCNQ (NrA-CuTCNQ) exhibit a far worse performance (only 5 x 10-3 S cm-1) due to the poor packing of 

nanorods that hinders the charge transport along the in-plane direction. 

 

 

Figure 43. 7,7,8,8–tetracyanoquinodimethane molecule (TCNQ).  
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5.4 PERYLENE AND NAPHTALENE COMPOUNDS 

Perylene bisimide (PDI, Figure 44 C) and naphthalene diimide (NDI, Figure 44 D) derive from perylene 

dianhydride (PDA Figure 44 A) and naphtalene dianhydride (NDA Figure 44 B), respectively. The main 

difference between NDI and PDI and their dianhydride counterparts consists in the presence of two 

functionalization groups (-R) that can provide additional customization such as solubility and crystallization 

tailoring. As a matter of fact, [180] the π molecular orbital has nodes in the two nitrogen positions of the 

diimide rings, and this characteristic allows for an easy R- substituents change without significantly altering 

the electronic structure. For this reason, and for their easy single-step synthesis, a huge amount of different 

NDI (and PDI) molecules has been studied in the past. [181] Variations in the chain length, functional group 

polarity, self-segregation and intramolecular binding have been explored [182]. Napthodithiophenediimide 

molecules (NDTI, Figure 44 E) consist in core-extended NDI derivatives [183]. They have slightly lower LUMO 

levels (around -4.0eV) and smaller HOMO-LUMO gaps than their NDI counterparts. These molecules are as 

planar as PDI derivatives, but they have less steric hinderance and an increased solubility. Furthermore, they 

can undergo chemical modifications on both the imide nitrogen atoms, where it is possible to insert 

solubilizing alkyl chains, and on the thiophene-fused α-positions, which is usually functionalized with electro-

withdrawing groups to further tune the electronic structure of the molecule. As reported by Takimiya et al., 

N,N′-dioctyl2,7-dichloro-NDTI is an air-stable n-type semiconductor with electron mobility of 0.73 cm2 V-1s-1 

[184]. 

 

 

Figure 44. chemical structure of: perylene dianhydride (A), naphthalene dianhydride (B), perylene bisimide 

(C), napthalen diimide (D) and napthodithiophenediimide (E) 

 

Recently, PDI derived molecules have attracted interest, as for their high electron affinity (EA, around 4eV) 

and for the possibility to extensively tune their properties by structural modifications [185]. PDI core can be 
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tethered to a tertiary amine functional group, achieving a self-doping mechanism [186]. Gregg at al. [187] 

have demonstrated a reversible self-doping mechanism of a water dispersible PDI with conductivities up to 

10-3 S cm-1. The relation between electrical conductivity and the tether length has been also investigated: 

increasing the length of the alkyl tether (from two to six methylene groups), the electrical conductivity 

increases hundred times, reaching 0.5 S cm–1 and power factor of 1.4 x 10-6 Wm-1K-2 (Figure 45, [188])  

 

 

Figure 45. PDI functionalized with tertiary amine tethered with linear alkyl chains. 

 

Bao et al. [189] have studied perylene diimide-based polymers doped with (2-Cyc-DMBI)2. The authors have 

used different linkers such as bithiophene (T2), ethylene (A), ethynylene (E) and diethynylbenzothiadiazole 

(DEBT) to connect the perylene diimide units. Then they have studied regioregularity and polaron 

delocalization of the doped polymer (Figure 46). (Table 5). The authors concluded that doped polymers do 

not need to follow the same design guidelines of pristine materials for OTFTs, where backbone 

regioregularity and crystallinity are required for the positive effect on charge carrier mobility. On the 

contrary, design of doped polymers aimed at giving extended polaron delocalization. 

 

Polymer Mn [kDa] PDI µ [cm2/Vs] Σ [S/cm] Dopant % LUMO [eV] 

P(PDI2OD-A) 24.9 3.76 1.8 x 10-3 0.27 0.75 -4.19 

P(PDI2OD-DEBT) 7.5 9.12 6.5 x 10-3 0.06 0.55 -4.06 

P(PDI2OD-T2) 20.2 1.40 2.0 x 10-3 0.0006 0.54 -3.91 

P(PDI2OD-E) 6.6 1.58 0.3 x 10-3 0.002 0.48 -3.98 

 

Table 5 Summary of material characterization and electrical measurements performed in [189]. The 

samples were doped with (2-Cyc-DMBI)2. Dopant concentration is expressed as molar ratio. 
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Figure 46. polymers based on perylene diimide with different conjugated linkers.  
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6. P(NDI2OD-T2) 

Among all n-type conductive polymers, the most famous one is 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) (Figure 47), which is the 

copolymer of naphtalenediimide (NDI, Figure 44 D) and bithiophene (T2). Thanks to its commercial 

availability, its high solubility (around 60g/L in CHCl3) and its relatively high charge carrier mobility (up to 0.85 

cm2 V-1 s-1 [86], [185] P(NDI2OD-T2), P(NDI2OD-T2) has attracted a lot of interest for TE applications [86], 

[190].  

 

Figure 47. Chemical structure of 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) ). 

 

 

6.1 SYNTHESIS  

The synthesis of P(NDI2OD-T2) consists in the co-polimerisation of the naphthalene-based monomer 

(NDI2OD-Br2) with the commercially available bithiophene monomer. 

6.1.1 NDA-Br2 

The first step is the bromination of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA) to obtain 2,6-

dibromonaphthalene-1,4,5,8-tetracarboxydianhydride (NDA-Br2). Dibromoisocyanuric acid [190] or 

tribromoisocyanuric acid [191] are used as brominating agents, in oleum (Figure 48). Unfortunately, the 

bromination is not selective, and the synthesis also leads to both the mono-brominated (NDA-Br) and the tri-

brominated (NDA-Br3) side products, which cannot be removed at this stage because of their low solubility 

in common organic solvents that prevents the use of common purification techniques. 
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Figure 48 bromination of NDA with dibromoisocyanuric acid to obtain NDA-Br2 [190].  

 

6.1.2 NDI2OD-Br2 

The second step is the functionalization of the NDA-Br2 with 2- octyldodecylamine to obtain NDI2OD-Br2 

(Figure 49). Since after the functionalization, the crude product is soluble in chloroform, after this step the 

undesired products (NDA-Br and NDA-Br3) are removed by column chromatography using a mixture of 

chloroform and hexane (1:1) as eluent. It is crucial to remove NDA-Br because it acts as chain terminating 

group during the polymerization, strongly reducing the polymer molecular weight. 

 

 

Figure 49 synthesis of NDI2OD-Br2. 

 

6.1.3 POLYMERYZATION 

P(NDI2OD-T2) was initially synthetized by Stille polycondensation as reported by Facchetti et al. [190]. 

Unfortunately, such reaction route involves organo-stannanes that are highly neurotoxic compounds. [192] 

Kiriy et al. [193] have proposed a radical anion polymerization, that requires a symmetrical monomer and a 

Riekez zinc suspension. However, this last method resulted less versatile and more challenging. Recently, 
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direct arylation polycondensation (DOP) has gained interest for the versatile synthesis of n-type copolymers. 

[194] Indeed, DOP synthesis does not require toxic organo-metallic monomers, and it results faster and less 

expensive. The synthesis of P(NDI2OD-T2) through DOP has been firstly proposed by Sommer et al. [195] 

(Figure 50). 

 

 

 

 

 

Figure 50. Synthesis of P(NDI2OD-T2). On the top: Stille reaction route, the palladium catalyst is 

bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2) [190]. On the bottom direct arylation route. 

The palladium catalyst is tris(dibenzylideneacetone)dipalladium(0) (Pd2DBA3) [195].  
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6.2 STRUCTURE 

Although P(NDI2OD-T2) consists of two almost planar building blocks (T2 and NDI), its structure is overall 

distorted, indeed there is a high torsion dihedral angle between NDI and T2 units (Figure 51, [196]). As 

underlined by Fabiano et al. [197], such torsion together with the donor-acceptor character of the building 

blocks cause a strong charge localization and causes the polaron to be strongly localized on the NDI moiety 

(Figure 52). Therefore, charge transport is related to inter-chain polaron hopping from two NDI units rather 

than intra chain polaron delocalization. 

 

 

Figure 51. (a) P(NDI2OD-T2) chemical structure with indication of σ and τ dihedral angles. (b) Potential 

energy expressed at the variation of σ (B3LYP/6-311G**), the red line is referred to vacuum case and the 

blue line is referred to IEF-PCM in toluene, in both cases the polymer features methyl groups instead of 

alkyl chains. The authors considered τ = +148° (taken from in vacuo calculations). The polymer has two 

possible conformations: anti (σ = 138°) and syn (σ = 42°). Image adapted from [196]. 

 

 

 

Figure 52. spin density distribution in P(NDI2OD-T2)5 pentamer calculated at the UDFT level (ωB97X-D3/6-

31G*). Image adapted from [197].  
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Initially, P(NDI2OD-T2) was supposed to lack long-range crystalline order and to likely be amorphous [86]. 

However, the presence of a melting-like transition in differential scanning calorimetry (DSC) suggests the 

presence of a crystalline phase. Heeger et al. demonstrated that P(NDI2OD-T2) morphology is rather ordered 

at a 10 nm scale, and it keeps a long-range relation for distances up to 1 μm [198]. The structure and 

molecular packing of P(NDI2OD-T2) was investigated by Salleo et al. [199]. According to X-ray scattering 

measures, P(NDI2OD-T2) shows a remarkable degree of in-plane order and adopts a face-on packing (i.e the 

π-stacking direction between NDI units is perpendicular to the substrate, Figure 53, on the left). Salleo et al. 

[200] have studied P(NDI2OD-T2) films annealed at 150-180°C (below melting point) and at 300-320°C (above 

melting point) and slowly cooled, demonstrating that melt-annealed films show an edge-on packing (i.e. the 

π-stacking direction between NDI units is parallel to the substrate, Figure 53 on the right).  

 

   

 

Figure 53. On the left: schematic representation of molecular packing of P(NDI2OD-T2), reporting the three 

directions referenced and microstructural arrangement of P(NDI2OD-T2) crystallites. On the right: 2D 

grazing incidence X-ray scattering of a P(NDI2OD-T2) film before and after melt-annealing and a slow 

cooling. Images adapted from [199] and [200], respectively. 

 

 

The optical properties of pristine P(NDI2OD-T2) have been studied by Brinkmann et al. [201]. The authors 

demonstrated that the transition between face-on and edge-on geometries is accompanied by a change in 

the absorption spectra of the polymer (Figure 54). P(NDI2OD-T2) edge-on structure have also been obtained 

with Langmuir-Schäfer deposition [202]. 
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Figure 54. Absorption spectra of spin coated P(NDI2OD-T2) annealed at different temperatures. The 

samples have been heated for 1 min followed by cooling at a 0.5°C/min rate. Image adapted from [201]. 

 

Sommer et al. [203] used different epitaxial crystallization processes to obtain highly oriented crystals in two 

different polymorphs that feature either segregated or mixed interchain stacks of NDI and T2 (form I and 

form II, respectively, Figure 55). P(NDI2OD-T2) shows a different morphology depending on processing: at 

low temperatures (ca. 150°C), the π-stacking direction is face-on, whereas the direction is edge-on at high 

temperatures (ca. 300°C). It is important to notice that spin coated P(NDI2OD-T2) films have a face-on 

arrangement, but they differ from epitaxially grown form I films for a different orientation of NDI and T2 local 

planes with respect to the substrate. Face on P(NDI2OD-T2) spin coated films exhibit T2 units parallel to the 

substrate and NDI units tilted by around 42°, while epitaxially grown form I films are characterized by NDI 

units parallel to the substrate and T2 units tilted (Figure 56, [204]).  

 

Figure 55. differences in the stacking of NDI and T2 units in form I and form II of epitaxially grown 

P(NDI2OD-T2) films. Form I is characterized by NDI and T2 segregated columns, while form II is 

characterized by the alternating π-stacking of the two moieties. Image adapted from [203].  
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Figure 56. structure of spin coated P(NDI2OD-T2) film compared with polymorph I and II of epitaxially 

grown highly oriented crystalline P(NDI2OD-T2) films. Cartesian coordinate system refers to substrate 

surface (XY plane). Image adapted from [204]. 

 

 

Caironi et al. [205] have studied the relation between film morphology and charge transport, demonstrating 

that charge carrier mobility can be increase up to 2 orders of magnitude by controlling the size of oriented 

domains through the solvent selection and deposition process. Specifically, solvents that favour the 

formation of pre-aggregates leads to the formation of ordered domain at the solid state, hence carrier 

mobility.  
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6.3 DOPING 

Kahn et al. doped P(NDI2OD-T2) with rhodocene dimers such as (RhCp2)2 (Figure 57). [206] According to the 

1H-NMR spectrum, (RhCp2)2 dopant does not degrade when it is exposed to air for a few hours. [169] Spin 

coated 50nm thick P(NDI2OD-T2) films doped at 2% (weight) with (RhCp2)2 demonstrated an increase of six 

orders of magnitude of electrical conductivity compared to the pristine polymer. During doping, rhodocene 

dimer is converted to the monomeric cation RhCp2
+. 

 

Figure 57. on the left: chemical structure of (RhCp2)2 dopant.  

Crispin et al. investigated the effect of volatile polyethylenimine (PEI) impurities (low molecular weight 

amines, PEI vapor) on P(NDI2OD-T2). [207] In particular, the authors analysed the dependency between the 

electrical conductivity of the polymer and the duration of exposure to PEI vapor (Figure 58). Within 1h of 

exposure to PEI vapor, P(NDI2OD-T2) increases its electrical conductivity of 3-4 orders of magnitude. As 

expected, such rapid saturation of electrical conductivity is strong evidence that the doping effect is limited 

to the surface of the polymer, and the dopant cannot penetrate through the bulk.  

 

Figure 58. time-dependent electrical conductivity of P(NDI2OD-T2) exposed to PEI vapor. The black circle 

represents the conductivity after storing the sample in vacuum (10-7 mbar). Image adapted from [207].  
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Chabinyc et al. [208] used benzimidazole derivatives to n-dope P(NDI2OD-T2), namely the 4-(1,3-dimethyl-

2,3-dihydro-1H-benzimidazol-2-yl)-N,N-dimethylaniline (DMBI, Figure 39) and the 4-(1,3-dimethyl-2,3-

dihydro-1H-benzimidazol-2-yl)-N,N-diphenylaniline (DPhBI, Figure 59). In their work, the authors spin cast a 

50 nm thick film and they measured the conductivity of P(NDI2OD-T2) at different dopant concentrations 

(3%, 9% and 25%, which correspond to a ratio between polymer repeating unit and dopant molecules of 

30:1, 10:1 and 3.3:1). Electrical conductivity initially increases with the increase of the extrinsic doping 

molecule; however, it reaches a maximum (5 x 10-4 S cm-1), then it starts to decrease (Figure 59). The decrease 

in electrical conductivity above the threshold concentration value was ascribed to a polymer-dopant 

miscibility limit which causes dopant solid-state segregation. 

 

 

Figure 59. On the left: chemical structure of 4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-

diphenylaniline (DPhBI). On the right: electrical conductivity of a spin casted 50nm thick film of P(NDI2OD-

T2) doped with either DMBI (red diamonds) or DPBI (blue diamonds) in function of doping amount (mol %). 

Filled diamonds refer to measures taken immediately after film fabrication; empty diamonds refer to 

measures taken after one month. Image adapted from [208]. 

 

Bao et al. [209] doped P(NDI2OD-T2) using neutral benzimidazoline-dimers (DMBI2 Figure 60), which is 

relatively stable in air: after 3 weeks of storage in air it does not show any sign of degradation, and only after 

3 months 1H-NMR evidences around 5% (mol) of decomposition product. Electrical conductivities obtained 

by doping P(NDI2OD-T2) with DMBI dimers are reported in Table 6. 

 

Figure 60. Chemical structure of benzimidazoline-radical dimers DMBI2.  
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Dopant σ Mol% 

(2-Cyc-DMBI)2 2.8 x 10-3 S cm-1 11 

(2-Fc-DMBI)2 7.6 x 10-3 S cm-1 26 

(2-Rc-DMBI)2 3.0 x 10-3 S cm-1 12 

 

Table 6 electrical conductivity of P(NDI2OD-T2) doped with different DMBI dimers reported in [209]. 

 

Bertarelli et al. [210] further investigated the relation between dopant structure, phase segregation and 

doped P(NDI2OD-T2) electrical conductivity: in their work they functionalized DMBI with different side chains 

(Figure 61) and demonstrated that a tailored functionalization of the dopant toward bulkier and longer alkyl 

substituents produces a strong effect on dopant-polymer-miscibility, thus increasing doping efficiency. 

Conductivity reaches values as high as 7 x 10-3 S cm-1 in the case of DiPrBI (Figure 62). According to the 

structural analysis, doping causes a decrease in the lamellar stacking distance compared to pristine 

P(NDI2OD-T2), due to the intercalation of the dopant.  

 

 

Figure 61. Chemical structure of benzimidazole dopants used in [210]. 4-(1,3-dimethyl-2,3-dihydro-1H-1,3-

benzodiazol-2-yl)-N,N-diethylaniline (DEtBI);4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-

dipropylaniline (DPrBI); N,N-dibutyl-4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)aniline (DBuBI); 4-

(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-bis(propan-2-yl)aniline (DiPrBI); 4-(1,3-dimethyl-

2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-bis(2-methylpropyl)aniline (DiBuBI). 
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Figure 62. electrical conductivity of doped P(NDI2OD-T2) vs dopant concentration (from 10% to 50%) for all 

the alkyl substituted benzimidazole based dopants of Figure 61. Image adapted from [210]. 

 

It worth to notice that 1H-benzimidazoles and specifically the commercially available DMBI have become one 

of the most common n-type dopants. Nevertheless, its doping mechanism is still subject of debate, and it has 

not been completely explained. There are three main possible mechanisms, either thermally or optically 

activated (Figure 63), as follows: 

- Hydride (H-) transfer from the dopant to the polymer, involving the formation of a new covalent bond 

between the hydride and the polymer.  

- Homolytic C-H bond break in DMBI with the release of a hydrogen radical atom (H●), followed by an 

electron transfer from the newly generated radical DMBI● singly occupied molecular orbital (SOMO) 

to the polymer LUMO.  

- Direct electron transfer from dopant HOMO to the polymer LUMO.  

 

Figure 63. Different n-doping paths reported for DMBI. Image adapted from [211]. 



 
70 

 

The doping mechanism strongly depends on the nature of the host polymer and on the dielectric constant of 

the medium. [212], [211] Fabiano et al. [213] hypothesized that the DMBI n-doping of P(NDI2OD-T2) involves 

the thermally activated formation of an intermediate radical DMBI● followed by a direct electron transfer 

from the radical SOMO to the polymer LUMO. The authors studied the relationship between the 

benzimidazole-dopant SOMO energy and the dopant efficiency, concluding that a decrease of the radical 

SOMO energy increases the electrical conductivity of around 10 times (Figure 64). 

 

      

Figure 64. Chemical structure of different benzimidazole derived dopants: 1,3-dimethyl-2-(4-methylphenyl)-

2,3-dihydro-1H-1,3-benzodiazole (1H, HOMO: -4.68eV, SOMO -3.02eV); 1,3,5,6-tetramethyl-2-phenyl-2,3-

dihydro-1H-1,3-benzodiazole (2H, HOMO: -4.55eV, SOMO: -2.99eV); 1,3,5,6-tetramethyl-2-(4-

methylphenyl)-2,3-dihydro-1H-1,3-benzodiazole (3H, HOMO: -4.54eV, SOMO: -2.91eV); DMBI (4H, HOMO: -

4.62eV, SOMO: -2.82 eV); N,N-dimethyl-4-(1,3,5,6-tetramethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)aniline 

(5H, HOMO: -4.49eV, SOMO: -2.73eV). On the right: electrical conductivity of P(NDI2OD-T2) doped at 

different concentrations. Image adapted from [213].  
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6.4 P(NDI2OD-T2) DERIVED MATERIALS 

Beyond the attempts to improve P(NDI2OD-T2) electrical conductivity through dopant optimization [208], 

[209], [210], several studies have been performed to develop new P(NDI2OD-T2) inspired copolymers by 

tailoring either the polymer backbone or the polymer side chains. Highly planarized polymers, such as BBL 

(poly benzo bisimidazobenzophenanthroline, Figure 65 on the left), are more conjugated than P(NDI2OD-T2), 

and they can achieve electrical conductivities up to three orders of magnitude more than P(NDI2OD-T2). 

[197] However, their main drawback is their lack of solubility in common organic solvents, which limits their 

processability. In order to improve electrical conductivity of P(NDI2OD-T2) while keeping its excellent 

solubility, Facchetti et al. [214] have synthetized a P(NDI2OD-T2) inspired polymer where the T2 moiety is 

replaced by a 5,5′-di(1,3-thiazolyl) unit (Tz2, Figure 66 on the left). NDI-Tz2 shows less internal steric repulsion 

than NDI-T2, promoting a more planar chain structure. According to DFT, P(NDI2OD-Tz2) has a greater 

conformational freedom than P(NDI2OD-T2): at room temperature, P(NDI2OD-Tz2) all quasi planar 

conformations (-20°<θ<+20°) are populated (Figure 66 on the right). Upon doping with 

tetrakis(dimethylamino)ethylene (TDAE), an electrical conductivity of 0.06 Scm-1 (3 min TDAE vapor 

exposure) and a PF of 1.5 µWm-1K-2 (around 5 times greater than the value obtained doping P(NDI2OD-T2) 

with TDAE) were obtained. 

  

Figure 65. On the left: chemical structure of poly (benzo bisimidazobenzophenanthroline) (BBL). On the 

right: spin density distribution in (BBL)8 octamer calculated at the UDFT-BS level (ωB97X-D3/6-31G*). Image 

adapted from [197]. 

 

Koster et al. [215] synthetized a P(NDI2OD-T2)-inspired polymer replacing alkyl chains with polar triethylene 

glycol side chains (P(NDI2TEG-T2), obtaining a strong increase of electrical conductivity after doping the 

polymer with DMBI (0.17 Scm-1) (Figure 67). According to the authors, the 200-fold increase of electrical 

conductivity is due to the presence of TEG chains that greatly reduce the dopant segregation and that 

increase the dopant dispersion into the polymer matrix. Furthermore, the presence of polar side chains 

potentially increases the application of aqueous electrolytes. [216] 
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Figure 66. on the left: comparison between chemical structure of P(NDI2OD-T2) and chemical structure of 

P(NDI2OD-Tz2). On the right: comparison between P(NDI2OD-Tz2) (black line) and P(NDI2OD-Tz2) (red line) 

potential energy expressed at the variation of torsion dihedral angle σ (ωB97X-D/6-311G**). The horizontal 

dashed line represents the energy available to the system at room temperature (around 0.6 kcal/mol at 

298K). Image adapted from [214]. 

 

 

Figure 67. on the left: chemical structure of P(NDI2TEG-T2). On the right: electrical conductivities (on the 

left) and Seebeck coefficient and power factor (on the right) of doped P(NDI2OD-T2) (black line) and 

P(NDI2TEG-T2) (red line) at different doping levels. Image adapted from [215].  
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Given the positive effect that glycol side chains have on the dopant-polymer miscibility, Müller et al. [217] 

have synthetized P(gNDI-gT2) (Figure 68), a P(NDI2OD-T2)-inspired polymer that carries glycol-based side 

chains both on the NDI and on the T2 moieties. A film of P(gNDI-gT2) 20% doped with DMBI exhibits an 

electrical conductivity of over 10-1 Scm-1 and a PF up to 0.4 µWK-2m-1. Furthermore, it maintains its electrical 

conductivity for about 20 minutes even if exposed to air. 

 

  

Figure 68. chemical structure of P(gNDI-gT2). On the right, electrical current vs voltage of P(gNDI-gT2) 

doped with 20% (mol) of DMBI. Image adapted from [217].  

 

Koster et al. [218], have further modified the structure of P(NDI2OD-Tz2) by adding glycol side chains to the 

thiazole unit (P(NDI2TEG-2Tz, Figure 69). The resulting material, when 21% doped with DMBI exhibits an 

electrical conductivity of 1.8 Scm-1 and PF of 4.5 µWK-2m-1. 

 

 

Figure 69. chemical structure of P(NDI2TEG-2Tz). 
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Finally, Caironi et al. [219] have substituted two imide oxygen atoms with a sulphur atom (Figure 70). This 

modification lowers the LUMO level, of the resulting 2S-trans-PNDI2OD-T2 polymer, which remains stable 

over 16h of air exposure after doping. Pristine 2S-trans-PNDI2OD-T2 has an electrical conductivity of 4 x 10-6 

Scm-1. When DPBI-doped (15% w/w), 2S-trans-PNDI2OD-T2 reaches an electrical conductivity of 6 x 10-3 Scm-

1 

 

Figure 70. chemical structure of 2S-trans-PNDI2OD-T2. 
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7. DOPING OF P(NDI2OD-T2) WITH DiPrBI: 

THE ANNEALING 

Despite the high number of studies on 1H-benzimidazole-doped P(NDI2OD-T2), until today, there is a lack of 

a standard procedure for sample preparation. Despite variations among the specific experimental methods, 

doping procedure often involves similar steps, namely i) P(NDI2OD-T2) is dissolved in an organic solvent, ii) 

the dopant is added to the P(NDI2OD-T2) solution, iii) the resulting mixture is spin coated under inert 

atmosphere and iv) the deposited films are annealed for several hours. Often annealing is carried at 150°C 

for 6 hours under N2 atmosphere [208], [220], but there are several cases where milder conditions (from 80 

to 120°C) [215], [221] have been adopted from few minutes up to a few hours [209], [222]. 

Given the supposed thermal-activation nature of benzimidazole-derived dopants, [213], [220] our first aim 

was to better understand the optimal timing and steps for the doping. Initially, we have focussed on DiPrBI 

dopant (reported as one of the most effective benzimidazole-derived dopants [210]) and we have studied 

the effect of annealing time and temperature on its interactions with P(NDI2OD-T2).  

 

7.1  ELECTRICAL CHARACTERIZATION 

To provide a benchmark for doped samples, we firstly measured the electrical conductivity of pristine 

P(NDI2OD-T2) films annealed at 70 °C, 110 °C and 150 °C for different amounts of time. Additional details 

regarding the electrical characterization measurements can be found in the Experimental chapter. 

The annealing temperatures were chosen considering the wide range of values reported in literature, which 

spans from rather mild conditions [221] up to 150 °C [208]. Regardless the annealing time and temperature, 

the electrical conductivity remains constant around 4.0 x 10-7 Scm-1 for all the pristine P(NDI2OD-T2) samples 

(Figure 71 A). This result agrees with literature, which reports significant changes of P(NDI2OD-T2) 

morphology, thus of electrical conductivity, only in the case of either annealing assisted by rubbing or at very 

high annealing temperatures (over 300°C). [200], [201] 

Two different dopant concentrations (molar ratios) were selected to dope P(NDI2OD-T2) films, namely 76% 

and 100%; the first one corresponds to the optimal dopant concentration for the P(NDI2OD-T2)-DiPrBI pair, 

while the second is above the dopant segregation threshold (Figure 71 B, [210]). 
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One of the most interesting results was obtained measuring the electrical conductivity of the doped as-spun 

films: at room temperature, without any annealing process, the electrical conductivity is in the order of 10-3 

Scm-1, which is around four orders of magnitude higher than the pristine polymer. Furthermore, regardless 

the specific dopant concentration, all the samples exhibit a similar electrical conductivity, with a mean value 

of 1.8 ± 0.4 x 10-3 Scm-1 (Figure 71 C). These experimental results clearly prove that the 1H-benzimidazole 

dopant is already active at room temperature and that, contrary of what it is often reported in literature, a 

thermally activated doping mechanism is not strictly needed for the P(NDI2OD-T2)-DiPrBI pair. 

Nevertheless, the doped P(NDI2OD-T2) samples exhibit a further increase in electrical conductivity once the 

films are annealed; in this case, different result are achieved depending on both the annealing temperature 

and the dopant concentration.  

For all the annealing temperatures, an excessive dopant concentration (i.e. dopant molar ratio of 100%) leads 

to a lower electrical conductivity with respect to the case of the optimal 76% DiPrBI:P(NDI2OD-T2) molar 

ratio, despite the annealing time (Figure 71 C). This result further confirms what was previously reported by 

Chabinyc et al. [208] and by Bertarelli et al. [210] regarding the decrease of the doping efficiency at high 

dopant concentration, due to the phase segregation that hinders dopant-polymer interaction. As a 

consequence, no further measures were carried out on 100% DiPrBI doped P(NDI2OD-T2) samples. 

In the case of annealing performed at high temperatures (i.e. 150°C and 110°C), the electrical conductivity of 

the 76% doped samples exhibits an interesting trend: it almost constantly increases in the first 15-30 minutes, 

than it reaches a plateau for a longer annealing time (Figure 71 D). Accordingly, it is possible to speculate that 

the doping mechanism is composed of multiple stages.  

The first one occurs at room temperature and causes a dramatic increase (more than 3.5 orders of 

magnitude) of electrical conductivity. Furthermore, since it was infeasible to isolate a doped, yet not-

annealed film with an electrical conductivity comparable to the one of a pristine sample, it is possible to 

conclude that the first stage progresses very rapidly. Namely, it occurs within 1 minute from film deposition, 

or it might even occur during the actual spin coating process.  

The second stage is triggered by the annealing process, which occurs within the first 15-30 minutes of thermal 

treatment, and it is responsible of an increase of electrical conductivity of around 50-100%.  

Finally, a much slower third stage, which requires up to 5 hours and produces a further 20-30% increase of 

electrical conductivity.  

To sum up, the total contribution of the two annealing stages to the electrical conductivity amounts to an 

increase of 2-3 times only, way below the astonishing 5000 times increase that already occurs at room 

temperature during the first stage. 
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Surprisingly, in the case of annealing performed at low temperatures (70°C), the electrical conductivity of the 

doped films decreases over time, indicating that a too low annealing temperature is detrimental (Figure 71 

C). This suggests that different competitive mechanisms are responsible for the electrical conductivity 

changes and that the thermal post-process is ruled by the annealing temperature. 

 

Figure 71. A) electrical conductivity of pristine P(NDI2OD-T2) films annealed at 150°C, 110°C and 70°C over 

time. B) electrical conductivity of P(NDI2OD-T2) films doped at different concentration with DiPrBI after a 

5h annealing at 150°C. C) electrical conductivity of DiPrBI-doped P(NDI2OD-T2) spin coated films annealed 

at different temperatures over time. Blue, red and black series refer to P(NDI2OD-T2) films 76% doped with 

DiPrBI annealed at 70°C, 110°C and 150°C, respectively. Violet and green series refer to P(NDI2OD-T2) films 

100% doped with DiPrBI annealed at 70 °C and 110 °C, respectively. D) electrical conductivity of P(NDI2OD-

T2) films 76% doped with DiPrBI annealed for a longer duration (up to 5h).  
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7.2 IR CHARACTERIZATION 

To identify characteristic spectroscopic signatures of the doping mechanism, we initially investigated films of 

P(NDI2OD-T2) doped with DiPrBI at different doping molar ratios before and after the annealing process. All 

the samples were prepared as described in the experimental chapter. 

First, the IR spectra of a film of pristine P(NDI2OD-T2) does not change during the annealing process (Figure 

72). This result further confirms what was reported in Figure 71 A. Similarly, the pristine DiPrBI film does not 

exhibit any appreciable modification.  

Interestingly, the IR spectra of the doped, not annealed films do not differ from the sum of the spectra of the 

two pristine compounds weighted over the dopant amount. Indeed, it is possible to notice, an increase of 

intensity of the characteristic DiPrBI IR bands with the increase of dopant molar ratio (Figure 72 A, black 

dashed vertical lines). 

After the annealing process, the situation is completely different: the intensity of the IR band of the dopant 

at 1120 cm-1 is much weaker than in the case of not annealed samples (Figure 72 B, green dashed vertical 

line). Moreover, the characteristic bands of pristine P(NDI2OD-T2) weaken while the doping molar ratio 

increases. The most noticeable signal reductions are the C=C stretching (1570 cm-1) and the symmetric and 

anti-symmetric C=O stretching (1706 cm-1 and 1666cm-1, respectively). Finally, new absorption features arise 

with the increase of dopant concentration, namely the new band at 1638 cm-1 which cannot be ascribed 

neither to the unreacted dopant nor to the pristine polymer (Figure 72 B). These bands can be ascribed to 

the polaron formation and can be exploited to monitor the doping evolution through vibrational 

spectroscopy. More details regarding Raman spectroscopy results, computational details and other dopants 

(such as DPhBI) can be found in ref. [220]. 

Worth to notice, the time passed between the drop casting of Figure 72 samples and the actual IR measure 

is around 5 minutes. According to the electrical characterization, the first stage of the doping mechanism 

occurs remarkably fast at room temperature (Figure 71). Therefore, it would be reasonable to conclude that 

the doped samples whose spectra is showed in Figure 72A have already undergone the first stage of doping. 

Nevertheless, their IR spectra is equal to the IR spectra of pristine P(NDI2OD-T2).  

However, it is important to consider, that the measures were carried out in air and that the presence of 

oxygen and humidity partially hindered the effect of doping mechanism. This aspect will be further discussed 

in the next paragraph. 
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Figure 72. IR spectra of drop casted films from chloroform of pristine P(NDI2OD-T2) (in red), pristine DiPrBI 

(in green) and P(NDI2OD-T2) doped at 100%, 43% and 14% molar ratios with DiPrBI (in light blue, dark blue 

and violet, respectively). The spectra on the top (a) are recorded before annealing, the spectra on the 

bottom (b) are recorded on the same samples after 6h annealing at 150°C in N2. The black dashed lines 

mark the strong absorption features of DiPrBI, the red dashed line shows the trend of the symmetric C=O 

stretching of P(NDI2OD-T2) varying the dopant concentration.   
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As an improvement to the previous measure, after film deposition, the samples were quickly introduced 

inside a Schlenk tube and were treated with three vacuum-argon cycles. Furthermore, FT-IR transmission 

spectra of the drop-casted films were acquired inside a sealed heating chamber under a copious N2 flux.  

We have initially prepared a 100% doped P(NDI2OD-T2) sample and, without annealing it, we have recorded 

the evolution of the IR spectra over a 120-minute interval. During the 2-hour period, the intensity of the C=O 

symmetric stretching band (at 1706cm-1) decreases, while the new IR band at 1638cm-1 rises over time (Figure 

73, red dashed line).  

Worth to notice that this time, since the IR spectra were measured in an oxygen and humidity free chamber, 

even at t = 0 min, the intensity of the IR band at 1638cm-1 is nonzero. This agrees with the result of the 

electrical characterization, and it is another strong evidence of the presence of a doping mechanism stage 

that occurs at room temperature. 

 

 

Figure 73: IR spectra of P(NDI2OD-T2) 100% doped with DiPrBI. The sample was left under N2 atmosphere 

at room temperature and IR spectra were recorded over time. IR spectra of pristine P(NDI2OD-T2) (grey) 

and DiPrBI (black) are reported for comparison. Dashed black lines correspond to intense absorption 

features of DiPrBI. The grey solid line (1706 cm-1) corresponds to the CO symmetric stretching of the 

polymer. The red continue line (1638 cm-1) corresponds to new IR transition ascribed to polaron formation.  
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To further investigate the results obtained during the electrical characterization, we have repeated the 

previous measure while annealing the samples at 110°C and at 70°C, under N2 atmosphere. In both cases, 

the IR band at 1638 cm-1 rises over time while the band at 1706cm-1 decreases in intensity (Figure 74). 

 

 

Figure 74: IR spectra of P(NDI2OD-T2) 100% doped with DiPrBI annealed under N2 atmosphere at 110°C (on 

the top) and at 70°C (on the bottom) for different amounts of time. IR spectra of pristine P(NDI2OD-T2) 

(grey) and DiPrBI (black) are reported for comparison. The grey solid line corresponds to the CO symmetric 

stretching of the polymer. The red continue line corresponds to new IR transition ascribed to polaron 

formation.  
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In the case of 110°C annealing, the increase of intensity of the IR band at 1638 cm -1 is much faster than the 

other samples. Indeed, the intensity reaches a plateau within the first 7 min of annealing. Such plateau is of 

a higher intensity with respect to the case of both the sample left at room temperature after 120 min; and 

the case of the sample annealed at 70°C for 145 min. Furthermore, the intensity drop of the C=O symmetric 

stretching band (1706 cm-1) is more pronounced than the other two samples. 

In the case of 70°C annealing, the increase of the 1638 cm-1 band reaches a plateau after around 40 min and 

its intensity never achieves the value of the sample annealed at 110°C despite the annealing time. On the 

contrary, after 120 minutes, even the unannealed sample of Figure 73 exhibits a higher 1638 cm-1 band 

intensity (Figure 75). Although the IR measurements were performed on drop-cast thick films from a 

chloroform solution and the electrical measurements were carried out with spin-coated thin films from 

dicholorobenzene, the results of IR analysis are perfectly in agreement with the electrical characterization 

(Figure 71 C). Namely, a slow decrease in electrical conductivity of both samples annealed at 70°C occurs, 

and it suggests that annealing process could be detrimental to electrical conductivity if not performed at a 

sufficiently high temperature. This seems to be a general behaviour of the DiPrBI-P(NDI2OD-T2) system, 

unaffected by film thickness or solvent nature. Further details will be produced in the following section. 

 

 

Figure 75: comparison between the IR spectra of P(NDI2OD-T2) 100% doped with DiPrBI. The sample have 

been annealed at 70°C for 145 min (green), annealed at 110°C for 7 min (light blue), unannealed and 

measured just after film deposition (dark blue) and unannealed and stored for 145 min under N2 

atmosphere (purple). The grey solid line corresponds to the CO symmetric stretching of the polymer. The 

red continue line corresponds to new IR transition ascribed to polaron formation. 
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Considering that the intensity of the IR band at 1638 cm-1 is proportional to the number of polarons [220], 

hence to the charge carrier density, it is clearly demonstrated in Figure 73, the dopant is actually able to 

donate charge carriers to the polymer at room temperature. However, given the rate of increase of the 

intensity of the IR band at 1638 cm-1, it is possible to speculate that such room temperature process not only 

is rather slow, but it also does not occur quantitatively. Only at a sufficiently high annealing temperature the 

dopant is consumed, and charge carrier density further increases (Figure 74).  

This seems in contrast with the electrical characterization that clearly demonstrates that the greatest 

increase of electrical conductivity occurs at room temperature just after film deposition (Stage I), when the 

IR band at 1638 cm-1 generally exhibits a low intensity absorption and hence when the charge carrier density 

is relatively low (Figure 73). During the first minutes of annealing, the remaining dopant is thermally 

activated, and it further increases the charge carrier density, causing the increasing of the electrical 

conductivity (stage II and III). 
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7.3  X-RAY CHARACTERIZATION 

To determine the effects of the presence of the dopant and the different annealing processes on the film 

structure, we performed grazing incidence wide-angle X-ray scattering (GIWAXS) on both pristine and doped 

P(NDI2OD-T2) samples, under different annealing temperatures and times. Additional details regarding the 

GIWAXS characterization can be found in the Experimental chapter. 

As a control, the GIWAXS measure of pristine P(NDI2OD-T2) both annealed at 110°C and not annealed was 

performed. The reduced 1D line profiles shown in Figure 76, are taken along the horizontal (in plane, qxy) and 

the vertical scattering (out of plane, qz) directions. The structure of the two pristine samples does not differ 

remarkably, regardless the annealing. Indeed, annealing temperature applied is too low to modify P(NDI2OD-

T2) structure from a face-on to an edge-on conformation [200] - [201], further confirming the measurements 

of electrical conductivity displayed in Figure 71A. It is possible to notice, however, a slight decrease in the 

intensity of qz (010) signal relative to the qxy (100) and to the qz (100)’ signal that might be attributed to a 

structural relaxation or to an almost neglectable face-on to edge-on transition, which is too weak to affect 

electrical conductivity.  

On the contrary, the as deposited 76% (mol) DiPrBI/ P(NDI2OD-T2) film exhibits a relevant morphology 

change. The mere presence of the dopant dramatically perturbs the P(NDI2OD-T2) structure. We observe a 

shift of both qz (100)’ and qxy (100) peaks towards higher q values than in the case of the pristine polymer. 

Furthermore, the qz (010) peak (at ≈ 1.6 Å-1) associated with the π-stacking direction undergoes an intensity 

drop and a wide broadening. The decrease of the intensity of the qz (010) peak was already reported in 

literature for P(NDI2OD-T2) doped with DMBI [210], [221] and it is ascribed to the orientation change of the 

crystallites with respect to the film substrate, from face-on to edge-on. Furthermore, the peak broadening 

suggests that the dopant intercalation modifies the π-stacking direction.  

The measurements were then repeated for 76% DiPrBI doped P(NDI2OD-T2) annealed at 70°C and 110°C for 

5, 30 and 90 minutes. In all the samples, the (001) backbone peak does not change either in intensity or in 

position, indicating that the doping does not influence the repeating distance along the polymer backbone 

axis. The (100) lamellar peak drifts toward higher qxy values with the increase of annealing time and 

temperature. Worth to notice that after 5 minutes, the sample annealed at 110°C exhibits a (100) peak with 

a higher q value than the sample annealed at 70°C for 90 minutes (Figure 76). Both the 70°C and the 110°C 

samples are characterized by a decrease of coherence length, as indicated by the broadening and the 

decrease of intensity of the qz (010) peak with respect to the qz (100)’ peak, with a more pronounced drop in 

the case of the 110°C annealed samples. Moreover, the 70°C annealed sample shows a sharper qz (010) peak 

and with a higher intensity with respect to both the unannealed doped sample and the 110°C annealed doped 

sample. This behaviour suggests that at low annealing temperatures, the face-on arrangement is favoured 
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and further confirms the results of electrical characterization, which exhibits a reduction of electrical 

conductivity for the samples annealed at 70°C (Figure 71).  

 

 

 

 

Figure 76. 1D patterns for pristine P(NDI2OD-T2) both annealed at 110°C for 90 minutes (brown) and not 

annealed (orange); 76% doped P(NDI2OD-T2) not annealed (grey); 76% doped P(NDI2OD-T2) annealed for 

increasing amount of time at 70°C (blue series); 76% doped P(NDI2OD-T2) annealed for increasing amount 

of time at 110°C (green series). On the top is reported the 1D qxy (in plane) axis and on the right is reported 

the 1D qz (out of plane axis). Data are normalized considering sample thickness and detector counts.  
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To sum up, these measurements demonstrate that the dopant causes a change in the crystallites orientation: 

from face-on to edge-on with respect to the film substrate. Furthermore, it causes the widening of the peak 

associated to π-stacking direction indicating a higher crystallites disorder than in the pristine samples. It is 

possible to speculate that DiPrBI intercalates between the quasi-planar NDI units, modifying the π-stacking 

distance, causing the polymer chains to rearrange and to pack in an edge-on fashion during film deposition. 

All the recorded GIWAX (2D) patterns are shown in Figure 77. 

 

 

Figure 77 GIWAXS data for A) not annealed pristine P(NDI2OD-T2); B) pristine P(NDI2OD-T2) annealed at 

110°C for 90 min; C) not annealed 76% DiPrBI doped P(NDI2OD-T2); D-F) 76% DiPrBI doped P(NDI2OD-T2) 

annealed at 70°C for 5, 30 and 90 min, respectively; G-I) 76% DiPrBI doped P(NDI2OD-T2) annealed at 110°C 

for 5, 30 and 90 min, respectively.   
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7.4  A NEW DOPING MECHANISM 

According to our measurements, DiPrBI produces a strong effect on P(NDI2OD-T2) already at room 

temperature, nevertheless annealing is strictly necessary to reach the highest conductivity values. Therefore, 

the traditional concept of an exclusive thermal activation of DiPrBI should be ruled out. Here we present a 

new possible doping mechanism, which does not require the thermal activation of the dopant. 

The change of the qz (010) peak in the GIWAXS analysis, which is associated to the order along the π-stacking 

direction, suggests the presence of DiPrBI molecules between the NDI units. Both the X-ray and IR 

spectroscopy provide indication that significant intermolecular interactions between dopant and the polymer 

are established through this intercalation. We hypothesized a conformation change of the dopant while it 

intercalates between the narrow polymer lamellae, accompanied by a perturbation of the dopant electronic 

structure 

According to DFT calculations (Figure 78), DiPrBI in its absolute minimum conformation (single point energy 

around -615849 kcal/mol) is not planar. For reference, the plane passing through the phenyl ring composed 

of atoms from 1 to 6 is set to be of equation Z = 0 Å. Nitrogen atoms 13 and 14 do not lay on the same 

horizontal plane but are close and can be considered coplanar to ease modelling. The dihedral angle between 

the Z = 0 Å plane and the plane passing through atoms 13, 14 and 15 is 29.3°. The dihedral angle between 

the plane passing through atoms from 7 to 12 and the Z=0 Å plane is 72°. The nitrogen atom 18 lays on a 

horizontal plane of equation Z = -4,52 Å. The Z axis is defined positive in the semi-space where the H atom of 

carbon atom 15 points. 

 

Figure 78. structure of DiPrBI in the vacuum without any geometrical constriction. Carbon atoms from 1 to 

6 lay on the Z=0 Å horizontal plane, nitrogen atoms 13 and 14 are almost coplanar. The carbon atoms from 

7 to 12 lay on a tilted plane whose intersection with the Z=0 Å plane generates a dihedral angle of around 

72°. The angle between the Z=0 Å plane and the plane passing through atoms 13, 14 and 15 is 29.3°. The 

single point energy of DiPrBI is -615849 kcal/mol. 
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The 13 and 14 nitrogen atoms of DiPrBI are sp3 hybridized and are stereogenic centres. Figure 78 shows the 

sin stereoisomer that has a symmetry plane perpendicular to the Z=0 Å plane. The anti stereoisomer is chiral. 

The single point energy of such compound is around 9kcal/mol higher than the other isomer (Figure 79). 

 

Figure 79. structure of the DiPrBI anti stereoisomer. Carbon atoms 16 and 17 were forced to lay on 

different sides of the Z=0 Å plane. The DFT calculated single point energy is -615840 kcal/mol, 9kcal/mol 

above the single point energy of sin-isomer. The calculated HOMO energy level of the anti-stereoisomer is  

-4.7eV, around 0.3eV deeper than the other stereoisomer. 

 

The calculated HOMO level of DiPrBI in its minimum energy conformation (Figure 78) is -4.4eV, which is lower 

than the LUMO of P(NDI2OD-T2) [189], [223], [224]. Therefore, the energy barrier to transfer an electron 

from dopant HOMO to polymer LUMO is around 0.5 eV (Figure 80). 

 

   

 

Figure 80: spatial representation of DiPrBI HOMO and comparison with P(NDI2OD-T2) LUMO according to 

the integer charge transfer model (Figure 24). DFT calculations performed with Orca, using B3LYP functional 

and 6-31G** basis set. 
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The 0.5eV HOMO-LUMO gap corresponds to an energy barrier of around 23kcal/mol, this value should not 

be easily overcome by simply mixing the dopant and the polymer. Nevertheless, according to our results, the 

dopant does not need thermal energy to overcome the energy barrier to donate e- to the polymer. Therefore, 

we have performed DFT calculations to evaluate the amount of energy involved in the dopant-polymer 

interaction. 

To maintain a good accuracy and an acceptable computational cost, we performed the geometry 

optimizations on a simplified model consisting of a single DiPrBI molecule sandwiched between two 

repeating units of the polymer. Furthermore, the branched octyl-dodecyl alkyl chains on the NDI moiety have 

been replaced with branched iso-butyl chains (Figure 81, Figure 82, Figure 83). 

 

 

 

 

Figure 81: structure of a T-NDI2Bu-T unit. The structure was optimized using Orca with B3LYP functional 

and 6-31G* basis set and finally, the orbital and the energy levels have been obtained with a single point 

energy calculation using B3LYP functional and 6-31G** basis set. The single point energy of a single T-

NDI2Bu-T unit is -1483928 kcal/mol. 
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Figure 82: optimized structure of DiPrBI sandwiched between two T-NDI2Bu-T units. According to 

calculations, single point energy of this structure is -3583759 kcal/mol. The structure was drawn with 

Avogadro and was initially optimized using Orca with B3LYP functional and 6-31G* basis set and finally, the 

orbital and the energy levels have been obtained with a single point energy calculation using B3LYP 

functional and 6-31G** basis set. 

 

Figure 83: structure of two T-NDI2Bu-T units obtained by removing the dopant molecule from the geometry 

of Figure 82. The single point energy of this structure is -2.967855 kcal/mol, around twice the energy of a 

single T-NDI2Bu-T unit.  

 

The interaction energy between DiPrBI and T-NDI2Bu-T can be evaluated as (Equation 59): 
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Equation 59 𝑬(𝑰𝒏𝒕𝒆𝒓𝒂𝒄𝒕𝒊𝒐𝒏) =  𝑬(𝑻−𝑵𝑫𝑰𝟐𝑩𝒖−𝑻 /𝑫𝒊𝑷𝒓𝑩𝑰/𝑻−𝑵𝑫𝑰𝟐𝑩𝒖−𝑻) − 𝑬(𝑫𝒊𝑷𝒓𝑩𝑰) − 𝑬(𝟐 𝒙 𝑻−𝑵𝑫𝑰𝟐𝑩𝒖−𝑻) 

 

According to our calculation, the interaction energy is around -57 kcal/mol. Given the planar nature of NDI 

units (Figure 81), here we investigated the possibility that intercalation of the dopant between the narrow 

polymer lamella involves the planarization of the DiPrBI molecule.  

Different planarization mechanisms have been investigated, and results are presented in the following pages.  
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7.4.1 Planarization A (A-DiPrBI) 

The horizontal plane of equation Z = 0 Å is defined as the plane passing through the phenyl ring composed of 

carbon atoms from 1 to 6. Nitrogen atoms 13 and 14 and carbon atoms 16 and 17 are also coplanar. Carbon 

atoms from 7 to 12 are constricted on a horizontal plane of equation Z = k, where k spans from 0.477 Å to – 

0.954 Å. This set of structures will be referred as A-DiPrBI. For each k value, the structure was optimized using 

Orca with B3LYP functional and 6-31G** basis set. The dopant structures, the HOMO energy as a function of 

both the structure conformation, EHOMO(k) and the planarization energy costs, EHOMO(Eplanarization) are reported 

in Figure 84.  

 

 

    

 

Figure 84: On the top: scheme of A-DiPrBI. Carbon atoms from 1 to 6, 16-17 and nitrogen atoms 13 and 14 

lay on the horizontal plane Z=0 Å; carbon atoms from 7 to 12 lay on the horizontal plane Z=k (-0.954 Å < k < 

0.477 Å). For each geometry, the structure has been optimized with Orca using B3LYP functional and 6-

31G** basis set. On the bottom: HOMO level for different k values and HOMO level as a function of the 

planarization energy cost. For reference DiPrBI HOMO level, P(NDI2OD-T2) LUMO and interaction energy 

are reported in blue, violet, and green, respectively.   
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Among all the geometries of Figure 84, the highest HOMO is reached in the case of Z = -0.716 Å (DiPrBI-1). 

The calculated HOMO level of this conformation is -4.0 eV, which is 0.4 eV higher than DiPrBI HOMO but still 

0.1 eV lower than P(NDI2OD-T2) LUMO. The single point energy of DiPrBI-1 is around 615816 kcal/mol, 

therefore, the energy required to planarize DiPrBI to DiPrBI-1 is 29 kcal/mol, which is lower than the 

interaction energy available (57kcal/mol) (Figure 85), indicating that the DiPrBI-1 conformation is accessible 

to the dopant while it is sandwiched between the NDI units. 

 

 

 

 

    

 

 

Figure 85: On the top: geometric structure of DiPrBI-1: carbon atoms from 1 to 6, 16-17 and nitrogen atoms 

13 and 14 lay on the Z=0 Å horizontal plane, while carbon atoms from 7 to 12 lay on the parallel plane of 

equation Z = -0.716 Å. On the bottom: spatial representation of DiPrBI-1 HOMO (-4.0 eV) and comparison 

between DiPrBI, DiPrBI-1 and P(NDI2OD-T2) energy levels according to the integer charge transfer model 

(Figure 24). The single point energy is -615816 kcal/mol. The structure with geometrical constraints has 

been drawn with Avogadro, then optimized with Orca using B3LYP functional and 6-31G** basis set.  
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7.4.2 Planarization B (B-DiPrBI) 

The horizontal plane of equation Z = 0 Å is defined as the plane passing through the phenyl ring composed of 

carbon atoms from 1 to 6. Nitrogen atoms 13 and 14 and carbon atoms 16 and 17 are also coplanar. Carbon 

atoms from 7 to 12 and 15 are constricted on a horizontal plane of equation Z = k, where k spans from 0.477 

Å to – 0.477 Å. This set of geometries is slightly more restrictive than A-DIPrBI set, that does not impose any 

condition on carbon atom 15, and it will be referred as B-DiPrBI. For each k value, the structure was optimized 

using Orca with B3LYP functional and 6-31G** basis set. The dopant structures, the HOMO energy as a 

function of both the structure conformation, EHOMO(k) and the planarization energy costs, EHOMO(Eplanarization) 

are reported in Figure 86. 

 

 

  

 

Figure 86: On the top: scheme of B-DiPrBI structures. Carbon atoms from 1 to 6, 16-17 and nitrogen atoms 

13 and 14 lay on the horizontal plane Z=0 Å; carbon atoms from 7 to 12 and 15 lay on the horizontal plane 

Z=k (-0.477 Å < k < 0.477 Å). For each geometry, the structure has been optimized with Orca using B3LYP 

functional and 6-31G** basis set. On the bottom: HOMO level for different k values and HOMO level of as a 

function of the planarization energy cost. For reference DiPrBI HOMO level, P(NDI2OD-T2) LUMO and 

interaction energy are reported in blue, violet and green, respectively.  
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Among all the geometries calculated, the most interesting is obtained for k = 0.239 Å (DiPrBI-2, Figure 87): 

the other structures either have a too low HOMO level or a too high planarization cost. The calculated HOMO 

of DiPrBI-2 is -3.8 eV, which is 0.6 eV higher than DiPrBI HOMO and 0.1 eV higher than P(NDI2OD-T2) LUMO. 

The single point energy of DiPrBI-2 is around -615802 kcal/mol, therefore, the energy required to planarize 

DiPrBI to DiPrBI-2 is 44 kcal/mol, which is lower than the interaction energy available (57kcal/mol), indicating 

that the DiPrBI-2 conformation is accessible to the dopant while it is sandwiched between the NDI units. 

 

 

 

    

 

 

Figure 87: On the top: geometric structure of DiPrBI-2: carbon atoms from 1 to 6, 16-17 and nitrogen atoms 

13 and 14 lay on the Z=0 Å horizontal plane, while carbon atoms from 7 to 12 and 15 lay on the parallel 

plane of equation Z = 0.239 Å. On the bottom: spatial representation of DiPrBI-2 HOMO (-3,8 eV) and 

comparison between DiPrBI, DiPrBI-1, DiPrBI-2 and P(NDI2OD-T2) energy levels according to the integer 

charge transfer model (Figure 24). The single point energy is -615802 kcal/mol. The structure with 

geometrical constraints has been drawn with Avogadro, then optimized with Orca using B3LYP functional 

and 6-31G** basis set.  
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7.4.3 Planarization C (C-DiPrBI) 

The horizontal plane of equation Z = 0 Å is defined as the plane passing through the phenyl ring composed of 

carbon atoms from 1 to 6 and 16-17. Nitrogen atoms 13 and 14 are also coplanar. The dihedral angle defined 

by atoms 13, 15, 7 and 12 is α. This set of structures will be referred as C-DiPrBI. For each fixed α value 

between 0° and 120° the structure was optimized using Orca with B3LYP functional and 6-31G** basis set 

(Figure 88:Figure 88). It worth to notice that C-DiPrBI has no geometrical restrictions neither on the carbon 

atoms from 7 to 12 nor on the nitrogen atom 18, therefore, while α varies, the entire structure of the 

molecule bends. For this reason, the value of the dihedral α is not an intuitive indication of either the torsion 

or the planarization of the structure. Indeed, C-DiPrBI cannot be considered a proper planarization and in 

fact, the HOMO level of the dopant remains around -4.1eV regardless the value of α. For this reason, no 

further analysis of C-DiPrBI is performed and D-DiPrBI is carried out instead (see next paragraph). 

 

 

Figure 88: On the top: scheme of C-DiPrBI structures. Carbon atoms from 1 to 6, 16-17 and nitrogen atoms 

13 and 14 lay on the horizontal plane Z=0 Å. The dihedral angle α (highlighted in red) defined by atoms 14, 

15, 7 and 12 is systematically varied between 0° and 120°. For each geometry, the structure has been 

optimized with Orca using B3LYP functional and 6-31G** basis set. On the bottom: HOMO level for 

different α values and HOMO level of as a function of the planarization energy cost. For reference DiPrBI 

HOMO level, P(NDI2OD-T2) LUMO and interaction energy are reported in blue, violet and green, 

respectively.
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7.4.4 Planarization D (D-DiPrBI) 

The horizontal plane of equation Z = 0 Å is defined as the plane passing through the phenyl ring composed of 

carbon atoms from 1 to 6 and 16-17. Nitrogen atoms 13, 14 and 18 are also coplanar (this set of structures 

differs from C-DiPrBI because of the geometrical constriction imposed to nitrogen atom 18). The dihedral 

angle defined by atoms 13, 15, 7 and 12 is α. This set of geometries are referred as D-DiPrBI. For each fixed 

α value between 0° and 90° the structure was optimized using Orca with B3LYP functional and 6-31G** basis 

set. The dopant structures, the HOMO energy as a function of both the structure conformation, EHOMO(α) and 

the planarization energy costs, EHOMO(Eplanarization) are reported in Figure 89.  

 

    

Figure 89: On the top: scheme of D-DiPrBI structures. Carbon atoms from 1 to 6, 16-17 and nitrogen atoms 

13, 14 and 18 lay on the horizontal plane Z=0 Å. The dihedral angle α defined by atoms 13, 15, 7 and 12 is 

systematically changed from 0° to 90°. For each geometry, the structure has been optimized with Orca 

using B3LYP functional and 6-31G** basis set. On the bottom: HOMO level for different α values and 

HOMO level of as a function of the planarization energy cost. For reference DiPrBI HOMO level, P(NDI2OD-

T2) LUMO and interaction energy are reported in blue, violet and green, respectively.  
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It is interesting to notice that the HOMO level decreases with decreasing the torsion angle α. Such 

stabilization is probably due to the increased aromaticity of D-DiPrBI when α = 0°. In the case of α = 90° 

(DiPrBI-3, which corresponds to the highest HOMO and also to the lowest planarization energy cost, Figure 

90) DiPrBI-3 is less planar than in the case of α = 0°, but in its entirety, due to the geometrical constriction of 

nitrogen atom 18, all D-DiPrBI geometries are more planar than both C-DiPrBI and DiPrBI in its absolute 

minimum geometry for every value of α.  

The calculated HOMO of DiPrBI-3 is -3.5 eV, which is 0.9 eV higher than DiPrBI HOMO and 0.4 eV higher than 

P(NDI2OD-T2) LUMO. The single point energy of DiPrBI-3 is around -615805 kcal/mol, therefore, the energy 

required to planarize DiPrBI to DiPrBI-3 is 41 kcal/mol, which is lower than the interaction energy available 

(57kcal/mol), indicating that DiPrBI-3 conformation is accessible to the intercalated dopant. 

     

Figure 90: On the top: geometric structure of DiPrBI-3: carbon atoms from 1 to 6, 16, 17 and nitrogen 

atoms 13, 14 and 18 lay on the Z=0 Å horizontal plane. The dihedral angle defined by atoms 14, 15, 7 and 

12 is set at 90°. On the bottom: spatial representation of DiPrBI-3 HOMO (-3.5 eV) and comparison between 

DiPrBI, DiPrBI-1, DiPrBI-2, DiPrBI-3 and P(NDI2OD-T2) energy levels according to the integer charge transfer 

model (Figure 24). The single point energy is -615805 kcal/mol. The structure with geometrical constraints 

has been drawn with Avogadro, then optimized with Orca using B3LYP functional and 6-31G** basis set.  
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7.4.5 Planarization E (E-DiPrBI) 

According to planarization mechanism D, constricting the nitrogen atom 18 on the plane of equation Z=0 Å 

produces a dramatic effect on the molecule. Indeed, regardless the value of the dihedral angle α, the overall 

structure of the molecule is more planar with comparison with DiPrBI in vacuum and the HOMO value is 

higher (Figure 78). Here, we study how the molecule overall planarity affects its energy levels. 

The horizontal plane of equation Z = 0 Å is defined as the plane passing through the phenyl ring composed of 

carbon atoms from 1 to 6 and 15-17. Nitrogen atoms 13, 14 are also coplanar. The nitrogen atom 18 is 

constricted on a horizontal plane of equation Z = k, where k spans from 4.52 Å to – 4.52 Å. 

This set of geometries will be referred as E-DiPrBI. The dopant structures, the HOMO energy as a function of 

both the structure conformation, EHOMO(k) and the planarization energy costs, EHOMO(Eplanarization) are reported 

in Figure 91. 

 

   

Figure 91. On the top: scheme of E-DiPrBI structures. Carbon atoms from 1 to 6, 16-17 and nitrogen atoms 

13 and 14 lay on the horizontal plane Z=0 Å. The nitrogen atom 18 is set on a plane of equation Z=k. For 

each geometry, the structure was optimized with Orca using B3LYP functional and 6-31G** basis set. On 

the bottom: HOMO level for different k values and HOMO level of as a function of the planarization energy 

cost. For reference DiPrBI HOMO level, P(NDI2OD-T2) LUMO and interaction energy are reported in blue, 

violet, and green, respectively.  
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Worth to notice that the E planarization does not apply any condition neither on the phenyl ring composed 

of carbon atoms 7-12, nor on the dihedral angle α. Indeed, the D-DiPrBI family is a particular case of E-DiPrBI 

(when k=0 Å). Furthermore, since less constriction are imposed on the molecule, the overall internal energy 

and the HOMO energy are generally lower with respect to the case of D-DiPrBI.  

Worth to notice that in DiPrBI minimum energy conformation, the nitrogen atom 18 lays on the horizontal 

plane Z = -4.52Å, and the HOMO of the molecule is -4.4eV (Figure 78). In the case of E-DiPrBI, when K= -4.52Å, 

the HOMO energy is -4.0eV. This indicates that forcing carbon atoms 15-17 on the horizontal plane Z = 0 Å 

causes a HOMO increase of around 0.4eV and it has an energy cost of 5.35kcal/mol (Figure 91). 

Among the different configurations tested in Figure 91, the case of k = -2.26 Å (DiPrBI-4, Figure 92) is likely 

interesting: the calculated HOMO of such conformation is -3.9eV, equal to P(NDI2OD-T2) LUMO and the 

planarization energy cost is 18 kcal/mol, less than a third of the available interaction energy. 

 

Figure 92. On the top: geometric structure of DiPrBI-4: carbon atoms from 1 to 6, 16, 17 and nitrogen 

atoms 13 and 14 lay on the Z=0 Å horizontal plane. The nitrogen atom 18 lays on the plane Z=-2.26 Å. On 

the bottom: spatial representation of DiPrBI-4 HOMO (-3.9 eV). The single point energy is -615827kcal/mol. 

The structure with geometrical constraints has been drawn with Avogadro, then optimized with Orca using 

B3LYP functional and 6-31G** basis set.  
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According to these finding, a significant increase of the HOMO accompanies the planarization, hence the 

dopant thermal activation is not necessary and DiPrBI has a strong effect on P(NDI2OD-T2) already at room 

temperature.  

Indeed, the GIWAXS measurements indicates that the doped not annealed sample has a more pronounced 

edge-on structure with respect to the pristine polymer, which is face-on (Figure 76). Moreover, the FT-IR 

spectra demonstrated that, at room temperature, a doped not annealed sample exhibits a nonzero intensity 

of the IR polaronic band at 1638 cm-1 which continues to increase over time (Figure 73). Finally, the electrical 

conductivity measurements demonstrated that the doped not annealed sample has an electrical conductivity 

5000 times greater than the pristine polymer (Figure 71). 

According to DFT calculations it is possible to hypothesize that since the dopant intercalates between the 

narrow quasi-planar NDI units, it modifies its conformation from a bent geometry to a more planar structure. 

This causes a perturbation of the dopant electronic structure that increases the HOMO energy, and it makes 

accessible new electronic transitions to the dopant electrons, eventually allowing direct electron transfer 

from DiPrBI to P(NDI2OD-T2).  

Five different planarization mechanisms have been investigated with DFT, and in all cases the planarization 

process increases the dopant HOMO level, reducing the energy barrier against direct electron transfer from 

the dopant to the polymer. 

In particular, the D-DiPrBI planarization mechanism causes a dramatic increase of the dopant HOMO energy 

with a relatively high, yet affordable dopant planarization cost (Figure 89). Among all the calculated 

geometries, the top performing is DiPrBI-3 (Figure 90), which is characterized by an overall planar structure 

(carbon atoms 1-6 and nitrogen atoms 13,14 and 18 are coplanar) and the dihedral angle α = 90°, reducing 

aromatic stabilization. The planarization energy cost of DiPrBI-3 is around 44kcal/mol, and it produces a 

HOMO increase of 0.7eV.  

On the contrary, the E-DiPrBI series has less strict conditions, and it requires generally lower planarization 

energy costs. Among all the structures, DiPrBI-4 conformation (Figure 92) exhibit a less pronounced HOMO 

increase (0.5eV), which is barely sufficient to overcome P(NDI2OD-T2) LUMO, however it requires a 

contained energy cost of 18kcal/mol.  

Worth to consider that all the planarization mechanisms studied in this work require different amounts of 

energy to be triggered: indeed, while B-DiPrBI and E-DiPrBI span a large range of planarization energies, A-

DiPrBI and D-DiPrBI are more localized around 30 kcal/mol and 43 kcal/mol, respectively. Therefore, it is 

important to consider that A-E planarizations are only theoretical models and that the real mechanism might 
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result from their combination. The differences between all the studied planarization mechanisms are 

reported in Figure 93.  

Furthermore, the slow increase of the IR polaronic band at 1638 cm-1 in doped not-annealed P(NDI2OD-T2) 

samples (Figure 73) suggests that the electron transfer caused by dopant planarization might be an out-of-

equilibrium mechanism, eventually triggered by fluctuations of the dopant structure. 

 

 

 

Figure 93. Comparison between the different planarization mechanisms reported in this work. For 

reference DiPrBI HOMO level in its absolute minimum conformation, P(NDI2OD-T2) LUMO and interaction 

energy are reported in blue, violet, and green, respectively. 

 

Finally, in the case of annealing, the temperature is an important parameter: if it is high enough (i.e., over 

110°C), it has positive effects on the electrical conductivity, while if it is too low, it is detrimental. All the 

analyses performed suggests that 70°C heating temperature is too low and such annealing process is 

detrimental for the electrical conductivity of the doped sample. Indeed, the electrical conductivity of the 

70°C annealed sample decreases over time (Figure 71 C); the intensity of the IR polaronic band at 1638 cm-1 

rises less than the same feature in the unannealed sample, over time (Figure 75); the broadening of the 
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GIWAX qz (010) signal in the 70°C annealed sample is less pronounced compared to both the case of the 

unannealed doped sample and the 110°C annealed doped sample (Figure 76). 

Therefore, the doping mechanism of the DiPrBI-P(NDI2OD-T2) can be summarized in a multi-step process: 

Step 1A) The dopant forces the polymer to pack in a more edge-on fashion with respect to the pristine 

polymer which is face-on (Figure 76). The edge-on structure is characterized by a higher charge carrier 

mobility. 

Step 1B) During film deposition the dopant, driven by π- π interactions, intercalates within the quasi-planar 

NDI units. The dopant constricted within such a narrow space eventually planarize its structure. Such 

deformation is accompanied by an increase of the HOMO level of the dopant that reduces the energy gap 

that hinders electron transfer to polymer LUMO. Subsequently to dopant intercalation, new electronic 

transitions could be available to the dopant electrons, eventually allowing a direct electron transfer from the 

dopant to the polymer (Figure 89). Mechanism 1B might be triggered by out-of-equilibrium fluctuations of 

the dopant structure, that begin immediately after film deposition, but that require a long time to go to 

completion (Figure 73). The combination of 1A and 1B mechanisms affects both charge carrier mobility and 

density, respectively. This causes a fast increase of around 3.5 orders of magnitude of the electrical 

conductivity of the system (Figure 71), at room temperature. 

Step 2) Annealing process, through classical doping mechanism, activates the remaining unreacted dopant, 

further increasing charge carrier density. This process lasts around 15 minutes and causes the doubling of 

the electrical conductivity (Figure 71, Figure 74, Figure 76). The annealing temperature must be high enough 

to activate the dopant, otherwise it is detrimental. The annealing process also triggers a polymer structure 

rearrangement that affects charge carrier mobility. 

Step 3) A high temperature annealing causes a relaxation of the structure that further increases the electrical 

conductivity. A low temperature annealing favours a more face-on structure that lowers electrical 

conductivity (Figure 71, Figure 74, Figure 76) 
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8. DOPING OF P(EO-NDIT2) WITH DiPrBI 

As reported in the section 6.4, P(NDI2OD-T2) derived polymers have been recently developed, and the 

presence of polar glycol side chains attributes to the polymer interesting features such as solubility in polar 

less-toxic solvents, improved compatibility with aqueous electrolytes and increased polymer-dopant 

miscibility. 

As previously discussed, both the NDI and the T2 units have been functionalized with linear glycol chains, 

often carrying mixed ester/ether groups. [217] Sommer et al. [225] synthetized P(EO-NDIT2), a polymer 

derived from P(NDI2OD-T2) by replacing the branched alkyl side chains with branched oligoethylene glycol 

chains purely based on ethylene oxide (EO) (Figure 94). The absence of ester functionalities makes the 

polymer more stable under basic conditions, expanding the range of possible polymerizations to 

polycondensation pathways. 

 

Figure 94: Chemical structure of P(EO-NDIT2). 

 

Due to the amphiphilic nature of P(EO-NDIT2), it should exhibit a generally good solubility in common organic 

solvents, but it might also generate solution aggregates, depending on the solvent. 

First, to test the effect of the polar side chains, the polymer was dissolved in different deuterated solvents at 

the fixed concentration of 4.2mg/mL. Then the solvent-dependent aggregation of P(EO-NDIT2) was 

investigated with 1H NMR spectroscopy at 30°C. Worth to notice that NDI derived polymers generally have 

only two centre-symmetric hydrogen atoms on the NDI unit, which produce a well distinguishable singlet in 

the aromatic region, whose intensity and broadening can be easily monitored (Figure 95). 
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Figure 95. 1H NMR spectra (500MHz) of P(EO-NDIT2) in C2D2Cl4 at 30°C. Image adapted from [225]. 

 

The spectra recorded in dimethylformammide and tetrahydrofuran exhibit significant broadening of the H-

NDI signal, indicating poor solubilization and unsuppressed π-π aggregation. In contrast, chloroform and 

ortho-dichlorobenzene exhibit narrow signals, indicating a complete polymer dissolution. The solvatation 

increases, as follows: tetrahydrofuran < dimethylformammide < dioxane < ortho-dichlorobenzene < 

chloroform (Figure 96 left).  

The solvent quality was also studied with UV-vis spectroscopy (Figure 96 right): with the decrease of 

solventation ability, a new band at around 750nm rises, which is characteristic of the solution aggregates. 

Worth to notice, THF is such a poor solvent that it was not possible to record the UV-vis spectrum of P(EO-

NDIT2), despite increased temperature and decreased concentration. 
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Figure 96. On the left: 1H NMR spectra of P(EO-NDIT2) dissolved in different deuterated solvents with a 

concentration of 4.2mg/mL. a) CDCl3; b) o-DCB-d4; c) dioxane-d8; d) DMF-d7 and e) THF-d4. The symbol “*” 

marks satellites of the solvent signal. On the right: UV-vis spectra of solutions of P(EO-NDIT2) in different 

solvents. 

 

Increasing temperature yields to further dissolution and different temperatures are required for each solvent 

to fully dissolve the aggregates. The temperature dependency dissolution in the two high-boiling-point 

solvents DMF and o-DCB was probed with temperature dependent 1H NMR between 30 and 120°C (Figure 

97). At 30°C the two solvents exhibit a different behaviour: DMF has a rather high degree of aggregation 

while o-DCM has a rather low aggregation. Molecularly dissolved signals are reached only at temperatures 

between 90-120°C. DMF appears to be a good solvent at high temperatures, but a poor one at low 

temperatures, on the contrary, o-DCB appears to have a rather constant performance across the entire 

temperature range. 
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Figure 97. Temperature dependent aggregation 1H NMR of P(EO-NDIT2) in (a) DMF-d7 and (b) o-DCB-d4. 

Only the aromatic region of the spectra is shown on the top, the alchilic region is shown on the bottom. 

 

The aggregation temperature dependency was also investigated for o-dichlorobenzene (DCB) and 

chlorobenzene (CB) with UV-vis spectroscopy at different temperatures (from 20°C to 100°C, at 20°C 

increments) during a heating cycle and a cooling cycle. 

o-Dichlorobenzene: during the heating cycle, the intensity of the 750nm band, characteristic of aggregates 

in solution, starts to decrease between 20 and 40°C and vanishes at 60°C (Figure 98 a). Furthermore, during 

the cooling cycle, such feature is not restored, and the UV-vis spectrum of the solution remains constant 

even after 14 days at 20°C. This clearly indicates that once the initial energy barrier against polymer 

dissolution is overcome by increasing temperature, the polymer keeps stably dissolved in a condition of a 

thermodynamic minimum (Figure 98 b). 
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Chlorobenzene: similarly, during the heating cycle the intensity of the 750nm band gradually decreases with 

the increase of temperature, although a higher temperature (up to 80°C) was needed to fully dissolve 

aggregates (Figure 98 c). Furthermore, during the cooling cycle, the intensity of the 750 nm band increases 

as the of temperature decreases, hence indicating a re-formation of solution aggregates (Figure 98 d). 

 

   

   

Figure 98: UV-vis spectra of P(EO-NDIT2) upon a heating cycle from 20 to 100°C (a, c) and then a cooling 

cycle from 100 to 20°C (b, d). The solvent is 1,2-diclorobenzene (a, b) and chlorobenzene (c, d). 

 

Spin-cast thin films of P(EO-NDIT2) from CB and DCB were studied using GIWAXS. Both films exhibit 

characteristic backbone, lamellar and π-π stacking features (Figure 99). The intensity of signals is stronger in 

the case of the spin-cast film from CB. This agrees with the UV-vis measurements and suggest that CB is more 

capable to form ordered aggregates. Furthermore, the use of CB increases the size of crystallites along all 

three crystallographic directions: from 12.6 nm to 17.9 nm (42%) along the backbone direction, from 9.8 nm 

to 17.4 nm (77%) along the lamellar stacking direction, and from 2.2 to 3.4 nm (54%) along the π-π stacking 

direction. Worth to notice, CB is an interesting solvent, because it induces and tailors P(EO-NDIT2) backbone 

aggregation allowing to obtain larger crystal and a higher degree of order of the polymer film. 
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Figure 99: 1D GIWAXS profile along the horizontal (in plane) and vertical (out of plane) scattering directions. 

The electrical conductivity of P(EO-NDIT2) doped with different 1H-benzimidazole dopants, such as DMBI, 

DPhBI and DiPrBI was measured (Figure 100). DiPrBI demonstrated to be the best performing dopant at low 

concentrations, and it was selected to carry out an analysis of dopant-polymer interaction in CB and DCB.  

DCB solutions were heated to 90°C to dissolve aggregates, then the dopant was added, and the film spin 

coated. The thickness of the films ware evaluated with a profilometer to be within 40±5nm. In the case of 

CB, a set of samples was prepared by heating the solution to 80°C to dissolve aggregates before the addition 

of the dopant, while another set was prepared by adding the dopant at room temperature, while aggregates 

are present. The highest electrical conductivity, in the order of 10-2 S/cm, was reached in the case of the 20% 

doped sample from heated CB.  

   

Figure 100: On the left: electrical conductivity of P(EO-NDIT2) doped with different benzimidazole derived 

dopants (DMBI, DPhBI and DiPrBI). Film cast from CB. On the right: electrical conductivity of P(EO-NDIT2) 

doped with DiPrBI under different conditions. 

To conclude, as previously reported in literature, the presence of EO groups greatly improves the polymer 

solubility and TE performances. [215], [218] P(EO-NDIT2) exhibits an excellent solubility thanks to its the 
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amphiphilic nature and also a tunable backbone aggregation in solution depending on the solvent. This 

feature can be exploited to favour the formation of large crystal with a high order degree. 

The highest power factor obtained with P(EO-NDIT2) doped with DiPrBI is 0.11 µW/mK2 (Figure 101). This 

result is obtained at relatively low doping levels, around 1-2 wt% (6-12% mol). For comparison, the highest 

PFs obtained doping P(NDI2TEG-T2) and P(gNDI-gT2) with DMBI have been obtained with a doping level 

around 90% mol (0.9 µW/mK2) [215] and 20% mol (0.4 µW/mK2) [217], respectively. 

 

 

Figure 101: Electrical conductivity, Seebeck coefficient and Power Factor of a spin coated thin film of P(EO-

NDIT2) (molecular weight around 116kg/mol) doped with DiPrBI from a solution of chlorobenzene annealed 

at 80°C before dopant addition.
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9. NEW DOPANTS 

In the previous chapter it was discussed how the increase of the 1H-benzimidazole HOMO caused by the 

planarization of the molecule is beneficial to the doping of P(NDI2OD-T2). In this chapter, increasing the 

dopant HOMO through chemical functionalization of the molecule is discussed and same preliminary 

experimental results are reported. 

 

9.1 FUNCTIONALIZATION ON THE BENZIMIDAZOLE 

Alkyl side chains on the aniline of 1H-benzimidazoles allows to improve the miscibility between dopant and 

naphtelenediimide copolymers, as widely discussed in literature [210]. Instead, they do not affect the 

frontiers energy levels of the dopant, as the HOMO of the dopant mostly lies on the benzimidazole portion 

of the molecule (Figure 102). Here the idea was to modify the electron density of the 1H-benzimidazoles by 

introducing donor or acceptor substituents (Figure 104 - Figure 113). Some of the benzimidazole dopants 

here studied, their characteristics, and a reference to the synthesis processes are listed in Table 7. 

   

   

Figure 102: chemical structure of 4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-dimethylaniline 

(DMBI) and spatial representation of its HOMO (-4.4 eV). DFT calculations have been performed with Orca 

(B3LYP 6-31G**).   
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Name Synthesis 
Calculated 

HOMO (eV) 
Figure 

4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-

yl)-N,N-bis(propan-2-yl)aniline 
DiPrBI 

Synthesis 

B 
-4.4 

Figure 

80 

4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-

yl)-N,N-dimethylaniline 
DMBI 

Synthesis 

C 
-4.4 

Figure 

102 

4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-

yl)-N,N-diphenylaniline 
DPhBI 

Synthesis 

D 
-4.5 

Figure 

103 

N,N-dimethyl-4-(1,3,5-trimethyl-2,3-dihydro-1H-1,3-

benzodiazol-2-yl)aniline 
Me-DMBI 

Synthesis 

I 
-4.3 

Figure 

104 

N,N-dimethyl-4-(1,3,5,6-tetramethyl-2,3-dihydro-1H-

1,3-benzodiazol-2-yl)aniline 
Me2-DMBI 

Synthesis 

M 
-4.2 

Figure 

105 

2-[4-(dimethylamino)phenyl]-1,3-dimethyl-2,3-

dihydro-1H-1,3-benzodiazol-5-amine 
NH2-DMBI - -4.0 

Figure 

106 

2-[4-(dimethylamino)phenyl]-N,1,3-trimethyl-2,3-

dihydro-1H-1,3-benzodiazol-5-amine 

MeNH-

DMBI 
- -3.9 

Figure 

107 

2-[4-(dimethylamino)phenyl]-N,N,1,3-tetramethyl-

2,3-dihydro-1H-1,3-benzodiazol-5-amine 

Me2N-

DMBI 
- -4.1 

Figure 

108 

4-(1,3-dimethyl-5-nitro-2,3-dihydro-1H-1,3-

benzodiazol-2-yl)-N,N-dimethylaniline 
NO2-DMBI - -4.3 

Figure 

109 

2-[4-(dimethylamino)phenyl]-1,3-dimethyl-2,3-

dihydro-1H-1,3-benzodiazole-5-carbonitrile 
NC-DMBI - -4.9 

Figure 

110 

1,2,3-trimethyl-2,3-dihydro-1H-1,3-benzodiazol-4-ol OH-TMBI 
Synthesis 

O 
-4.4 

Figure 

111 

2-[4-(dimethylamino)phenyl]-1,3-dimethyl-2,3-

dihydro-1H-1,3-benzodiazol-4-ol 
OH-DMBI - -4.3 

Figure 

112 

4-(4-methoxy-1,3-dimethyl-2,3-dihydro-1H-1,3-

benzodiazol-2-yl)-N,N-dimethylaniline 
MeO-DMBI - -4.3 

Figure 

113 

 

Table 7: benzimidazole-derived dopants discussed in this work and their HOMO level. DFT calculations have 

been performed with Orca (B3LYP 6-31G**).  
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Figure 103: chemical structure of 4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-diphenylaniline 

(DPhBI) and spatial representation of its HOMO (-4.5 eV). DFT calculations have been performed with Orca 

(B3LYP 6-31G**). 

 

   

   

 

Figure 104: chemical structure of N,N-dimethyl-4-(1,3,5-trimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-

yl)aniline (Me-DMBI) and spatial representation of its HOMO (-4.3 eV). DFT calculations have been 

performed with Orca (B3LYP 6-31G**). 
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Figure 105: chemical structure of N,N-dimethyl-4-(1,3,5,6-tetramethyl-2,3-dihydro-1H-1,3-benzodiazol-2-

yl)aniline (Me2-DMBI) and spatial representation of its HOMO (-4.2 eV). DFT calculations have been 

performed with Orca (B3LYP 6-31G**). 

 

 

   

   

 

Figure 106: chemical structure of 2-[4-(dimethylamino)phenyl]-1,3-dimethyl-2,3-dihydro-1H-1,3-

benzodiazol-5-amine (NH2-DMBI) and spatial representation of its HOMO (-4.0eV). DFT calculations have 

been performed with Orca (B3LYP 6-31G**). 
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Figure 107: chemical structure of 2-[4-(dimethylamino)phenyl]-N,1,3-trimethyl-2,3-dihydro-1H-1,3-

benzodiazol-5-amine (MeNH-DMBI) and spatial representation of its HOMO (-3.9Ev). ). DFT calculations 

have been performed with Orca (B3LYP 6-31G**). 

 

 

   

   

 

Figure 108: chemical structure of 2-[4-(dimethylamino)phenyl]-N,N,1,3-tetramethyl-2,3-dihydro-1H-1,3-

benzodiazol-5-amine (Me2N-DMBI) and spatial representation of its HOMO (-4.1eV). DFT calculations have 

been performed with Orca (B3LYP 6-31G**). 
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Figure 109 : chemical structure of 4-(1,3-dimethyl-5-nitro-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-

dimethylaniline (NO2-DMBI) and spatial representation of its HOMO (-4.3 eV). DFT calculations have been 

performed with Orca (B3LYP 6-31G**). 

 

 

   

   

 

Figure 110: chemical structure of 2-[4-(dimethylamino)phenyl]-1,3-dimethyl-2,3-dihydro-1H-1,3-

benzodiazole-5-carbonitrile (NC-DMBI) and spatial representation of its HOMO (-4.9 eV). DFT calculations 

have been performed with Orca (B3LYP 6-31G**). 
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Figure 111: chemical structure of (1,2,3-trimethyl-2,3-dihydro-1H-1,3-benzodiazol-4-ol (OH-TMBI) and 

spatial representation of its HOMO (-4.4eV). DFT calculations have been performed with Orca (B3LYP 6-

31G**). 

 

 

   

   

 

Figure 112: chemical structure of 2-[4-(dimethylamino)phenyl]-1,3-dimethyl-2,3-dihydro-1H-1,3-

benzodiazol-4-ol (OH-DMBI) and spatial representation of its HOMO (-4.3eV). DFT calculations have been 

performed with Orca (B3LYP 6-31G**). 
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Figure 113 chemical structure of 4-(4-methoxy-1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-

dimethylaniline (MeO-DMBI) and spatial representation of its HOMO (-4.3eV). DFT calculations have been 

performed with Orca (B3LYP 6-31G**). 

 

Worth to mention that in the case of DiPrBI and DMBI, the HOMO level was also calculated from cyclic 

voltammograms against ferrocene (Figure 114). Experimentally, the HOMO energies of DMBI and DiPrBI are 

-4.67eV and -4.59eV, respectively. These values are within the 6% of the calculated values listed in Table 7. 

Additional details regarding the cyclic voltammograms can be found in the experimental chapter. 

 

 

Figure 114. On the right: cyclic voltammograms of DMBI. In the middle: cyclic voltammograms of DiPrBI. 
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The synthesis of DMBI is relatively simple and it consists of a single reaction step. Indeed, it requires N1,N2-

dimethylbenzene-1,2-diamine and 4-(dimethylamino)benzaldehyde as reagents which are both 

commercially available (Figure 115, Synthesis C). 

 

Figure 115. Synthesis of DMBI from N1,N2-dimethylbenzene-1,2-diamine and 4-(dimethylamino) 

benzaldehyde. Additional details can be found in the experimental chapter, Synthesis C. 

 

To synthetize Me-DMBI and Me2-DMBI, it is not possible to follow the same synthetic path because N1,N2,4-

trimethylbenzene-1,2-diamine and N1,N2,4,5-tetramethylbenzene-1,2-diamine are not commercially 

available. Therefore, it is necessary to begin the synthetic path starting from primary aryldiamines (namely 

4-methylbenzene-1,2-diamine and 4,5-dimethylbenzene-1,2-diamine, Figure 116). 

 

Figure 116. Synthetic path for the synthesis of Me-DMBI and Me2-DMBI. Additional details can be found in 

the experimental chapter. 1) Synthesis E, Synthesis J. 2) Synthesis F. 3) Synthesis G, Synthesis K. 4) Synthesis 

H, Synthesis L. 5) Synthesis I, Synthesis M 
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The first step consists in the cyclocondensation of the aryldiamine and either 4-

(dimethylamino)benzaldehyde (Synthesis E, Synthesis J) or 4-(dimethylamino)benzoic (Synthesis F). Although 

the synthesis involving benzaldehyde leads to a lower yield, it is less time-consuming, and it requires less 

purification efforts. Therefore, it was selected for further reactions. The second step is the one-pot alkylation 

of the benzimidazole with an excess of methyl iodide which leads to the methylated benzimidazolium iodide 

salt (Synthesis G, Synthesis K). To enhance product purity, and ease the purification of the final step, it is 

possible to replace the iodide counterion of the benzimidazoline salt with triflate, conducting a ion exchange 

reaction at room temperature with trifluoromethanesulfonate (Synthesis H, Synthesis L, [213]). The final step 

is the reduction of the benzimidazolium salt with an excess of sodium borohydride which leads to the desired 

product (Synthesis I, Synthesis M). 

OH-TMBI was also synthetized as a side product (Figure 117). Indeed, the original aim was to synthetize OH-

DMBI starting from the commercially available 2,3-diaminophenol. However, after the alkylation of 2,3-

diaminophenol with a light excess of methyl iodide (Synthesis N), the one-pot reaction of 3-methoxy-N1,N2-

dimethylbenzene-1,2-diamine with 4-(dimethylamino)benzaldehyde previously described in Figure 115 

failed to yield the desired OH-DMBI. Instead, the ciclocondensation took place between 3-methoxy-N1,N2-

dimethylbenzene-1,2-diamine and the traces of acetic acid. The methoxy group was finally removed by acid 

hydrolysis (Synthesis O). 

 

Figure 117 synthesis of OH-TMBI. Additional details can be found in the experimental chapter. 1) Synthesis 

N. 2-4) Synthesis O. 
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Unfortunately, due to the extremely low yield of the synthesis, we were able to prepare only one sample of 

P(NDI2OD-T2) doped at 76%; furthermore, during the measurements, such sample got degraded. Here, we 

present only one single data relative to OH-TMBI dopant, namely the not annealed 76% doped P(NDI2OD-

T2), which shows an electrical conductivity of 2.7 x 10 -3 ± 4x 10-4 Scm-1. This result, although interesting, 

deserves further investigation.   
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9.2 ELECTRICAL CHARACTERIZATION 

Concerning Me-DMBI and Me2-DMB, first determined the critical concentration above which dopant 

segregation occurs: doped P(NDI2OD-T2) samples were prepared at different dopant concentrations, namely 

20%, 40% 60%, 76%, 100%, 115%, 130%, 145% and 200%, for each molecule. Every sample was then annealed 

at 150°C for 6 hours under N2 atmosphere. Finally, the electrical conductivity was measured as previously 

described, at room temperature under N2 atmosphere (Figure 118). 

Dopants exhibit a different critical concentration, indicating that the introduced functionalization affects the 

polymer-dopant miscibility. Moreover, at such optimal dopant concentration, all the samples achieved, after 

5 hours annealing at 150°C, a significantly higher electrical conductivity with respect to what previously 

reported for DiPrBI. Worth noting, the doping efficiency of Me2-DMBI is much higher than DiPrBI. Indeed, 

the sample 40% doped with Me2-DMBI reaches 1.56 x 10-2 Scm-1, while the sample 76% doped with DiPrBI 

(almost twice as much the amount of dopant) reaches only 7.20 x 10-3 Scm-1. 

As a matter of fact, the top performing dopant Me2-DMBI, has been published while this project was 

performing. However, we have obtained a higher conductivity than what was previously reported [213].  

 

 

Figure 118. On the left: electrical conductivity of doped P(NDI2OD-T2) with different dopants at different 

concentrations. Each sample was annealed at 150°C in N2 atmosphere for 6 hours and electrical 

conductivity measurements were conducted under N2 atmosphere at room temperature. On the right: 

chemical structure of the dopants. 
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Once the critical concentration of each new dopant was determined (Figure 118), for each molecule, new 

samples of P(NDI2OD-T2) doped at the optimal concentration were prepared and their electrical conductivity 

was measured before annealing and then at increasing annealing time. Each sample was annealed under N2 

atmosphere at 150°C (Figure 119), as previously described.  

Similarly, to what already reported in Figure 71, before the annealing process, the electrical conductivity of 

all the doped samples is more than 3 orders of magnitude higher than pristine polymer. In this case, however, 

the electrical conductivity of samples doped with different dopants is significantly different, suggesting that 

dopant HOMO level is involved in the doping mechanism before annealing process takes place. In fact, DiPrBI 

and Me-DMBI have similar HOMO (within 0.04 eV) and they show similar initial electrical conductivity 

(around 1.69 x 10-3 Scm-1), while Me2-DMBI has a shallower HOMO (0.1eV more than DiPrBI) and exhibits a 

significantly higher initial electrical conductivity (2.76 x 10-3 Scm-1).  

Finally, for each annealing time, the higher the HOMO of the dopant, the higher the electrical conductivity. 

 

 

 

Figure 119: electrical conductivity of P(NDI2OD-T2) doped with different dopants each at the critical 

concentration determined in Figure 118 before the annealing (t = 0 min) and in the first 45 minutes of 

annealing. The dopant HOMO energy in its absolute minimum conformation is also reported. Within the 

brackets is the difference of HOMO energy between any given dopant and DiPrBI, used as reference.  
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9.3 PLANARIZATION 

Although Me-DMBI and Me2-DMBI exhibit a higher HOMO than DiPrBI when they are in their minimum 

energy conformation, the direct electron transfer mechanism from dopant HOMO to polymer LUMO is still 

hindered by an energy barrier of around 0.42 eV and 0.29 eV, respectively. 

As discussed in the previous chapter, dopant planarization caused by the intercalation of the molecule 

between the NDI units might perturbate the electronic structure of the benzimidazole, increasing its HOMO 

energy and eventually allowing for new electronic transitions. Among the different planarization mechanisms 

discussed in the previous chapter, we have selected planarization D and E and we have studied Me-DMBI 

and Me2-DMBI undergoing those planarization mechanisms. Finally, we have compared the results with D-

DiPrBI and E-DiPrBI (Figure 120 and Figure 121, respectively). 

 

  

 

Figure 120. Me2-DMBI, Me-DMBI and DiPrBI undergoing planarization mechanism D (Figure 89). On the left, 

HOMO level for different α values. On the right, HOMO level as a function of the planarization energy cost. 

For each geometry, the structure has been optimized with Orca using B3LYP functional and 6-31G** basis 

set. For reference the HOMO level of each dopant in its absolute minimum conformation, P(NDI2OD-T2) 

LUMO and dopant-polymer interaction energies are also reported. 
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According to Figure 120, every dopant exhibits a dramatic increase of the HOMO energy caused by the 

planarization mechanism D, overcoming the P(NDI2OD-T2) LUMO. Most of the times, the planarization 

energy cost is around 43kcal/mol regardless the dihedral angle value α. This is a strong indication that the 

dramatic increase of the HOMO energy is given by the nitrogen atom 18 laying on the Z = 0 Å plane and not 

by the variation of α. Furthermore, the dopants significantly differ in the value of their interaction energy 

with the polymer: DiPrBI and Me2-DMBI gain around 56 kcal/mol and 58 kcal/mol, respectively, while Me-

DMBI only gains 48 kcal/mol. The best performing dopant is DiPrBI since it reaches the highest HOMO with 

the lowest required planarization energy cost. This contradicts the electrical conductivity measures of Figure 

119, however, it is possible to notice that Me-DMBI and Me2-DMBI exhibit many isoenergetic conformations, 

regardless the value of the dihedral angle α, while DiPrBI does not. It is possible to speculate that the higher 

doping efficiency of Me-DMBI and Me2-DMBI might be related to a structure with a higher conformational 

freedom that favours out-of-equilibrium fluctuations of the dopant structure. 

 

  

 

Figure 121. Me2-DMBI, Me-DMBI and DiPrBI undergoing planarization mechanism E (Figure 91). On the left, 

HOMO level for different α values. On the right, HOMO level as a function of the planarization energy cost. 

For each geometry, the structure has been optimized with Orca using B3LYP functional and 6-31G** basis 

set. For reference the HOMO level of each dopant in its absolute minimum conformation, P(NDI2OD-T2) 

LUMO and dopant-polymer interaction energies are also reported. 
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The results showed in Figure 121 agree with the electrical conductivity characterization of Figure 119. Indeed, 

at planarization energies below 21kcal/mol, Me2-DMBI exhibits a HOMO higher than Me-DMBI, which in turn 

exhibits a HOMO higher than DiPrBI. The first discrepancy from this trend occurs over 40 kcal/mol (k > 0 Å), 

confirming what it was reported in Figure 120. 
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10. CONCLUSIONS 

A collection of experimental evidence interestingly showed that, contrary to the traditional concept of 

thermally activated doping mechanism, the n-type doping of P(NDI2OD-T2) by 1H- benzimidazoles is already 

active at room temperature. We have demonstrated that before the thermal treatment takes place, the 

electrical conductivity of P(NDI2OD-T2):DiPrBI thin films increases more than three orders of magnitude with 

respect to the pristine polymer. IR spectroscopy further confirms such evidence, showing in doped-not 

annealed samples the rise of new absorption features that can be ascribed by the formation of the polaron. 

This is a clear indication that DiPrBI is already active at room temperature, while annealing has only a minor 

effect, causing a further tripling of the electrical conductivity. GIWAXS measurements have revealed that the 

morphology of pristine non-doped films is remarkably different from the morphology of the doped polymer 

films, regardless the annealing process, whose contribution is relatively marginal. The results are compatible 

with a dopant intercalation between the polymer NDI units. Based on density functional theory calculations 

we have proposed a new doping mechanism that does not require thermal energy to be triggered. The 

introduced mechanism involves the conformational modification of the dopant molecule that, while 

intercalating between the narrow planar NDI unit, planarizes. Such flattening is accompanied by a 

perturbation of the dopant electron density and by an increase of the dopant HOMO energy. A systematic 

study on many different planarization mechanisms has been reported, demonstrating that new electronic 

transitions are available to the electrons of the planarized dopant, whose HOMO energy can increase enough 

to reach polymer LUMO, and eventually allowing direct electron transfer towards the polymer. 

Finally, according to all the performed density functional theory simulations, the spatial localization of the 

dopant HOMO is always localized on the benzimidazole moiety. Therefore, we have investigated the 

possibility of fine-tuning the HOMO energy level of the dopant by adding electron-donor or electron-

withdrawing functional groups to the benzimidazole moiety. New dopants were designed, simulated, and 

synthetized, showing a highly improved dopant efficiency with respect to the DMBI benchmark.  

Overall, our work demonstrated that although it is possible to improve doping efficiency by increasing the 

dopant HOMO level or by increasing the polymer-dopant miscibility, it is important to always consider the 

morphological interactions between the two chemical species that might generate new conformational 

geometries characterized by new sets of possible electronic transitions. 

These results set guidelines for the molecular design of the next generation of 1H benzimidazole derived n-

type dopants. 
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11. EXPERIMENTAL 

 

10.1   SYNTHESIS 

All the chemicals were purchased from Sigma-Aldrich, TCI-chemicals and Fluorochem and used as received. 

NMR spectra were acquired using a Bruker ARX400 instrument.  

Most of the synthetic paths reported in the following pages are not new and are already well described in 

literature. [210],[223]  

In particular, DiPrBI, the most important dopant for this work, was fully characterized in [210] including NMR 

and DSC measures. The synthesis is known to afford a high purity product with a low yield. For these reasons 

it was decided to use NMR to confirm the identity of synthesized DiPrBI without further purity 

characterization.  

On the contrary, Me-DMBI, the only original compound of this work, would deserve further characterization, 

however, Covid-19 pandemic severely reduced the working time, the laboratory, and the instruments 

availability, therefore electrical measures were performed without further dopant purity characterization. 
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Synthesis A 4-[bis(propan-2-yl)amino]benzaldehyde 

 

The procedure was adapted from [226]. 0.8mL of POCl3 (1.300g, 8.480mmol) were added to a solution of 

N,N-bis(propan-2-yl)aniline (1.000g, 5.640mmol) in anhydrous DMF (2mL). The solution was stirred at 60°C 

overnight. After cooling to room temperature, 50mL of H2O and 100mL of ethyl acetate were added. The 

organic fraction was washed with water and then dried over Na2SO4. Finally, the organic solvent was removed 

under reduced pressure. The crude product was purified with column chromatography on silica gel using a 

solution of n-hexane : ethyl acetate (1:2) as eluent. 0.350 g (1.704mmol) of white product were obtained at 

the end of the process. The calculated reaction yield is 30%. 

 

1H NMR (400MHz, CDCl3) δ: 9.705 (s, 1H, ●); 7.671 (d, J = 9.05 Hz, 2H, ●); 6.837 (d, J = 9.05 Hz, 2H, ●); 3.995 

(hept, J = 6.90 Hz, 2H, ●); 2.008 (d, J = 6.90 Hz, 12H, ●) 
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Synthesis B DiPrBI: 4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-bis(propan-2-yl)aniline 

 

N1,N2-dimethylbenzene-1,2-diamine (0.100g, 0.735mmol) was dissolved in methanol (1.5mL). 0.151g 

(0.735mmol) of 4-[bis(propan-2-yl)amino]benzaldehyde and 2 drops of glacial acetic acid were subsequently 

added. The resulting mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The 

precipitate was filtered and washed with cold methanol. The product was finally dried under reduced 

pressure to afford 0.080g (0.247mmol) of pure product as a white powder. The calculated reaction yield is 

34%.  

1H NMR (400MHz, CDCl3) δ: 7.34 (d, J = 6.68 Hz, 2H, ●); 6.87 (d, J = 6.68 Hz, 2H, ●); 6.72 – 6.67 (m, 2H, ●); 

6.43 – 6.39 (m, 2H, ●); 4.76 (s, 1H, ●); 3.84 (hept; J = 6.73 Hz= 2H, ●); 2.56 (s, 6H, ●); 1.26 (d, J = 6.73 Hz, 12H, 

●). 

 

 

For comparison the 1H NMR (400MHz, CDCl3) spectrum of N1,N2-dimethylbenzene-1,2-diamine is also 

reported. δ: 6.86 – 6.83 (m, 2H, ●); 6.72 – 6.68 (m, 2H, ●); 2.87 (s, 6H, ●)  
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Synthesis C DMBI:  4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-dimethylaniline 

 

N1,N2-dimethylbenzene-1,2-diamine (0.100g, 0.735mmol) was dissolved in methanol (1.5mL). 0.109g 

(0.735mmol) of 4-(dimethylamino)benzaldehyde and 2 drops of glacial acetic acid were added. The resulting 

mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The precipitate was filtered 

and washed with cold methanol. The product was then dried under reduced pressure and it was purified with 

short column chromatography using a solution of n-hexane : diethyl ether (1:1) as eluent to afford 0.057g 

(0.213 mmol) of pure product as a brown crystals. The calculated reaction yield is 29%. 

1H NMR (400MHz, CDCl3) δ: 7.43 (d, J = 8.80 Hz, 2H, ●); 6.75 (d, J = 8.80 Hz, 2H, ●); 6.72 – 6.67 (m, 2H, ●); 

6.43 – 6.39 (m, 2H, ●); 4.78 (s, 1H, ●); 2.99 (s, 6H, ●); 2.55 (s, 6H, ●). 

 

 

For comparison, the 1H NMR (400MHz, CDCl3) spectrum of 4-(dimethylamino)benzaldehyde is also reported. 

δ: 9.76 (s, 1H,●); 7.76 (d, J = 8.93 Hz; 2H, ●); 6.79 (d, J = 8.93 Hz; 2H, ●); 3.09 (s, 6H, ●)  
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Synthesis D DPhBI: 4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-N,N-diphenylaniline 

 

N1,N2-dimethylbenzene-1,2-diamine (0.100g, 0.735mmol) was dissolved in methanol (1.5mL). 0.201g 

(0.735mmol) of 4-(diphenylamino)benzaldehyde and 2 drops of glacial acetic acid were added. The resulting 

mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The precipitate was filtered 

and washed with cold methanol. The product was finally dried under reduced pressure to afford 0.258g 

(0.662mmol) of pure product as a white powder. The calculated reaction yield is 90%. 

1H NMR (400MHz, CDCl3) δ: 7.41 (d, J = 8.56 Hz, 2H, ●); 7.25 (dd, J1 = J2= 7.34 Hz, 4H, ●); 7.12 (d, J= 7.4 Hz, 

4H, ●); 7.09 (d, J = 8.56 Hz, 2H, ●); 7.04 (dd, J1 = J2 = 7.34 Hz, 2H, ●); 6.72 - 6.69 (m, 2H, ●); 6.46 – 6.42 (m, 

2H, ●); 4.82 (s, 1H, ●); 2.60 (s, 6H, ●). 

 

For comparison, the 1H NMR (400MHz, CDCl3) spectrum of 4-(diphenylamino)benzaldehyde is also 

reported. δ: 9.82 (s, 1H, ●); 7.68 (d, J = 8.80 Hz, 2H, ●); 7.36-7.32 (m, 4H, ●); 7.18 – 7.15 (m, 6H, ●); 7.01 (d, 

J= 8.80 Hz, 2H, ●).  
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Synthesis E N,N-dimethyl-4-(6-methyl-1H-1,3-benzodiazol-2-yl)aniline  

(starting from 4-(dimethylamino)benzaldehyde) 

 

0.500g (4.10mmol) of 4-methylbenzene-1,2-diamine and 0.610g (4.10mmol) of 4-

(dimethylamino)benzaldehyde were dissolved in 8mL of dimethyl sulfoxide. The solution was heated at 200°C 

in a sealed tube for 30min. Then the flask was cooled to room temperature and 70mL of ice were added to 

the solution. The mixture was sonicated for 1h. The bright yellow precipitate was filtered and dried under 

reduced pressure. At the end of the process, 0.7751g (3.088mmol) of beige powder were obtained. The 

calculated reaction yield is 75%. 

1H NMR (400MHz, CDCl3) δ: 8.08 (d, J = 8.90 Hz, 2H, ●); 7.61 (d, J = 8.19 Hz, 1H, ●); 7.52 (s, 1H, ●); 7.07 (d, J 

= 8.19 Hz, 1H, ●); 6.25 (d, J = 8.90 Hz, 1H, ●); 2.75 (s, 6H, ●); 2.40 (s, 3H, ●).  

 

 

For comparison, the 1H NMR (89.56MHz, CDCl3) spectrum of 4-methylbenzene-1,2-diamine is also reported. 

[227] δ: 6.57 (d, 1H, ●); 6.49 (d, 1H, ●); 6.49 (s, 1H, ●); 3.28 (s, 4H, ●); 2.19 (s, 3H, ●). 
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Synthesis F N,N-dimethyl-4-(6-methyl-1H-1,3-benzodiazol-2-yl)aniline 

(starting from 4-(dimethylamino)benzoic acid) 

 

4g of polyphosphoric acid are added to a mixture of 0.500g (4.10mmol) of 4-methylbenzene-1,2-diamine and 

0.792g (4.79mmol) of 4-(dimethylamino)benzoic acid. The mixture is heated at 175°C for 48h under stirring. 

Then a solution of NH4OH (7%) is added to reach pH 7, the mixture is sonicated 1h. The pink precipitate is 

filtered and washed with H2O multiple times. The crude product is partially dried under reduced pressure 

and then it is dissolved in THF and dried over Na2SO4. The organic solvent is then evaporated under reduced 

pressure. At the end of the process, 0.9427g (3.755mmol) of brown product are collected. The calculated 

reaction yield is 91%. Worth to notice that although reaction yield is higher than in the case of Synthesis E, 

the synthesis is more time consuming, and the purification requires much more effort and yield a less pure 

product. For this reason, the synthetic route described in Synthesis E is preferable for future reactions. 

1H NMR (400MHz, CDCl3) δ: 8.08 (d, J = 8.90 Hz, 2H, ●); 7.61 (d, J = 8.19 Hz, 1H, ●); 7.52 (s, 1H, ●); 7.07 (d, J 

= 8.19 Hz, 1H, ●); 6.25 (d, J = 8.90 Hz, 1H, ●); 2.75 (s, 6H, ●); 2.40 (s, 3H, ●). 

 

 

For comparison, the 1H NMR (89.56MHz, DMSO) spectrum of 4-(dimethylamino)benzoic acid is also reported. 

[227] δ: 7.71 (d, 2H, ●); 6.71 (d, 2H, ●); 2.98 (s, 1H, ●). 
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Synthesis G  2-[4-(dimethylamino)phenyl]-1,3,6-trimethyl-1H-1,3-benzodiazol-3-ium iodide 

 

0.775g (3.08mmol) of N,N-dimethyl-4-(6-methyl-1H-1,3-benzodiazol-2-yl)aniline (obtained either via 

Synthesis E or via Synthesis F) and 0.379g (3.38mmol) of potassium tert-butoxide were dissolved in 12mL of 

anhydrous THF in a sealed tube. The mixture was left under stirring in Ar atmosphere for 30min. Then 

0.958mL (2.185g, 15.40mmol) of iodomethane were added to the solution. The reaction was left at 60°C for 

4 days. Then the reaction was cooled to room temperature, the solvent was removed under reduced 

pressure, 50mL of H2O were added to the flask and the solution was extracted 3 times with 50mL of 

chloroform. The organic fractions were collected and dried over Na2SO4. At the end of the process, 0.435g 

(1.069mmol) of pale-yellow product were obtained. The calculated reaction yield is 32%. 

Synthesis H  2-[4-(dimethylamino)phenyl]-1,3,6-trimethyl-1H-1,3-benzodiazol-3-ium triflate 

 

Synthesis adapted from [213]. 0.232g (0.570mmol) of 2-[4-(dimethylamino)phenyl]-1,3,6-trimethyl-1H-1,3-

benzodiazol-3-ium iodide (Synthesis G) were dissolved in 5mL of methanol. A solution of silver 

trifluoromethanesulfonate (0.146g, 0.570mmol) in 7mL of methanol was added dropwise. The mixture was 

left 1h at room temperature, under stirring in the dark. The precipitate was filtered over celite and it was 

washed with methanol. The solvent was removed under reduced pressure and the crude product was 

triturated with 1mL of ethyl acetate at 0°C. The precipitate was filtered and washed with more cold ethyl 

acetate to afford 0.096g (0.223mmol) of pure product as a white powder. The reaction yield is 39%. 

1H NMR (400MHz, CDCl3) δ: 7.72 (d, J = 9.00 Hz, 2H, ●); 7.65 (d, J = 8.44 Hz, 1H, ●); 7.55 (s, 1H, ●); 7.46 (d, J 

= 8.44 Hz, 1H, ●); 6.92 (d, J = 9.00Hz, 2H, ●); 4.04 (s, 3H, ●); 4.03 (s, 3H, ●); 3.13 (s, 6H, ●); 2.60 (s, 3H, ●). 
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Synthesis I Me-DMBI: N,N-dimethyl-4-(1,3,5-trimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)aniline 

 

0.096g (0.224mmol) of 2-[4-(dimethylamino)phenyl]-1,3,6-trimethyl-1H-1,3-benzodiazol-3-ium triflate 

(Synthesis H) were dissolved in 5mL of methanol. The solution was cooled to 0°C. 0.025g (0.669mmol) of 

NaBH4 were added slowly under stirring. The mixture was left for 2h at room temperature under stirring in 

the dark. 70mL of H2O were added and the mixture was extracted 3 times with 70mL of n-hexane. The organic 

fractions were collected, dried over Na2SO4 and the solvent was evaporated under reduced pressure. At the 

end of the process 0.022g (0.078mmol) of pure white product were obtained. The calculated reaction yield 

is 35%. 

1H NMR (400MHz, acetonitrile-d3) δ: 7.36 (d, J = 8.68 Hz, 2H, ●); 6.78 (d, J = 8.68 Hz, 2H, ●); 6.44 (d, J = 7.46 

Hz, 1H, ●); 6.30 (d, J = 7.46 Hz, 1H, ●); 6.27 (s, 1H, ●); 4.63 (s, 1H, ●); 2.95 (s, 6H, ●); 2.45 (s, 3H, ●); 2.44 (s, 

3H, ●); 2.21 (s, 3H, ●).  
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Synthesis J 4-(5,6-dimethyl-1H-1,3-benzodiazol-2-yl)-N,N-dimethylaniline 

 

0.545g (4.001mmol) of 4,5-dimethylbenzene-1,2-diamine and 0.597g (4.001mmol) of 4-

(dimethylamino)benzaldehyde were dissolved in 8mL of dimethyl sulfoxide. The solution was heated at 200°C 

for 30min. Then the flask was cooled to room temperature and 70mL of ice were added to the solution. The 

mixture was sonicated for 1h. The bright yellow precipitate was filtered and dried under reduced pressure. 

At the end of the process, 0.786g (2.966mmol) of beige product were obtained. The calculated reaction yield 

is 74%.  

As previously discussed in the description of Synthesis F, it is probably possible to obtain the same product 

with a higher yield starting with 4-(dimethylamino)benzoic acid and using polyphosphoric acid as reaction 

solvent. However, the synthetic path followed in Synthesis J requires less steps and it was selected as less 

time consuming. 

1H NMR (400MHz, CDCl3) δ: 7.96 (d, J = 8.56 Hz, 2H, ●), 7.39 (s, 2H, ●); 6.56 (d, J = 8.56 Hz, 2H, ●); 2.92 (s, 6H, 

●); 2.32 (s, 6H, ●)  

 

 

For comparison, the 1H NMR (89.56MHz, CDCl3) spectrum of 4,5-dimethylbenzene-1,2-diamine is also 

reported [227]. δ 6.46 (s, 2H, ●); 3.19 (s, 4H, ●); 2.10 (s, 6H, ●). 
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Synthesis K 2-[4-(dimethylamino)phenyl]-1,3,5,6-tetramethyl-1H-1,3-benzodiazol-3-ium iodide 

 

0.786g (2.968mmol) of 4-(5,6-dimethyl-1H-1,3-benzodiazol-2-yl)-N,N-dimethylaniline (Synthesis J) and 

0.365g (3.265mmol) of potassium tert-butoxide were dissolved in 45mL of anhydrous THF. The mixture was 

left under stirring in Ar atmosphere for 30min. Then 0.924mL (2.106g, 14.84mmol) of iodomethane were 

added to the solution. The reaction was left at 60°C for 4 days. Then the reaction was cooled to room 

temperature, the solvent was removed under reduced pressure, 50mL of H2O were added to the flask and 

the solution was extracted 6 times with 50mL of dichloromethane. The organic fractions were collected and 

dried over Na2SO4. At the end of the process, 0.858g (2.043mmol) of beige product were obtained. The 

calculated reaction yield is 69%.  

Synthesis L 2-[4-(dimethylamino)phenyl]-1,3,5,6-tetramethyl-1H-1,3-benzodiazol-3-ium triflate 

 

Synthesis adapted from [213]. 0.859g (2.045mmol) of 2-[4-(dimethylamino)phenyl]-1,3,5,6-tetramethyl-1H-

1,3-benzodiazol-3-ium iodide (Synthesis K) were dissolved in 15mL of methanol. A solution of silver 

trifluoromethanesulfonate (0.526g, 2.045mmol) in 19mL of methanol was added dropwise. The mixture was 

left 1h at room temperature, under stirring in the dark. The precipitate was filtered over celite and it was 

washed with methanol. The solvent was removed under reduced pressure and the crude product was 

triturated with 3mL of ethyl acetate at 0°C. The precipitate was filtered and washed with more cold ethyl 

acetate to afford 0.550g (1.242mmol) of pure product as a white powder. The reaction yield is 61%.  

1H NMR (400MHz, CDCl3) δ: 7.68 (d, J = 8.93 Hz, 2H, ●); 7.51 (s, 2H, ●); 6.90 (d, J = 8.93 Hz, 2H, ●); 4.00 (s, 6H, 

●); 3.12 (s, 6H, ●); 2.47 (s, 6H, ●).  
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Synthesis M    Me2-DMBI: N,N-dimethyl-4-(1,3,5,6-tetramethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)aniline 

 

0.550g (1.241mmol) of 2-[4-(dimethylamino)phenyl]-1,3,5,6-tetramethyl-1H-1,3-benzodiazol-3-ium triflate 

(Synthesis L) were dissolved in 30mL of methanol. The solution was cooled to 0°C. 0.141g (3.724mmol) of 

NaBH4 were added slowly under stirring. The mixture was left for 2h at room temperature, under stirring in 

the dark. 100mL of H2O were added and the mixture was extracted 3 times with 100mL of n-hexane. The 

organic fractions were collected, dried over Na2SO4 and the solvent was evaporated under reduced pressure. 

At the end of the process 0.158g (0.535mmol) of pure pale-yellow product were obtained. The calculated 

reaction yield is 43% 

 

1H NMR (400MHz, DMSO) δ: 7.32 (d, J = 8.68 Hz, 2H, ●); 6.75 (d, J = 8.68 Hz, 2H, ●); 6.25 (s, 2H, ●); 4.52 (s, 

1H, ●); 2.93 (s, 6H, ●); 2.40 (s, 6H, ●); 2.10 (s, 6H, ●). 

 

1H NMR (400MHz, acetonitrile-d3) δ: 7.35 (d, J = 8.80 Hz, 2H, ●); 6.78 (d, J = 8.80 Hz, 2H, ●); 6.25 (s, 2H, ●); 

4.51 (s, 1H, ●); 2.95 (s, 6H, ●); 2.43 (s, 6H, ●); 2.13 (s, 6H, partially covered by H2O signal, ●). 
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Synthesis N 3-methoxy-N1,N2-dimethylbenzene-1,2-diamine 

 

Synthesis adapted from [228]. 3.000g (24.166mmol) of 2,3-diaminophenol and 10.019g (72.499mmol) of 

K2CO3 were dissolved in 60mL of anhydrous dimethylformamide. The mixture was left under stirring at room 

temperature for 1h. Then 4.513mL (10.290g, 72.499mmol) of iodomethane were added, under stirring. The 

mixture was then heated at 30°C for 2h. 360mL of H2O were added and the product was extracted multiple 

times with diethylether. The organic fractions were collected and dried over Na2SO4. The solvent was 

evaporated under reduced pressure and the crude product was purified with silica chromatography using a 

solution of petroleum ether : ethyl acetate (3:1) as eluent. The desired product was the first fraction 

recovered. At the end of the process, 0.944g (5.686mmol) of white crystals (thin needles around 3-5mm long) 

were obtained. The calculated reaction yield is 24%.  

 

1H NMR (400MHz, CDCl3) δ: 6.97 (dd, J1 = J2 = 8.1 Hz, 1H, ●); 6.31 (d, J = 8.1 Hz, 1H, ●); 6.17 (d, J = 8.1 Hz, 1H, 

●); 2.87 (s, 3H, ●); 2.83 (s, 6H, ●).  
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Synthesis O OH-TMBI: 1,2,3-trimethyl-2,3-dihydro-1H-1,3-benzodiazol-4-ol 

 

4-(dimethylamino)benzaldehyde (0.149g, 1.000mmol) was dissolved in methanol (1mL). 0.166g (1.000mmol) 

of 3-methoxy-N1,N2-dimethylbenzene-1,2-diamine (Synthesis N) and 2 drops of glacial acetic acid were 

added. The resulting mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The 

precipitate was filtered and washed with cold methanol. The product was then dried under reduced pressure 

to afford 0.004g (0.022 mmol) of pure product as white crystals. The calculated reaction yield is 2%. 

It is interesting to notice that although the desired product was 2-[4-(dimethylamino)phenyl]-1,3-dimethyl-

2,3-dihydro-1H-1,3-benzodiazol-4-ol, as expected from literature [210], TLC analysis does not show any 

evidence of such compound, on the contrary, it indicates that the major amount of the two reagents did not 

react. Only few crystals (needles around 2mm in length) of 1,2,3-trimethyl-2,3-dihydro-1H-1,3-benzodiazol-

4-ol have been recovered. This product is probably obtained from the side reaction of 3-methoxy-N1,N2-

dimethylbenzene-1,2-diamine and acetic acid, with the removal of the methyl group caused by acid 

hydrolysis. 

 

1H NMR (400MHz, DMSO) δ: 8.81 (s, 1H, ●); 6.73 (dd, J1 = J2 = 8.07 Hz, 1H, ●); 6.04 (d, J = 8.07 Hz, 1H, ●); 

5.94 (d, J = 8.07 Hz, 1H, ●); 5.28 (q, J = 5.3 Hz, 1H, ●); 2.68 (d, J = 5.3 Hz, 3H, ●); 2.64 (s, 6H, ●).  
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10.2    MATERIALS 

P(NDI2OD-T2) (Polyera ActivInk N2200) was purchased from Ossila Lim (Mn = 150 kDa), and the same batch 

was used for every sample. Dopants were synthetized as described in the previous paragraph and stored 

under Ar atmosphere at 4 °C. Before sample preparation, dopants were dissolved in dichloromethane or 

other low-boiling point solvents (20 mM concentration), aliquots of the resulting solutions were distributed 

in separate vials and the solvent was finally evaporated under reduced pressure overnight. All the dopant 

concentrations expressed in this work refer to the molar ratio (MR) between the dopant and the number of 

repeating units of P(NDI2OD-T2).  

 

 

10.3     ELECTRICAL CHARACTERIZATION 

Electrical conductivity measures have been performed using low-alkali 1737F Corning glass as substrate. 

Initially, the substrates were cleaned through three ultrasonic baths in water, isopropanol and acetone of a 

10 minutes duration each. Then the glasses were exposed for 10 minutes to an O2 plasma at 100 W. Finally, 

contacts were thermally evaporated using a shadow mask, obtaining two parallel contact lines (6mm distant 

from each other) made of 1.5 nm thick Cr adhesion layer and 25 nm thick Au layer (2 mm wide, 15 mm long). 

The film preparation was performed inside a glovebox in N2 atmosphere. P(NDI2OD-T2) was dissolved in 1,2-

diclorobenzene (concentration 10mg/mL), and the polymer solution was stirred at 80 °C for 1 hour. The 

mixture was loaded into a syringe and filtered using a 0.45 μm pore-size polytetrafluoroethylene (PTFE) filter. 

Aliquots of 50 µL of the filtered solution were added to vials containing the desired amount of dopant. 

Meanwhile, the previously described glass substrates were cleaned with two ultrasonic baths in isopropanol 

and acetone (5 minutes each), then treated with an oxygen plasma for 10 minutes and finally introduced 

inside the glovebox. P(NDI2OD-T2) films were spin coated at 1000 rpm for 60 s and then at 3000 rpm for 10 

s. The thickness of the films was measured after the electrical characterization using a profilometer, every 

film was within 40±5nm. If required, the resulting films were annealed inside the glovebox on a hot plate. All 

the electrical characterizations were performed at room temperature in N2 atmosphere using a Wentworth 

Laboratories probe station with a semiconductor device analyser (Agilent B1500A). Electrical conductivity 

was calculated through the linear fit of the I−V curves as follows.  

Equation 60     𝝈 =
𝒙

𝑹 𝒛 𝒚
 

Where x is the distance between the gold contact lines, z is the thickness of the film, y is the length of the 

film, and R is the film resistance. 
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10.4     IR CHARACTERIZATION 

The samples were prepared from a chloroform solution of P(NDI2OD-T2) (10 gL-1) heated at 60°C, under 

stirring, for 1h in air and filtered on a 0.45µm PTFE filter. Then, 200µL of the polymer solution were injected 

in four different vials. Finally, aliquots of a 20.2mM DiPrBI solution in chloroform were added to three vials, 

achieving s dopant molar ratios of 0%, 14%, 43% and 100%, respectively. The solutions were sonicated for 5 

min and then the solutions were drop casted on KRS5 (thallium bromoiodide) substrates, in air. Using a 

Nicolet Nexus spectrometer (256 scans, 2cm-1 resolution), FT-IR spectra of the drop-casted films were 

acquired before and after annealing the samples at 150°C for 6h in Ar. IR spectra were analysed with OMNIC 

software. 

 

 

10.5     GIWAXS CHARACTERIZATION 

The entire process of film preparation was carried inside a N2 glovebox (<1 ppm of O2). A solution (10 mg/mL) 

of P(NDI2OD-T2) in 1,2-diclorobenzene is heated at 80°C for 2 hours under stirring. The solution was filtered 

with a 0.45μm pore-size polytetrafluoroethylene filter and added to a vial containing the desired amount of 

dopant. Native oxide p+ Si substrate were cleaned with acetone, isopropanol, and ethanol. Films were spin-

coated at 1000rpm for 60s and then at 3000rpm for 10s. GIWAXS measurements were performed at the 

Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 equipped with an area detector 

(Rayonix MAR-225), with an incident energy of 12.73 keV. To minimize air scattering and damages to the 

sample, all the measurements were performed in a chamber under a helium flux. The sample-detector 

distance (321 mm) was calibrated through a LaB6 polycrystalline standard and the incident angle was 

selected at 0.1°. Data analysis was performed with the Igor Pro software packages Nika 1D SAXS29 and 

WAXStools.  

 

 

10.6     CYCLIC VOLTAMMETRY CHARACTERIZATION 

For the test a 15mL electrochemical cell was used with a working glassy carbon electrode, a platinum counter 

electrode and a reference electrode composed of an aqueous saturated calomel electrode (Figure 122). All 

the electrodes were cleaned as described in [229]. Each dopant was dissolved in DCM (0.50 mM) and the 
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solutions were sonicated for 5 min while N2 was bubbled through a needle. TBAP (tetrabutylammonium 

perchlorate, 0.1000M in DCM) was used as supporting electrolyte. Ferrocene 0.50 mM was used as an 

internal standard. The electrodes were connected to a PGSTAT302N potentiostat set with a scan range 

between 0.0V and 0.6V scanned with a 0.05 V/s scan rate. All the HOMO levels were calculated with Fc+/Fc 

couple as potential reference as follows: 

EHOMO/LUMO = [− (Eonset − Eonset (Fc/Fc+))] − 4.8 eV 

 

  

Figure 122. On the left: experimental setup. Image adapted from [229]. On the right: ferrocene reference 

measured in the same conditions of the dopants.  
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12. APPENDIX 1: OTHER DOPANTS 

Although most of the dopants studied in this work were functionalized with a substituent on the 

benzimidazole ring, namely where the dopant HOMO lies, we have also simulated few DMBI derived dopants 

by replacing the dimethyl aniline moiety with other aromatic groups. The list of these dopants and their 

characteristics are listed in  

Table 8. Although the one-pot synthesis of these compounds was attempted as described in Figure 115, given 

their relatively low calculated HOMO level, they were not further investigated. 

 

Name  HOMO (eV) Figure 

2-(3,4-dimethoxyphenyl)-1,3-dimethyl-2,3-dihydro-

1H-1,3-benzodiazole 

DMBI-

(OMe)2 
-4.6 

Figure 

123 

1,3-dimethyl-2-(pyridin-4-yl)-2,3-dihydro-1H-1,3-

benzodiazole 
DMBI-Pyr -4.8 

Figure 

124 

1,3-dimethyl-2-(1,3-thiazol-2-yl)-2,3-dihydro-1H-1,3-

benzodiazole 
DMBI-TA -4.7 

Figure 

125 

 

Table 8. Additional benzimidazole-derived dopants discussed in this work and their HOMO level. DFT 

calculations have been performed with Orca (B3LYP 6-31G**). 

  



 
150 

 

   

   

Figure 123: chemical structure of 1,3-dimethyl-2-(pyridin-4-yl)-2,3-dihydro-1H-1,3-benzodiazole DMBI-

(MeO)2 ) and spatial representation of its HOMO (-4.6eV). DFT calculations have been performed with Orca 

(B3LYP 6-31G**). 

 

   

   

 

Figure 124: chemical structure of 1,3-dimethyl-2-(pyridin-4-yl)-2,3-dihydro-1H-1,3-benzodiazole (DMBI-Pyr) 

and spatial representation of its HOMO (-4.8eV). DFT calculations have been performed with Orca (B3LYP 6-

31G**). 
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Figure 125: chemical structure of 1,3-dimethyl-2-(1,3-thiazol-2-yl)-2,3-dihydro-1H-1,3-benzodiazole (DMBI-

TA) and spatial representation of its HOMO (-4.7eV). DFT calculations have been performed with Orca 

(B3LYP 6-31G**).  



 
152 

 

Synthesis P DMBI-(OMe)2: 2-(3,4-dimethoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazole 

 

N1,N2-dimethylbenzene-1,2-diamine (0.100g, 0.735mmol) was dissolved in methanol (1.5mL). 0.121g 

(0.735mmol) of 3,4-dimethoxybenzaldehyde and 2 drops of glacial acetic acid are added. The resulting 

mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The precipitate was filtered 

and washed with cold methanol. The product was then dried under reduced pressure and further purified 

with a short column chromatography using a solution of n-hexane : diethyl ether (1:1) as eluent. At the end 

of the process, 0.050g (0.176 mmol) of pink needle-like crystals were obtained. The calculated reaction yield 

is 24%. 

1H NMR (400MHz, CDCl3) δ: 7.24 (s, 1H, ●); 7.02 (d, J = 8.07 Hz, 1H, ●); 6.88 (d, J = 8.07 Hz, 1H, ●); 6.75 – 6.71 

(m, 2H, ●); 6.47 – 6. 43 (m, 2H, ●); 4.82 (s, 1H, ●); 3.92 (s, 3H, ●); 3.90 (s, 3H, ●); 2.57 (s, 6H, ●). 

 

 

For comparison the 1H NMR (89.56MHz, CDCl3) spectrum of 3,4-dimethoxybenzaldehyde is also reported. 

[227] δ: 9.85 (s, 1H, ●); 7.47 (d, 1H, ●); 7.41 (s, 1H, ●); 6.99 (d, 1H, ●); 3.97 (s, 3H, ●); 3.94 (s, 3H, ●) 
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Synthesis Q DMBI-Pyr: 1,3-dimethyl-2-(pyridin-4-yl)-2,3-dihydro-1H-1,3-benzodiazole 

 

N1,N2-dimethylbenzene-1,2-diamine (0.100g, 0.735mmol) was dissolved in methanol (1.5mL). 0.079g 

(0.735mmol, 69.3 µL) of pyridine-4-carbaldehyde and 2 drops of glacial acetic acid were added. The resulting 

mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The precipitate was filtered 

and washed with cold methanol. The product was then dried under reduced pressure to afford 0.042g (0.139 

mmol) of pure product as a beige powder. The calculated reaction yield is 19%. 

1H NMR (400MHz, CDCl3) δ: 8.70 (d, J = 6.00 Hz, 2H, ●); 7.56 (d, J = 6.00 Hz, 2H, ●); 6.77 – 6.73 (m, 2H, ●); 

6.49 – 6.44 (m, 2H, ●); 4.91 (s, 1H, ●); 2.59 (s, 6H, ●).  

 

 

For comparison, the 1H NMR (89.56MHz, CDCl3) spectrum of pyridine-4-carbaldehyde is also reported. [227] 

δ: 10.11 (s, 1H, ●); 8.90 (d, 2H, ●); 7.72 (d, 2H, ●). 
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Synthesis R  DMBI-TA: 1,3-dimethyl-2-(1,3-thiazol-2-yl)-2,3-dihydro-1H-1,3-benzodiazole 

 

N1,N2-dimethylbenzene-1,2-diamine (0.100g, 0.735mmol) was dissolved in methanol (1.5mL). 0.083g 

(0.735mmol) of 1,3-thiazole-2-carbaldehyde and 2 drops of glacial acetic acid were added. The resulting 

mixture was sonicated overnight. The solution was then cooled to -12°C for 24h. The precipitate was filtered 

and washed with cold methanol. The product was then dried under reduced pressure to afford 0.044g (0.190 

mmol) of pure product as a light brown powder. The calculated reaction yield is 26%. 

1H NMR (400MHz, CDCl3) δ: 7.81 (d, J = 3.18 Hz, 1H, ●); 7.48 (d, J = 3.18, 1H, ●); 6.78 – 6.74 (m, 2H, ●); 6.50 

– 6.46 (m, 2H, ●); 5.35 (s, 1H, ●); 2.75 (s, 6H, ●). 

 

 

For comparison, the 1H NMR (300MHz) spectrum of thiazole is also reported. [227] δ: 8.68 (s, 1H, ●); 7.83 (d, 

J = 3.2 Hz, 1H, ●); 7.19 (d, J = 3.2, 1H, ●) 
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13. APPENDIX 2: AZOBENZENES 

The second part of this work refers to a side project, which was carried mostly during the first PhD year. This 

project aims at developing chromophore compounds to solve retinal degeneration diseases.  

A chromophore is a molecule able to change its conformation upon photo isomerization. In all mammalians, 

the chromophore function is often carried by 11-cis-retinaldehyde which is a molecule covalently bound to 

photoreceptor proteins. The absorption of a photon isomerizes the chromophore, changing its structure from 

cis-retinaldehyde to trans-retinaldehyde (Figure 126). This induces a change in the conformation of the 

photoreceptor and triggers a process that generates the visual signal. [230]. 

 

Figure 126: visual retinoid cycle. 

 

To be suitable for biological applications, artificial photochromic materials must have water solubility, low 

toxicity, and stability to the biological environment, finally, synthetic tractability is a key factor to tune the 

molecular properties such as light absorption spectra and solubility [231]. Since azobenzenes (AB) possess all 

these desired characteristics, they are the most frequently employed photo switches for biological 

applications. To be applied in vision restoration processes, a photo-switch should be triggered by visible light 

(400-700nm). AB usually need UV light to undergo a trans → cis isomerization, however, by inserting side 
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groups to the AB core, it is possible to red shift the absorption band of the trans-isomer to the visible range 

[232].  

We have synthetized azobenzenes (AB) where the 4- and the 4’- positions of the two phenyl rings are 

substituted with an azepane group and/or with one or more hydrophobic linear chains carrying a polar group 

(such as pyridinium or ammonium bromide) at the extremity. This general structure mimics the cellular 

membrane phospholipids and provides an amphiphilic character to ABs making them able to dwell inside cell 

membrane (Figure 127). In the following pages are reported two articles published on the topic. 

 

 

Figure 127 : the structure of the ziapin compounds has been engineered to mimic phospholipid amphiphilic 

behaviour. 
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