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Abstract 

Polymeric semiconductors represent a thrilling group of organic materials with outstanding 

properties that has proven, over the years, to be adaptable to many research fields. Their 

relatively low cost and intrinsic properties, such as easy processability and air stability made these 

materials particularly appealing for thermoelectric, energy storage and organic transistors, among 

many applications.  These materials performances are heavily dependent on their electronic, 

molecular and super-molecular structure, which is affected by doping processes and doping 

mechanism. The constant search for new materials and better performances of existing devices 

needs to be supported by a deep understanding of the charge transport properties of both p-type 

and n-types polymers, pristine and doped. Among many techniques available to unveil the 

polymers properties and characteristics, this dissertation focuses on vibrational spectroscopies 

(Raman and infrared), which we used in searching structure-property relationships upon the 

formation of charge defects through doping of n-type organic materials (polarons and bipolarons). 

Moreover, fundamental aspects of doping kinetics and environmental factors will be unveiled in 

this work, focusing on both chemical and electrochemical doping. First, evidence of charge defect 

localization and hopping-type charge transport mechanism in chemically doped P(NDI2OD-T2), a 

pioneer n-type polymer, will be provided. Chemical doping kinetics will be further exploited 

regarding the effect of annealing time and temperature. To characterize these effects on a 

multiscale, the results of other complementary techniques will be presented, such as Grazing 

Incident Wide X-ray Scattering (GIWAXS), which probes the material morphology.  Moreover, 

several aspects of the electrochemical doping will be analyzed, such as the influence of 

environmental oxygen on polaron and bipolaron formation, as well as the type of electrolyte; in 

addition, the reversibility of electrochemical doping is investigated. The study on 

electrochemically doped samples will be pursued through in-situ Raman spectroscopy coupled 

with an electrochemical characterization. Finally, the combination of Raman and Atomic Force 

Microscopy will be presented in the final part of this dissertation as a powerful toolset to 

characterize organic materials.  
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Introduction 

 

 1.1 An overview of organic semiconducting polymers 

The search for organic semiconductors materials as promising alternative to their inorganic 

counterparts in applications, ranging from electronic to energy storage, as well as sensing, has 

been ongoing for more than 50 years. An interesting class of materials with outstanding properties 

are conjugated systems, whose most peculiar property is the delocalization of π-electrons. The 

overlap of nearby p orbitals results in a single bond/double bond configuration, showing more or 

less pronounced bond length alternation, which reflects the degree of delocalization of π-

molecular orbitals. In the case of p-type and n-type conjugated polymers, the conjugated domain 

is commonly the polymer backbone. Their semiconducting properties are caused by the splitting 

of the π-band, resulting in an empty conduction band (π*-band) and a filled valence band (π-

band), whose electrons can be excited by an electromagnetic wave, while the bandgap value 

range from 1 to 4eV1. Absorption phenomena take place when the energy of the incident light 

matches or exceeds the energy gap. This is the reason why, when illuminated by a source in the 

visible range, the polymer presents a specific color, which can change when its intrinsic properties 

are changed (for example, by doping).  

 

1.1.1 Doping mechanism in Conjugated Polymers 

Charge carriers density can be increased by injection (or withdrawal) of electrons in π* (π orbitals) 

in different ways: the most common strategy is chemical/electrochemical doping of the polymer.  

The conduction and valence bands structure for conjugated polymers presents analogies to the 

one existing for the inorganic materials. The Lowest Unoccupied Molecular Orbital (or LUMO) 

corresponds to the state at the bottom of the conduction band, and the Highest Occupied 

Molecular Orbital (HOMO) corresponds to that at top of the valence band. However, the 
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conduction mechanism is usually very different, and is dominated – in the most cases – by intra-

chain or inter-chain charge (hopping mechanisms) among different sites.  

As for their inorganic counterparts, when talking about charge injection, or doping, of p- types 

polymers (transporting holes) and n-types polymers (transporting electrons), a distinction needs 

to be pointed out. In the case of p-type polymers, electrons are transferred from the HOMO of 

the polymer to the LUMO of the dopant (Figure 1.1 -right side). The two energy levels need to be 

aligned to promote the doping of the material. This condition is fulfilled when the electron affinity 

of the dopant is close to the ionization potential of the polymer2. On the other hand, in the case 

of n-type polymers (Figure 1.1 -left side) the dopant is ionized and thus loses an electron, which 

is transferred to the LUMO of the polymer. 

 

 

Figure 1.1: schematic of the doping principle for n and p-type semiconducting polymers. Adapted 

from2 
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When an electron or a hole is injected in the material, two possible charge transport mechanisms 

may occur. Overlapping between the π-orbitals occur either in the chain direction or between 

different chains. The charge can then either move along the polymer chain (intrachain) or 

between chains (interchain) (Figure 1.2).  

 

 

Figure 1.2: schematic representation of the interchain and intrachain charge transport 

mechanism for a generic polymer. 

 

The charge defect (or charge carrier) formed upon doping is well-known as polaron. The polaron 

is defined as a quasi-particle, namely the electron or hole resulting from the doping, and the 

consequent distortion of the material (polymer) lattice. Similarly, a bipolaron is a quasi-particle 

describing the distortion of the material lattice upon injection of two charges (Figure 1.3).  
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Figure 1.3: Band diagrams of pristine and doped (with polaron and bipolaron levels) 

semiconducting polymer, adapted from:3  

Fully understanding and describing charge transport mechanism, polaronic and bipolaronic 

features is a hard task due to the intrinsic nature of polymer doping. Unlikely the case of the 

inorganic materials, where doping consists in a defect obtained by the mere substitution of a 

single-atom, and high conductivity levels can be reached with low dopant quantities, for organic 

materials several factors need to be taken into account. First, the dopant is a molecule with a 

certain steric hindrance, that often needs to be mixed with the polymer in fairly large quantities 

for the doping to be effective. The dopant interacts with the polymer structure and morphology, 

drastically changing it. Both pristine and doped polymer morphology and structure is sensitive to 

many factors, like processing conditions4, temperature5 and depositions methods to cite some. In 

the case of doping, the structure is highly affected by the dopant position in the polymeric matrix6, 

as well as the effectiveness of the doping process (segregation effects of the dopant) or the doping 

methods7 and the degree of order of the deposited sample (higher disordered systems usually 

present lower conductivities)8.  

Charge transport is strongly correlated with the polarons size and shape, as a more delocalized 

polaron along the chain is often symptom of an intrachain transport mechanism. A flatter 

structure of the polymer chain favors the delocalization of π electrons and thus of the charge 

defect, through the overlapping of π-orbitals. 

While interchain transport mechanism could prevail when the torsional angle between the 

polymer units is pronounced, charge transport strongly depends on the coupling between 
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different polymer molecules, and the level of order in the polymeric film. An interesting case-

study in this matter is the notorious P3HT, where the close interplay between the level of order 

in the film and the delocalization of the polaron was proved to be correlated with mobility9. 

In this framework, another relevant issue is to achieve a good stability and reproducibility of the 

performances that are affected by several structural aspects: for this purpose, a deep 

understanding of the charge transport mechanisms, as well as providing strong structure property 

relationships is necessary. 

 

1.1.2 Doping methods 

Chemical and electrochemical doping, which will be used in this dissertation, are briefly presented 

in this section. 

The most common way to achieve chemical doping is through a solution mixture of the dopant 

and the polymer in a suitable ratio. The mixture is then deposited on a substrate and annealed to 

favor the creation of the charge complex. Depending on the semiconductor type, the dopant can 

oxidize (n-types) or reduce the polymer(p-types). As previously mentioned, the presence of the 

dopant could affect the order of the film during deposition10 or, if present in large quantities, 

could segregate on the surface, causing the conductivity to plateau after reaching a threshold 

dopant concentration or even become lower11. For this reason, a good miscibility of the dopant 

with the polymer would improve the overall quality of the film, without affecting the transport 

properties12,13. 

In the case of electrochemical doping, a redox reaction occurs when the polymer (redox active 

material), deposited on an electrode, is immersed in an electrolyte and a voltage difference is 

applied between two electrodes. The best way to build a setup is with 3 electrodes, a reference 

one, connected with the substrate, a counter and working electrodes. The potential difference is 

applied between the two latter. In this case, charge carriers (namely electrons or ions) are injected 

in the polymer backbone from the electrolyte, as oxidation (p-types) or reduction (n-types) 
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reactions take place14. A schematic of the charge migration upon electrochemical doping is 

showed in Figure 1.4. 

 

 

Figure 1.4: Schematic of the electrochemical doping for p-type (on the left) and n-type (on the 

right), highlighting the charge distribution and migration.   

 

 

1.2 Characterization techniques 

Establish structure-property relationships in semiconducting polymers is a challenge because of 

many factors. Their disordered nature, consisting of long entangled chains, the complexity of the 

doping processing conditions and of the kind of dopant cause figure of merit for applications to 

range on various scales15. A large variety of techniques, from molecular to the macroscale are 

often used to unveil structural characteristics and better understand these materials. Optical 

absorption and vibrational spectroscopy techniques proved to be among the most effective 

methods to study charge defects and doping mechanism. Despite this dissertation mainly focuses 

on vibrational spectroscopies, investigating other aspects such as crystallinity and morphology of 

the polymer is essential. The technique that is commonly used to achieve this goal is Grazing 

Incident Wide X-ray Scattering (GIWAXS), which provided great insights in the structural changes 

in the material due to environmental conditions on both pristine and doped polymers (e.g. 

temperature, annealing, water influence).5,16–19 
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In the next session vibrational spectroscopy and optical techniques applied to the study of doped 

semiconducting polymers will be briefly presented. 

 

 

1.2.1 Vibrational spectroscopy techniques  

Vibrational spectroscopy (namely Raman and infrared spectroscopy) represents a non-disruptive 

group of techniques that can easily give insights on a sample at the molecular level thanks to the 

easy preparation of the samples and straightforward setup. They provide information about 

chemical composition and molecular structure and allow monitoring in-situ their alterations upon 

specific treatments (e.g., doping, or annealing) or weathering/degradation processes.  

A turning point in the description of doped polymer spectra was reached in 1987 when Horovitz 

et al. developed the Amplitude Mode Theory (AMT), providing a description of the vibrational 

modes of trans-polyacetylene, showing a strong coupling with π-electrons20. Amplitude modes, 

which modulate the Peierls gap, were previously described by the same authors to discuss 

Resonant Raman active vibrations in pristine trans-(CH)x and -(CD)x21. Their groundbreaking 

theoretical work is accompanied with the experimental evidence coming from infrared spectra of 

doped polyacetylene, showing that the charge injected upon doping has a non-negligible impact 

on the activation of the Amplitude Modes in IR, giving rise to strong absorption bands, called IRAV, 

namely Infrared Activated Vibrations. IRAVs are ascribed as Raman modes of the pristine polymer 

that are activated in the infrared spectrum upon doping, due to the change in symmetry. A further 

development in the description of the charge carriers was conducted by Bredas group22–24, which 

described the charge distribution associated to geometry relaxation in the case of doped polyene 

chains.  

An interpretation of the IRAV bands in doped polyacetylene was provided in 1988 by Castiglioni 

et al.25 in the framework of the GF formalism26 applied to the vibrational problem of 

polyacetylene. This theoretical model effectively reduced the number of parameters necessary to 

explain the relevant spectroscopic phenomena, introducing the Effective Conjugated Coordinate 
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(ECC); subsequently, this approach has been extended to a variety of polyconjugate organic 

materials27–29. These works demonstrated that IRAVs contain information about the charge 

carriers (i.e., charged solitons and polarons) in polyacetylene, polythiophenes and related 

polymers, providing polaron markers of doped semiconducting polymers. It is therefore possible 

to obtain a comprehensive description of the charge defect by means of vibrational spectroscopic 

techniques, characterizing the structure of the polaron at the molecular level.  

IRAVs bands intensity is often much higher than the typical IR bands, as their dipole strengths is 

comparable with the electronic transitions, even for small doping percentage30. By combining 

first-principle modelling with spectroscopic techniques, this behavior has been correlated to huge 

charge fluctuation associated to peculiar vibrational displacements of the atoms in the polaron 

region, i. e. to vibrations involving the ECC coordinate, which in turn is related to phonon assisted 

intrachain charge transport mechanism. This discover demonstrates that the study of the 

vibrational spectroscopic features gives a deep inside in the interchain vs intrachain charge 

transport mechanism and, in particular, about the possible existence of phonon-assisted intra-

molecular charge hopping processes.  

 

Vibrational spectroscopy permitted a comprehensive description of charge defects in p-type 

doped semiconducting polymer, but a specular study for n-type polymers is still missing. The lack 

of vibrational studies on n-type polymers is partially explained because the first air-stable n-type 

polymer was synthetized for the first time in 2009 by Facchetti et al.31. In this work, an NDI-based 

donor-acceptor copolymer, poly{[N,N-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-bithiophene)} or P(NDI2OD-T2) was presented and it’s 

nowadays one of the most studied in literature. In the effort to better characterized the structure 

of P(NDI2OD-T2), a theoretical and experimental work by Giussani et al. was presented in 201332. 

Vibrational transitions were individuated in the IR spectrum, which intensity is sensitive to the 

polymer conformation and an estimate of the torsional angle between the NDI2OD unit and the 

T2 moiety was obtained. By comparing the C=O band intensity of the infrared spectra acquired in 

transmission and reflection−absorption IR spectroscopy (RAIRS) data the dihedral angle was 

estimated to be 38°, with the T2 units laying flat on the substrate and the NDI2OD units tilted, 
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when the polymer adopts the so-called face-on geometry. Through vibrational spectroscopy, 

charge transport properties of doped P(NDI2OD-T2) were also correlated with both the 

regioregularity of the backbone33, as well as a remarkable supramolecular order of the polymer 

chains34. Raman spectroscopy has proven to be an effective complementary tool to infrared 

techniques in exploiting polymeric material and the doping effects, showing vibrational features 

related to the formation of the charge defect35,36 or degradation due to water and oxygen 

exposure37. 

To further characterize in-situ semiconducting polymers, experimental techniques based on 

vibrational spectroscopy were developed or adapted.  

Raman combined with custom-made electrochemical cells or Tip Enhanced Raman Spectroscopy 

setup perform comprehensive study of organic materials. When using these techniques applied 

to the description of doped organic semiconducting polymers, redox properties of different 

electrolytes can be exploited, from simple salt solutions16 to ionic gels38. 

   

 1.2.2 Optical absorption  

Optical absorption spectroscopies in UV-Vis range, are effective techniques in monitoring doping 

effects on semiconducting polymers39,40, because of their intrinsic property to change color upon 

doping. In this short section I will concentrate on applications to n-type polymers, but a wide 

selection of studies is available in literature for p-types41.  

A typical UV-Vis spectrum of pristine P(NDI2OD-T2) shows two bands: one, more intense, at 

higher-energy (approximately 390nm) is assigned to the π-π* transition, the other, broader, at 

lower energy (750nm) presents more complex features. The peak visible at 705nm is ascribed to 

the Charge Transfer transitions between the NDI and the T2 moiety, the other at 800 nm to a 

transition involving intermolecular aggregates, namely interacting chains segments33,42. When 

P(NDI2OD-T2) is doped and the polaron is formed, his absorption spectrum changes accordingly. 

The low-energy band (705nm) is quenched while the 390nm centered one undergoes a blue shift 

with the increment of doping level. Moreover, two absorption bands around 500 and 820nm 

arise, ascribed to the formation of charged species.43 
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UV−vis−NIR spectroelectrochemistry is another way to visualize changes in the absorption spectra 

as the difference between a reference spectrum and that of a charged species. The spectral range 

is quite wide (200-2500nm), providing an insight on the excitations of the π−π* transitions41. This 

interesting tool allows a direct monitoring of charge transfer states and their kinetics during 

doping and de-doping processes. A reference pristine spectrum is acquired at the beginning of 

the experiments and then subtracted to the charged spectra. Polaronic and bipolaronic features 

can be easily individuated upon doping, where the polaronic feature lays at higher energy (500 

nm) and the bipolaronic features around 630 nm.44,45. Together with other experimental 

techniques, spectroelectrochemistry has proven to be a complementary tool in studying reaction 

reversibility45, stability in the electrolyte44 and polymeric design44,46. 

Finally, Charge Modulation Spectroscopy (CMS) is a sensitive technique that captures the changes 

in the spectrum of a material subjected to different voltages exploiting a field-effect transistor 

like set-up. This in-situ technique measures the light absorption by the polaron, involved in charge 

transport, in a device-like condition, at the dielectric semiconductor interface, when the proper 

voltage is selected. For this reason, the polaron size, coherence length and shape can be 

calculated, showing distinct features for intrachain and interchain absorption47.   

This technique was able to provide a direct measurement of both the intra and intermolecular 

charge interaction for p-types48,49 and Donor-Acceptor50 polymers, where holes and electrons are 

distributed along the backbone in ordered aggregates. 

 

1.3  Aim and outline of the work 

In this dissertation I will mainly concentrate on the application of vibrational spectroscopy 

(infrared and Raman) to establish structure-property relationships for doped n-type 

semiconducting polymers. This PhD work aims at further confirming the role of vibrational 

spectroscopy in the characterization of the charge defect created upon doping, and the effect on 

charge transport property. Moreover, various aspects of polymeric doping will be studied, as the 

effect of annealing temperature, doping techniques and pH of the electrolyte solution on the 

formation of polaron and bipolaron. The experimental findings will be supported by DFT 
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calculations, as well as GIWAXS experiments to further characterize the polymeric structure and 

crystallinity.  

Moreover, the opportunities that the combination of Raman spectroscopy and other 

experimental techniques offer in characterizing organic compounds will be exploited, 

concentrating on electrochemical characterization and Atomic Force Microscopy. 

In Chapter 2 Raman and transmission infrared experiments were conducted on pristine and 

chemically doped P(NDI2OD-T2). New vibrational bands ascribed to the polaron were 

individuated, both for infrared and Raman spectra. The radical anion is localized on the NDI2OD 

unit, whereas the T2 moiety doesn’t seem to contribute to charge defect. This behavior is 

confirmed by Resonant Raman experiments, which can selectively highlight features of the T2 by 

tuning the excitation wavelength. Because of the torsional angle between the two polymer 

building blocks and the localization of the charge defect on the NDI2OD unit, the charge transport 

mechanism is most likely to be inter-chain. DFT calculations were also conducted to support the 

spectra analysis. Despite giving an experimental toolset to understand properties of the charge 

defect, many aspects of doping mechanism still need to be unveiled. 

The temperature and the kinetics of doping effect on conductivity and the structure of chemically 

doped P(NDI2OD-T2) is presented in Chapter 3, where infrared spectroscopy, temperature-

dependent, in situ measurements were conducted together with a GIWAXS characterization of 

samples annealed with different temperatures and time, conductivity measurements and DFT 

calculations. The conductivity of the doped film remarkably enhances of more than 3 orders of 

magnitude before annealing takes place, and the structure of the sample is already shifted from 

face-on (typical of pristine P(NDI2OD-T2)) to edge-on, showing that the dopant is already active 

at room temperature. Moreover, further rearrangements of the morphology can be correlated 

with the doping conditions and the subsequent evolution of the crystalline phase, upon annealing. 

Chapter 4 highlights the study of electrochemical doping on modified P(NDI2OD-T2), 

characterized by glycol chains which make it water compatible. The effect of oxygen and pH of 

the electrolyte are studied using a custom-designed in-situ electrochemical cell, to monitor 

differences of the spectra in-real time with the applied potential. Electrochemical experiments 
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were also conducted to further monitor the stability of the electrochemical reaction. Remarkably, 

not only the polaron vibrational bands and onset voltages are individuated, but also bipolaronic 

Raman features are reported. The reaction reversibility and effectiveness can be successfully 

monitored through this technique. 

Finally, Chapter 5 focuses on the combination of Raman spectroscopy, electrochemical 

characterization techniques and Atomic Force microscopy to characterize organic samples 

surfaces on a multiscale, providing an example of their potential. This exciting relatively new 

combination of different in-situ techniques presents is a very promising tool for a comprehensive 

analysis of surfaces. 

Published and draft papers reporting my results described in Chapters 2,3,5, are attached at the 

end of the specific chapter. 
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Chapter 2: Polaron Structure and vibrational fingerprints of 

chemically doped P(NDI2OD-T2) 

 

In this chapter I report the use of vibrational spectroscopy (infrared and Raman) to unveil the 

formation of the polaron in P(NDI2OD-T2) doped with N-alkyl based benzimidazole molecules. 

The experimental findings are supported by DFT calculations. The analysis of vibrational spectra 

proves that the charge defect formed upon doping is mainly localized on the NDI unit. This finding 

supports the hypothesis that the mechanism responsible for charge transport in these systems is 

inter-chain (hopping between units). 

 

2.1 Introduction 

Conjugated polymers doped with organic molecules have been extensively studied in the recent 

years, due to their easy processability, tunable properties and high conductivity, which can be 

used in many fields, from biosensing to transistors. One of the main goals for these materials is 

learning how the charge transport process upon polaron (i.e., charge defect) formation takes 

place. Polaron formation in p-conjugated polymers is favored by the strong electron-phonon 

coupling of these material23,27,28,30,51, resulting in charge carriers characterized by a localized 

distortion of the nuclei. There are two main charge transport mechanisms possible for doped 

semiconducting polymers: interchain (hopping between chains) and intrachain. The latter 

dominates in p-type polymers, which were widely studied in the past due to their high 

conductivity values (up to σ = 4380 S/cm for poly(3,4-ethylene-

dioxythiophene):polystyrenesulfonate (PEDOT:PSS) with H2SO4)52 as well as easy processability 

when exposed to air. In this case, the charge transport is associated to the formation of a rather 

delocalized polaron (or charge defect) and can be investigated through vibrational spectroscopy. 

Beside the presence of a strong polaronic electronic transition, sometimes occurring in the NIR 
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range, new vibrational bands appear in the MIR range, namely the infrared activated vibrational 

bands or IRAVs (Infrared Active Vibrations) or intense vibrational modes (IVMs)20,27,28,51, with 

absorption intensities comparable to those of the electronic transitions. These vibrational 

features consist in strong Raman bands activated in the infrared upon doping, when in the positive 

charge delocalized along the backbone, with intensities higher than normal infrared bands, even 

when a small percentage of dopant is used. These high intensities are associated by a coupling of 

the charge defects formed upon doping with a large electron charges flux.  

While p-types polymers have been extensively studied for a few decades, the charge transport 

mechanism for their n-type counterpart has not been unveiled yet. In fact, experimental data for 

n-types are non-trivial to acquire, due to the air instability of both the polymers and the dopants. 

The real turnover for these material started in 2009, when Facchetti31,53 synthetized a n-type 

polymer highly stable in air, the Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} or P(NDI2OD-T2) Polyera ActivInk N2200,  

with a high electron mobility of 0.85 cm2/(Vs), Figure 2.1.  

 

Figure 2.1: P(NDI2OD-T2) chemical structure. 
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Another setback in the research for n-type polymers was finding an air stable, solution 

processable dopant. The work by Bao et al. of 2010 overcame this issue54, as it showed how the 

use of 1H-benzimidazole based molecules successfully doped PCBM. This breakthrough allowed 

the synthesis of the compound DMBI as a dopant P(NDI2OD-T2)55. 

 

The doping mechanism for the 1H-benzimidazole molecules/ P(NDI2OD-T2) compound was 

proposed to be a hydride transfer, followed by an electron exchange, as shown in Figure 2.2.56,57 

One of the main issues to overcome when doping polymers is phase segregation of the dopant, 

especially with high concentrations of dopant. This phenomenon has been extensively reported 

in literature, and directly observed through Atomic Force Microscopy (AFM)58. 

 

 

Figure 2.2: Hypothesized mechanism for n-type doping, composed of 2 steps, a hydrogen transfer 

followed by an electron transfer.59 

 

After these pioneering results, several works aimed at functionalizing these molecules to increase 

the conductivity of the polymeric doped films. 

An interesting way to increment the doping ratio avoiding phase segregation is to functionalize 

the dopant with alkyl chains, as Saglio et al demonstrated in 2011.11 

This work focuses on tailoring the alkyl chains, focusing on branched and linear chains, as shown 

in Figure 2.3. 
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The molecules with linear chains should have a better miscibility with the polymer, without 

change in the electron transfer process. The increase of electron conductivity is probably due to 

intermolecular interaction between the dopants and the polymer. 

 

 

  

Figure 2.3: N-DMBI based dopants with tailored side chains, to increment conductivity. Both linear 

and branched side chains were used in this work (courtesy of 11).  

 

In the work of Saglio59, the electrical conductivity of P(NDI2OD-T2) doped with different 

concentrations of the N-alkyl benzimidazole molecules was characterized. In particular, the 

following findings were highlighted: 

1. The highest conductivity values (up to 4.1x10^-3 S/cm-3) for the samples with the linear 

alky side chains was reached with DBuBI, the one with the longest linear side chains. 

Moreover, the conductivity starts to decrease at higher dopant concentration with 

respect to DMBI58, confirming the better miscibility with the polymer with the increase of 

the side chains (Figure 2.4). 
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2. The maximum value of conductivity for this series of dopants was reached with DiPrBi, 

the one with the shortest branched alkyl chains (Figure 2.4). 

3. Dopant segregation was confirmed for high levels of doping through AFM measurements 

4. Differential Scanning Calorimetry measurements confirmed that a blend between the 

polymer and the dopant is formed (melting temperatures shifts toward lower values). 

Moreover, for long alkyl chains (both branch and linear) the transition peak disappears, 

indicating a lower degree of crystallinity in the blend. These changes were characterized 

by GIWAXS measurements. 

To further extend Saglio’s study, I conducted vibrational spectroscopy measurements, namely 

Raman and infrared spectroscopy.  

In this chapter will show how Raman and infrared measurements, coupled with DFT calculations, 

can give an insight on the polaron formation when the charge transfer is created upon doping. In 

fact, it is possible to individuate polaronic features in the Raman and infrared spectra of the doped 

samples.  
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Figure 2.4: Conductivity dependance on concentration for the N2200/DMBI based dopants in 

Saglio’s study. DiPrBI (green line) was the dopant reaching the highest conductivity values, at a 

concentration of 20%. The conductivity drops significantly after 35% dopant/polymer 

concentration for all samples, indicating possible segregation of the dopant itself (courtesy of 11). 

 

2.2. Experimental methods 

2.2.1 Polymer 

Poly{[N,N′-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-

bithiophene)} (P(NDI2OD-T2) was purchased from Ossila Lim. (Polyera ActivInk N2200). The 

polydispersity index (PDI) is ∼2−3, the average polymer molecular weight 150 kDa.  

 

2.2.2 Dopants 

The chemicals for the synthesis of the dopants were purchased by Sigma Aldrich. N,Ndiisopropyl- 
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4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-aniline (DiPrBI), N,N-diphenyl-4-(1,3-

dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)aniline (DPhBi), and N,N-dibutyl-4-(1,3-dimethyl-

2,3-dihydro-1H-1,3-benzodiazol-2-yl)aniline (DBuBI). Details of the chemical synthesis of the 

dopants can be found in the Supporting Information of ref.60  

 

2.2.3 Sample preparation and doping procedure 

P(NDI2OD-T2) was dissolved in Chloroform (CHCl3) with a concentration of 10 mg/ml, then stirred 

for 1h at 60 °C. The solution was then filtered using a 0.45 μm pore size polytetrafluoroethylene 

(PTFE) filter. The dopants were also dissolved in chloroform, using the same concentration. 

Different aliquots of the dopants were added to a vial with 200 ul of the pristine polymer, to reach 

different doping concentrations. Molar ratio (MR) between the number of dopant molecules and 

the number of monomeric polymer units of 0, 0.14, 0.43, and 1.00 were studied in this chapter. 

The MR were chosen accordingly to ref11 to monitor the effect of doping on conductivity. The 

solution was then drop casted on Thallium bromo-iodide (KRS5) and zinc selenide (ZnSe) 

substrates and annealed in a Schlenk tube in argon atmosphere at 150 °C for 6h, to avoid air 

contamination.  

 

2.2.4 Infrared and Raman Spectroscopy 

FT-IR spectra of all the samples (pristine, doped annealed and not annealed) were acquired at 

room temperature, in air. Transmission spectra were acquired using a Nicolet Nexus 

spectrometer, with resolution of 2 cm-1. 256 scans were acquired to enhance the noise to signal 

ratio. Raman spectra were acquired using a Jobin Yvon Labram HR800 Raman spectrometer 

equipped with an Olympus BX41 microscope and an edge filter system. Different excitation 

wavelengths were used (λexc = 457.9 nm and λexc = 514 nm (Ar+ laser). An excitation wavelength 

of 633 nm was also used for the experiments. The laser power was set at 0,2 mWatt to prevent 

sample degradation and a Si wafer was used as calibration sample (spectral line 520.7 cm-1). A 

backscattering geometry was used with a 50× objective to acquire spectra in the range 200−3200 

cm−1 in the Stokes region. The spectra at 1064 nm were acquired using a Nicolet NXR 9650 
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spectrometer equipped with a MicroStage (resolution 4 cm−1, 1024 scans, laser power 200 mW). 

Infrared and Raman spectra were analyzed using OMNIC software. 

 

2.2.5 Computational details 

Periodic DFT calculations were carried out on the 1D infinite polymer. Pristine and doped state 

were both simulated using CRYSTAL14 software with hybrid B3LYP functional combined with 6-

31G(d,p) basis set. A full geometry optimization of the atom coordinates and the cell parameters 

was done before the simulations of the vibrational spectra. Postprocessing programs developed 

at Politecnico di Milano were used to analyze the vibrational normal modes obtained from the 

DFT calculations and plot the theoretical spectra. 

In addition, we carried out gas-phase DFT calculations on selected molecular fragments of 

P(NDI2OD-T2) the same functional and basis set of the periodic boundary calculations, using the 

Gaussian suite 61 

 

2.3 Results and discussion 

Three dopants of the family of the N-alkyl benzimidazole were chosen for this study, with different 

steric hindrances. Molecular Ratios (MR) of 0, 0.14, 0.43 and 1 were exploited, corresponding to 

Saglio’s dopant concentrations of 5, 20 and 35%11. In particular, the MR of 0.43 (20% dopant 

concentration) is the value for which the highest conductivity for the dopants is reported, while 

the other values allow a comparison with samples with a low and a high dopant concentration. 

All the samples, regardless of the type of dopant used, report the same polaronic behavior. Only 

small changes in the spectra are reported for the different dopants at the same concentration, 

which allow to distinguish the dopant species, whereas polaronic signature bands are almost 

independent of the dopant and show similar position, shape and intensities in all the spectra (see 

Attachment A). 

The first interesting result was found before the annealing process: infrared spectra of the not 

annealed samples are the exact superposition of the dopant and the polymer pristine spectra, 

weighted on the MR of the dopant. The 1120 cm-1 band of the dopants was used as a weight for 
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the subtraction, because it is situated in an area of the spectra free of the polymer bands, 

indicated with a black arrow in Figure 2.5.   

The spectra in Figures 2.5 are the results of the weighted subtraction of the dopant spectra to the 

dopant/polymer compound one for samples doped with DPhBI. It is worth noting the presence of 

a residual dopant band at 1490 cm-1 in the subtraction, corresponding to the most intense band 

of the dopant spectra. The band is most possibly due to an intermolecular rearrangement of the 

dopant when mixed to the polymer, rather than an indication of charge transfer, as doping 

induced marker band as easily individuated after annealing. These results are an indication that, 

for bulk sample prepared and analyzed in air, the annealing procedure seems a fundamental 

process to create the charge transfer complex.  

 

 
Figure 2.5: comparison between the pristine P(NDI2OD-T2) spectrum (red bottom line), the 

dopant spectrum (DPhBI, green line) and the weighted subtraction of the dopant spectra to the 

dopant/polymer compounds with MR of 0.14, 0.43 and 1.00. 

 

Spectra of samples of P(NDI2OD-T2):DBuBI and P(NDI2OD-T2):DPrBI with different 

concentrations, before annealing, are reported in Figures 2.6 and 2.7, respectively. The 1120 cm-
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1 dopant band is visible in the polymer/dopant samples, with intensity proportional to the degree 

of doping (i.e. quantity of dopant in the mixture). The behavior is similar to that observed for 

samples doped with DPhBI, so we can conclude that in the films just deposited the charge transfer 

process has not yet occurred. 

After the annealing in an inert atmosphere is completed, the spectra change drastically (Figures 

2.8, 2.9, 2.10). 

 

 
Figure 2.6: comparison between the pristine P(NDI2OD-T2) spectrum (red bottom line), the 

dopant spectrum (DBuBI, green line). 
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Figure 2.7: comparison between the pristine P(NDI2OD-T2) spectrum (red bottom line), the 

dopant spectrum (DPrBI, green line). 

 

New bands, labeled with asterisks in Figure 2.8, arise, which are not ascribed to the pristine nor 

the dopant spectra. In particular, in the region characteristic of C=O and the CC stretching bands 

of the NDI2OD unit we observe a drastic change of the spectral pattern. New bands (1638 cm-1, 

1160 and 1100 cm-1, as well as 1513 and 1468 cm-1), which are not in correspondence with any 

pristine dopant or pristine polymer spectroscopic fingerprints, increase intensity with the dopant 

concentration. The bands marked with an asterisk are an indication of the formation of the 

polaron. Bands in correspondence with one of the dopants (labeled with a triangle, 1597 cm−1, 

1490 cm−1, the broad vibrational band at 1300 cm−1) and of the pristine spectra (labeled with a 

circle) can be individuated and are not affected by doping, independently from the dopant 

concentration. As a reference for the pristine polymer and for the dopant two peaks are 

highlighted with dashed lines, respectively the red line corresponds to the symmetric CO of the 

pristine polymer and the green line to the 1490 cm-1 peak of the dopant.   
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Figure 2.8: from bottom to top, pristine spectra of P(NDI2OD-T2) (red), doped annealed spectra 

(purple with MR=0.14, blue with MR=0.43 and dark green MR=1.00), dopant spectra (DPhBI, light 

green) 
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Figure 2.9: from bottom to top, pristine spectra of P(NDI2OD-T2) (red), doped annealed spectra 

(purple with MR=0.14, blue with MR=0.43 and dark green MR=1.00), dopant spectra (DiPrBI, light 

green) 
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Figure 2.10: from bottom to top, pristine spectra of P(NDI2OD-T2) (red), doped annealed spectra 

(purple with MR=0.14, blue with MR=0.43 and dark green MR=1.00), dopant spectra (DBuBI, light 

green) 

 

The position of the doping induced bands described in this chapter do not change varying the 

dopant functionalization (see Figure 2.11 for a comparison of the spectra doped with different 

dopant molecules at MR=1.00). This behavior suggests that the charge defect created upon 

doping is almost independent of the dopant type. This hypothesis will be further explored in 

Chapter 4, dealing with electrochemical doping. 

These experimental observations lead to the conclusion that the charge defect (involving 

structural relaxation of the polymer) is formed upon doping, after annealing the samples. A 

comparison of the IR features of doped P(NDI2OD-T2) with p-type polymers data shows a 

remarkably different behavior: for p-type polymers (i.e., polyacetylene or P3HT) the polaron 

formation is associated to very strong IR features (IRAVs), which are related to a highly delocalized 

charge defect. These bands present high intensities, comparable to the one of pristine bands, 

even with very small doping percentages. In the case of the doped P(NDI2OD-T2), IRAVs (i. e. the 
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bands labelled with *) present similar intensities to pristine bands, at very high dopant 

concentrations in the film (molar ratio of the order of 1).  

 

 
Figure 2.11: comparison of the spectra doped with different molecules at MR=1. The main 

polaronic features are highlighted with an asterisk and a vertical grey rectangle. These features 

are independent of the dopant chosen. Other differences in the spectral displacements are due 

to different fingerprint of the dopant used.  

 

Due to the sensitivity of n-type polymers and dopant to air and to rule out any possible 

degradation effect, we prepared one sample in the glovebox and analyze it in air a few minutes 

after air exposure (Figure 2.12). The vibrational band of the doped samples prepared in air and in 

nitrogen atmosphere are compatible, thus demonstrating that the vibrational spectrum is mostly 

unaffected by air exposure.  

A comprehensive Raman study with excitation at different wavelengths was conducted on the 

pristine and the doped samples. The wavelengths used in this study (458, 514, 632 and 1064 nm) 

are indicated in the UV-Vis spectra of Figure 2.13. 
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Figure 2.12: spectrum of P(NDI2OD-T2) doped with DiPrBI at MR=1.00, prepared and annealed in 

inert atmosphere. 

 

 
Figure 2.13: UV-Vis spectra of P(NDI2OD-T2) on quartz slide, with vertical lines indicating the 

excitations wavelength used in the Raman experiments. 

Raman experiments on the pristine polymer acquired at different wavelengths show how the 

Raman spectra of the P(NDI2OD-T2) varies with the excitation energy (Figure 2.14). In particular, 

the bands intensities change with the chosen wavelengths, allowing to focus on different “blocks” 
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of the polymer structure. It is of remarkable interest the triplet at 1464, 1434 and 1406 cm-1, 

whose assignments can be found in ref32. 

The 1464 cm-1 peak is a marker band for the T2 unit, associated to a collective CC stretching mode 

which can be described as the oscillation between a more quinoidal and a more aromatic ring. 

The peaks at 1434 and 1406 cm−1 are vibrational collective displacements involving the CC 

stretching of NDI2OD and modes of the T2. 

 

 

 
Figure 2.14: Raman spectra of pristine P(NDI2OD-T2) drop casted films acquired at different 

excitations wavelengths: 458 nm (blue line), 514 nm (green line), 632 nm (red line), 1064 nm 

(black line). 

 

An interesting consideration can be done for the Raman peaks acquired with the 1064 nm 

wavelength (in the NIR region). Vibrational modes associated with the T2 present a higher 

intensity than the bands corresponding primarily to modes localized on NDI2OD. In fact, π−π* 
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transitions (low in energy) typical of electronic excitations from the HOMO localized on the T2 

undergoes a pre-resonance phenomenon. When the laser energy is increased, Raman bands 

assigned to NDI2OD modes start to gain intensity, as shown in Figure 2.14. In particular, Raman 

bands assigned to C=O and CC stretching (1708 cm−1, 1610 and 1572 cm−1) arise using 632 and 

514 nm excitation wavelengths, while in the 458 nm Raman spectra features ascribed to T2 are 

still dominating. Also in the case of the doped polymer, we can focus on different building blocks 

selecting the wavelength. 

 

 

Figure 2.15: Raman spectra of P(NDI2OD-T2) doped with DPhBI with different MR (0.1 purple 

spectrum, 0.43 blue spectrum, 1.00 dark green spectrum), acquired at 514nm. The bottom and 

top spectra are of the pristine polymer and dopant, respectively. Vertical dashed lines indicate 

band of the pristine polymer. An arrow indicates the band of the dopant that disappears in the 

doped samples, indicating that the Raman bands possibly due to residual pristine dopant are 

intrinsically very weak and/or that the doping process was effective. Asterisks indicates new 

bands, which can be ascribed to the formation of the polaron. 
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Figure 2.16: Raman spectra of P(NDI2OD-T2) doped with DiPrBI with different MR (0.1 purple 

spectrum, 0.43 blue spectrum, 1.00 dark green spectrum), acquired at 514nm. The bottom and 

top spectra are of the pristine polymer and dopant, respectively.  

 

Figure 2.17: Comparison of the Raman spectra of P(NDI2OD-T2) doped with DiPrBI and DPhBI with 

MR=1.00, acquired at 514 nm with the pristine P(NDI2OD-T2).  
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The Raman spectra acquired at 514 nm show quite a few drastic changes. The triplet at 1464, 

1434, and 1406 cm−1 weakens and broadens and a few other bands, namely 1658, 1586, 1540, 

1378 cm-1, labeled as asterisks in Figure 2.15 arise. These bands, as in the case of the infrared 

spectra, can be ascribed to the polaron formation upon charge complex creation. Figure 2.16 

show the same data acquired with DiPrBI instead of DBuBI.  A comparison of the spectra of the 

blends P(NDI2OD-T2):DiPrBI and P(NDI2OD-T2):DBuBI at MR=1.00 with the pristine polymer is 

shown in Figure 2.17. Despite the high noise to signal ratio of the doped samples, it is possible to 

notice that the new polaronic peaks that arise upon doping are the same in the doped samples, 

further corroborating the thesis that the polaronic peaks do not change with the dopant. 

 

 

Figure 2.18: Comparison of the Raman spectra of P(NDI2OD-T2) doped with DiPrBI and DPhBI with 

MR=1.00, acquired at 1064 nm with the pristine P(NDI2OD-T2). 

 

On the other hand, the spectra acquired at 1064 nm (Figure 2.18) do not exhibit significant 

changes in the vibrational bands, other than a higher noise to signal ratio. The selected 
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wavelength for this series enhances normal modes of the T2 unit. This observation leads to the 

conclusion that the thiophene moiety is almost unaffected by the dopant.  

 

Raman spectra acquired with the 458 nm excitation wavelength exhibit a very pronounced band 

at 1464 cm-1 only when the highest dopant ratio (MR=1.00) is reached (Figure 2.19).  Its shape 

seems a convolution of the tree lines observed for the pristine polymer, thus suggesting that we 

are observing a phenomenon similar to that already described for the spectra with excitation in 

the green.  At lower dopant percentages (Figure 2.20, 2.21) the vibrational bands remain 

unmodified after doping. 

 

 

Figure 2.19: Comparison of the Raman spectra of P(NDI2OD-T2) doped with DiPrBI, DBuBI and 

DPhBI with MR=1.00, acquired at 458 nm with the pristine P(NDI2OD-T2). 
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Figure 2.20: Raman spectra of P(NDI2OD-T2) doped with DPhBI with different MR (0.1 purple 

spectrum, 0.43 blue spectrum, 1.00 dark green spectrum), acquired at 458 nm. The bottom and 

top spectra is of the pristine polymer.  

 

Figure 2.21: Raman spectra of P(NDI2OD-T2) doped with DiPrBI with different MR (0.1 purple 

spectrum, 0.43 blue spectrum, 1.00 dark green spectrum), acquired at 458 nm. The bottom and 

top spectra is of the pristine polymer.  
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Interestingly, Raman experiments show that the polaronic induced features are clearly visible only 

with the 514 nm excitation wavelength. 

DFT calculations were performed by Alberto Milani and Matteo Tommasini. Two models were 

adopted for this study: 

1.  1-D crystal with the translational unit coincident with the polymer chemical unit 

(NDI2OD-T2) was used to explore effects of the long-range interactions both in the 

pristine polymer and in the anion.  

A molecular fragment T2-NDI2OD-T2 and its radical anion has been adopted for a thorough 

modelling including the study of the effect on the vibrational spectra of changes in the 

conformational degrees of freedom, by varying the torsional angles θ around the CC link 

between NDI2O2 and T2 units and τ around the CC bond linking the two thiophene rings.  

Despite to its simplicity the computed spectra of T2-NDI2OD-T2 model show a very good 

correspondence to the spectra obtained for 1-D crystals, thus showing that long-range 

intramolecular interactions between polymer structural units are small.  Moreover, the computed 

infrared spectrum vibrational bands of T2-NDI2OD-T2 is in good agreement with the experimental 

one of the pristine polymer (Figure 2.22 a). This shows that the T2-NDIO2-T2 model, despite 

lacking boundary conditions, is a good model to probe the overall spectrum. Indeed, the 

agreement can be associated to a limited delocalization of the electrons. The higher ratio of 

intensity of the bands between 1400 cm-1 and 1500 cm-1 can be ascribed to the highest ratio of T2 

in the model, being these bands mainly assigned to T2 related vibrational modes. Other 

differences in the intensity pattern or frequency can be related to the conformation effects or 

scaling factors.  

Raman computed spectra (Figure 2.22 b), on the other hand, present quite a few differences with 

respect to the experimental ones. This is due to very prominent Raman resonance effects. The 

closer spectra to calculations would be the one recorded at 1064 nm, although disagreements 

remain visible. These discordances could be explained by pre-resonance effects or the chosen 

basis set (6-31G(d,p)) limitations.  
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For these reasons, the infrared spectra were chosen to further investigate the changes in the 

vibrational normal modes upon doping. A radical anion fragment (T2-NDI2OD-T2)-was used to 

calculate the doping induced spectra. 

 
Figure 2.22: DFT computed spectra (a1) infrared and (b1) Raman of the T2-NDI2OD-T2 

conformers (corresponding to a pair of selected theta and tau) obtained with an energy 

variation of the range (E-E0)/kT≤ 2, where E0 is the energy of the lower energy conformer. The 

spectra (a2) and (b2) are the infrared and Raman experimental spectra of pristine P(NDI2OD-

T2). 
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Figure 2.23: DFT infrared computed spectra are shown in the bottom panel, whereas the 

experimental ones are reported in the top panel. In both panels, the blue line is the pristine 

P(NDI2OD-T2) and the red line is the doped one. 

 

As shown in Figure 2.23, the calculated bands are very similar to the experimental spectra. In 

particular the spectra are able to predict the experimental features at 1638, 1595 cm−1 at scaled 

frequency values 1677 and 1644 cm−1, the ones at 1513 and 1468 cm−1 (the doublets predicted at 

1533−1536 and 1461−1448 cm−1). The intensity values predicted for these features is similar to 

the those of the pristine model. This is a further confirmation that the doping process does not 

give raise of strong IRAVs. Moreover, the fact that a small molecule allows such a nice prediction 

of the doped vibrational features is a further confirmation of the localization of the polaron. To 

have an even better insight of the structural changes occurring upon doping, the bond distance 

change delta R was calculated subtracting the pristine from the doped distance on the molecule 

with the alkyl chains. Figure 2.24 reports a schematic of it, showing that the changes are mainly 

localized on the NDI unit. 

 



50 
 
 

 

 

 

Figure 2.24: Bond distances changes (ΔR, 10−3 nm = pm) occurring upon charging T2-NDI2O2-T2. 

Gray color indicates that bond lengths are not modified; red and blue color scales are adopted to 

describe stretching and shrinking of the bonds, respectively. Only values |ΔR| ≥ 0.9 pm are 

reported in the figure. 

 

Tables reporting the DFT optimized bond lengths of the pristine and doped T2-NDI2OD-T2 model 

and the difference of the neutral minus the charge specie (right column) is reported in Table S.1 

of the Supporting Information in Attachment A. The measurement unit is Å. The bond labels are 

also identified in Sketch S.1 of the Supporting Information in Attachment A. 

 

2.4 Conclusions 

Vibrational spectroscopy is proved to be a powerful tool to monitor the polaron formation in 

doped polymers.  

First, I showed through infrared spectra that for drop casted samples, prepared and measured in 

air, the thermal annealing is a mandatory step to create the charge transfer complex. Infrared 
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spectra were also used in this chapter to individuate distinct polaronic features in doped samples, 

different from the dopants or the polymer fingerprints. At molar ratio MR=1, these new 

vibrational transitions are of the same intensity (dipole strength) of the pristine bands and can be 

nicely modeled by a radical anion localized on the NDI unit. Resonant Raman spectra add more 

information, showing how, by changing probing wavelength, we can tune the response of the 

polymer and highlight different building blocks. The spectra acquired at 1064 nm, which allow 

focusing on the T2 unit, were unaffected by the doping even at high concentrations of dopant. 

Spectra acquired at 514 nm (and 632 nm) showed major changes and new polaronic features. 

Calculations agreed with the data, further confirming that the T2 is not playing an active role in 

the formation of the charge defect. The extreme localization of the polaron on the NDI unit and 

the torsional angle between the NDI unit and the thiophene32 are responsible of the interchain 

nature of the charge transport mechanism in n-type polymers.  

Evidences from vibrational spectra are also inconsistent with the hypothesis of a hydride transfer 

as doping mechanism for the 1H-benzimidazole based molecules used to dope P(NDI2OD-T2), but 

with an electron transfer between an electron donor and acceptor. 
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Chapter 3: Effects of annealing temperature on chemically doped 

P(NDI2OD-T2): morphological and spectroscopic investigation 

 

In this chapter I present temperature-dependent measurements on P(NDI2OD-T2) doped with a 

N-alkyl based benzimidazole molecule (DIPrBI). I studied the effect of temperature on the doped 

samples during the annealing process through in-situ infrared spectroscopy and GIWAXS 

measurements. The assumptions of these chapter are supported by conductivity measurements, 

which I will show briefly, and Molecular Dynamics calculations, not reported in this work. In 

conclusion, the experimental findings indicate that the doping process for this system does not 

require thermal activation, but the thermal history plays a fundamental role in changes in 

conductivity and morphology.   

 

3.1 Introduction 

Thermoelectric generators, which allow to convert heat into electricity, represent the new 

frontier in the renewable energy field. An efficient device is built through a thermoelectric 

module, consisting of a p-type and an n-type material thermocouples, thermally connected in 

parallel and electronically in series11,59. The most notable figure of merit that provides information 

on the efficiency of the thermoelectrical devices is expressed as follows (eq. 3.1): 

𝑧𝑧𝑧𝑧 = 𝑆𝑆2𝜎𝜎
𝑘𝑘
𝑧𝑧 eq. 3.1 

Where T is the absolute temperature, k is the thermal conductivity, σ the electrical conductivity 

and S the Seebeck coefficient. The Seebeck coefficient is a measure of the thermoelectrically 

induced voltage in a material when heated. The change voltage is due to a redistribution of the 

charges inside the material, as the free carriers tend to move on the hot side. Because of the 

interconnection between all the parameters, it is tricky to enhance zT. Semiconducting polymers 
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qualify as class of organic materials with good thermoelectrical properties, providing both p and 

n-type choices. Through chemical doping it is possible to increase the charge carrier 

concentration, which gives room of improvement for the figure of merit discussed above. On the 

other hand, material morphology is expected to influence the charge carrier mobility, both in the 

pristine and in the doped state.  

To fabricate an all-organic thermoelectric generator, a greater effort needs to be directed in 

understanding how thermal treatments affect n-types polymers and their charge transport 

properties, to achieve better performances as for their p-types counterparts.  

An interesting study for understanding how annealing temperatures affect the crystalline 

structure of pristine films of P(NDI2OD-T2) was conducted by Rivnay et al.5 

 

 
Figure 3.1: GIXS 2D pattern for a pristine room temperature P(NDI2OD-T2) sample (left) and melt 

annealed sample (right)5 

 

A very interesting finding of this study is the change in the lamellar orientation upon melt 

annealing (from face-on to edge-on, Figure 3.1). The in-situ GIXS measurements were able to 

quantify the percentage of lamellar planes changing direction, as well as give an estimate of the 

increasing disorder of the film when melt annealing takes place. The face-on orientation of the 

spin coated pristine films is correlated with a kinetic trapping of the high weight molecular chains 
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when the film is deposited, whereas upon melt-annealing, a thermodynamic equilibrium state 

(edge-on) is reached. The characterization of the morphology was also conducted through AFM 

and polarized microscopy, showing the disappearance of the spherulites, typical structures of the 

organic spin-coated polymer, upon melt annealing. To conclude their study, the researchers5 

perform electron-only and bottom-gate TFT measurements to monitor charge transport, 

understanding that the temperature of annealing affect crucially the performances. 

According to the above observations on the pristine material, the enhancement of the 

conductivity of about 3 orders of magnitude observed upon doping P(NDI2OD-T2) can be 

correlated with the doping induced change of morphology giving rise to an improvement of 

charge transport related to the edge-on configuration. However, the leading mechanism should 

be the increase of the density of charge carriers, because of the formation of polarons.  

The crystalline structure of the polymer changes upon doping, as widely reported in literature, 

becoming edge-on from the pristine face-on lamellar stacking11,62–65. A systematic study on how 

annealing temperature affects charge transport properties was recently proposed by Kluge in 

202063, aimed at understanding the thermoelectric generators discrepancies in performance by 

understanding the doping process. These differences are correlated with the in-plane or cross-

plane charge transport. To perform this study, they chose N-DMBI as dopant, as it is widely known 

in literature to be an excellent dopant for these systems. The introduction of the dopant not only 

increases the conductivity, but also the power factor. UV-Vis is used to confirm the doping level 

and doping effectiveness in the film40,43. The assumption made in this paper states that the doping 

process takes place because of an acid-base reaction, causing a hydride transfer, where the 

passage of the π-stacking from out-of-plane to in-plane is favored by the doping process. The 

hydride formation as explanation for the doping process was ruled out by other works66, and 

different hypothesis were proposed. An intriguing one explains the charge transfer with the 

formation of an intermediate level, the SOMO, followed by a direct electron transfer from the 

SOMO to the LUMO of the polymer, which agrees with the thermal activation of the N-DMBI 

molecules67,68.  

The standard chemical doping for P(NDI2OD-T2) establishes to mix a solution of the polymer and 

the dopant in an organic solvent, generally CHCl3 or DCB, then deposit the samples and anneal 
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them at a temperature above 100°C, for a time that varies between a few minutes to a few hours. 

The annealing process is often carried in an inert environment, to prevent oxygen to hinder the 

charge transfer. How the annealing temperature and time affect the film conductivity, as well as 

what is the charge transfer mechanisms, are the questions we try to answer in this chapter. 

In our approach, we use GIWAXS coupled to infrared spectroscopy to further make light on the 

doping mechanism and charge transfer kinetics and properties upon doping. As reported in the 

previous chapter, vibrational spectroscopy techniques can be a powerful tool to give an insight 

into the polarons formation upon doping. DFT calculations, not reported in this thesis, were also 

performed to further corroborate our hypothesis concerning the mechanism and the energetic of 

the charge transfer between dopant and polymer.  

 

3.2 Experimental methods 

3.2.1 Polymer 

Poly{[N,N′-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-

bithiophene)} (P(NDI2OD-T2) was purchased from Ossila Lim. (Polyera ActivInk N2200). The 

polydispersity index (PDI) is ∼2−3, the average polymer molecular weight 150 kDa.  

 

3.2.2. Dopants 

Ndiisopropyl-4-(1,3-dimethyl-2,3-dihydro-1H-1,3-benzodiazol-2-yl)-aniline (DiPrBI) was used for 

this study. Details of the chemical synthesis of the dopants can be found in the Supporting 

Information of ref.69. All the chemicals for the synthesis of the dopants were purchased by Sigma 

Aldrich. 

 

3.2.3 Film deposition and infrared measurements 

P(NDI2OD-T2) was dissolved in 1,2-diclorobenzene (DCB, 10mg/mL). The solution was then stirred 

at 80°C for 1h and loaded into a syringe to be filtered with a 0.45 μm pore size 

polytetrafluoroethylene filter. Aliquots of 50µL of such solution were added to vials with 0.153 
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mg of DiPrBI, to reach a doping level of 100% (1 dopant molecule for each polymer unit). The 

concentration is expressed in Molar Ratio (MR), meaning dopant moles divided by P(NDI2OD-T2) 

repeating unit moles. A Zinc Selenide window for the temperature cell was cleaned with optic 

paper with isopropyl alcohol. Doped P(NDI2OD-T2) films were drop casted in air, then the cell was 

sealed, and the solvent was left to evaporate in a nitrogen environment. A temperature-

controlled stage (Linkam heating cell, FT-IR 600) operating in a nitrogen atmosphere was used to 

perform infrared measurements. The cell was mounted on a Thermo Nicolet NEXUS FT-IR 

spectrometer (4 cm−1 resolution, 128 scans) equipped with a ThermoElectro Continuμm FT-IR 

Microscope (4 cm−1 resolution, 128 scans). The spectra were recorded in transmission mode.  

 

3.2.4 GIWAXS samples preparation and measurements 

Native oxide p+ silicon substrates (area 2 cm2) were cleaned with acetone, isopropyl alcohol, and 

ethanol. The film preparation was performed in a N2 glovebox (<1 ppm of O2). The film solution 

was prepared and doped as described above. The first sample was measured without thermal 

treatment, the others were annealed for 5, 30 and 90 minutes at 110°C and 70°C. To prevent the 

thermal annealing to proceed further after removing the samples from the hop plate, each sample 

was quenched on a metal cold support. 

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were performed at the 

Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Beamline 11-

3. An area detector (Rayonix MAR-225) was used to collect the data, with an incident energy of 

12.73 keV. The samples were placed in a helium sealed chamber during the measurements. This 

trick minimizes both beam damage to the sample and air scattering. The sample to detector 

distance (321 mm) was calibrated with a LaB6 polycrystalline standard. The incident angle was 

chosen at 0.1°. Data analysis, including correction for geometric distortions introduced by a flat 

area detector, was performed with the Igor Pro software packages NIKA 1D SAXS29 and 

WAXStools70,71. The data were normalized by incident beam flux and sample thickness.  
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3.3. Results and discussion 

3.3.1 Electrical Properties 

To evaluate the effects of temperature on the kinetics of the annealing, conductivity 

measurements were performed on samples deposited as the one used in GIWAXS study of this 

chapter. These measurements were performed at the Italian Institute of Technology in Milano by 

Simone Cimo’. Annealing temperatures of 70, 110 and 150°C were selected considering the 

literatures annealing temperatures40,56,63,69,72–74 and were conducted in-situ. Figure 3.2(A) shows 

the measurements at different temperatures on the pristine polymer. As expected, the 

conductivity does not vary for all the samples (4.0 x 10-7 S cm-1), independently from the 

temperature and time of the annealing. Doping ratio of 76%(mol/mol)
 and 100%(mol/mol) were studied, 

as in the GIWAXS and infrared series. 

It is worth noting that the conductivity of the not-annealed samples is already more than three 

order of magnitude higher than the pristine (10-3 Scm-1, +5000 times the initial value), 

independent from the dopant concentration.  This demonstrates that the dopant molecule is 

already active at room temperature, and the doping mechanism does not need a thermal 

activation. 

Figure 3.2(B) represents the data at 100% doping ratio, showing a decrease in conductivity with 

time, indicating a possible segregation of the dopant.  

76% DiPrBI:P(NDI2OD-T2) molar ratio results are shown in Figure 3.2(C), in comparison with the 

100% doped samples. At 70°C and 110°C temperatures the 76% doped sample show higher 

conductivity, further validating the previous hypothesis of dopant segregation with higher dopant 

level11,58. Moreover, the samples annealed at 70°C presents lower conductivity values, which 

decrease further during the annealing process. This behavior implies that there are many 

concurrent mechanisms responsible for the conductivity changes, which are ruled by the 

annealing temperature.  In Figure 3.2(D) we focused on 76% doped samples annealed at 110°C 

and 150°C, monitored for up to 5h. The data show that the conductivity increases for the first 30 

minutes, reaching then a plateau.  
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Figure 3.2: (A) P(NDI2OD-T2) pristine films’ electrical conductivity (annealing temperature 110°C 

and 70°C). (B) P(NDI2OD-T2) doped films’ electrical conductivity (76% and 100% concentration of 

DiPrBI, annealing temperature 150°C, samples monitored for 5h). (C) Comparison of the 

conductivity of doped P(NDI2OD-T2) spin coated films annealed at different temperatures. Dark 

blue and light blue dots refer to films of P(NDI2OD-T2) 100% and 76% doped with DiPrBI annealed 

at 70°C, respectively. Grey and green dots refer to doped samples at 100% and 76%, annealed at 

110°C. The pink series refers to 76% doped samples annealed at 150°C. (D) P(NDI2OD-T2) 76% 

doped samples conductivity annealed at 150°C and 110°C, measured for up to 5h. 
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The annealing and doping process can thus be synthetized in 3 parts: 

1) At room temperature, after deposition, we observe an initial remarkable increase of 

conductivity (more than 3 order of magnitude) 

2) during the first 15-30 minutes of annealing, the conductivity increases of 50/100% 

3) After 4-5 hours of the annealing, the conductivity increases of another 20/30% 

 

3.3.2 Infrared Spectroscopy 

All the infrared measurements presented in this chapter are performed on a drop-casted sample, 

whereas thin spin coated films were used for conductivity measurements and X-rays 

determinations. This choice is due to the difficulty in the acquisition of spectra with a good signal-

to-noise ratio on thin films. It is then reasonable to expect that the temporal scale for the 

evolution of doping processes would be faster in thin films and some influence of a different initial 

morphology of the film is expected. 

 Infrared measurements were conducted in-situ to monitor the effects of annealing on the 

formation of the charge transfer complex, namely of the polaron, by exploiting the ideas and the 

method discussed in Chapter 2. To achieve this goal, a dedicated cell for in-situ measurements, 

which allows to control temperature, was used (Figure 3.3). The cell operates in a nitrogen 

environment. Spectra were recorded for 2h and 30 minutes, with a ramp of 50°C. 

 

 



61 
 
 

 

 

 

 Figure 3.3: Representation of the temperature-controlled cell, connected to nitrogen, for the in-

situ measurements. 

 

Before conducting the in-situ heating we recorded the infrared spectra of a not annealed sample, 

doped at MR=1.0. The latter was drop casted on the Zinc Selenide window, then sealed in the 

temperature-controlled cell, in a nitrogen environment. Spectra were acquired for 120 minutes, 

with no exposition to oxygen. The infrared measurements show that, when the sample is not 

exposed to oxygen, the polaronic bands are already present at room temperature. In fact, it is 

possible to observe the rising of the polaronic band at 1638 cm-1, while the CO symmetric 

stretching of the pristine polymer at 1706 cm-1 decreases in intensity (Figure 3.4, panel (b)). The 

feature at 1638 cm-1 was already reported in Chapter 2 for doped annealed samples and described 

as a vibrational marker band associated to the polaron defect (Figure 3.4, panel (a)). The relative 

intensity of the polaronic features growth with time, thus indicating that the doping process is 

kinetically limited but spontaneously evolves at room temperature. Moreover, even at long times 

(2 hours after deposition) the polaronic band is still weaker than in the case of the annealed 

samples (see below).  
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Figure 3.4: (a) P(NDI2ODT2):DiPrBI, MR=1, annealed at 110°C for 6 hours. A dashed line reports 

the polaronic vibrational feature at 1638 cm-1; (b) Evolution of the not annealed sample in time. 

The spectra of the dopant molecule and of the pristine N2200 correspond to the bottom blue line 

and to the red line, respectively. The spectra were monitored for 120 minutes to show the time-

dependent effects of doping without annealing on vibrational spectra.  

Recalling that for thin films the time evolution of the process could be quicker, we can conclude 

that the appearance of the novel – doping induced - infrared features already at room 

temperature confirm the conductivity measurements data on the not annealed sample, in 

nitrogen environment. In this scenario, the conductivity increases of about three orders of 

magnitude before annealing, at room temperature, corroborating the hypothesis that the dopant 

is already active. 
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Figure 3.5: Evolution of the 70°C annealed sample in time.  Spectra of the dopant molecule and 

the pristine N2200, correspond to the bottom blue and red line respectively. The spectra were 

monitored for more than 120 minutes to show the time-dependent effects of doping without 

annealing on vibrational spectra.  

 

Further samples were then analyzed using a fast-heating ramp (50°C/min) to reach the desired 

temperature. The first annealing temperature studied was 70°C, shown in Figure 3.5. This 

experimental series indicates that 70°C is not a sufficiently high temperature to reach the 

maximum concentration of charge-defects. As in the case of the non-annealed sample, after 2 

hours of annealing at 70° the   polaronic features are not as pronounced as with higher annealing 

temperatures. To better highlight the changes in the vibrational spectra, a subtraction between 

the spectra obtained at adjacent time steps (It+1-It) is shown in Figure 3.6. It is worth noting that 

when the annealing process begins (up to 40 minutes), doping induced bands arise (positive 

features), but as time passes, the doping process starts to become less effective.  After 2:30 hours 

the CO bands of the pristine growth newly, thus suggesting that some de-doping phenomenon 

could take place.  
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Figure 3.6: Spectral differences between the adjacent temperature spectra (It+1-It) for the 70°C 

series Panel (a) shows as-acquired spectra subtractions. To further highlight the possible 

differences, the spectra were normalized on the most intense peak in panel (b). 
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The evolution of the spectra is completely different when the annealing temperature is raised of 

20°C. In the 90°C series, shown in Figure 3.7 and 3.8, the doping process and polaron formation 

is much faster than in the previous case, and it is already well established in the first few minutes. 

However, as noted from the top purple spectrum, there are still hints of the undoped polymer, as 

CO stretching symmetric and antisymmetric bands of the pristine polymer are still visible after 1h 

and 20 minutes, suggesting that also this sample is not fully doped at the longer times of 

observation.  

 

 

Figure 3.7: Evolution of the 90°C annealed sample in time. Spectra of the dopant molecule and 

the pristine N2200, correspond to the bottom blue and red line respectively. The spectra were 

monitored for more than 120 minutes to show the time-dependent effects of doping without 

annealing on vibrational spectra.  
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Figure 3.8: Spectral differences between the adjacent temperature spectra (It+1-It) for the 90°C 

series Panel (a) shows as-acquired spectra subtractions. To further highlight the possible 

differences, the spectra were normalized on the most intense peak in panel (b). 
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A similar trend is observed for the 110°C and 150°C data (Figure 3.9, 3.10, 3.11 and 3.12), 

regarding the rate of doping. Doping induced vibrational features reach their maximum intensity 

after 10/15 minutes. Interestingly, peaks ascribed to the pristine polymers newly arise after 30 

minutes of annealing time. This behavior is very similar to the one described for the annealing at 

70°C, and it could be related to an oxygen leakage in the cell, as n-type polymer doping is 

extremely sensitive to oxygen. 

 

 

Figure 3.9: Evolution of the 110°C annealed sample in time. Spectra of the dopant molecule and 

the pristine N2200, correspond to the bottom blue and red line respectively. The spectra were 

monitored for more than 120 minutes to show the time-dependent effects of doping without 

annealing on vibrational spectra.  
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Figure 3.10: Spectral differences between the adjacent temperature spectra (It+1-It) for the 110°C 

series Panel (a) shows as-acquired spectra subtractions. To further highlight the possible 

differences, the spectra were normalized on the most intense peak in panel (b). 
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Figure 3.11: Evolution of the 150°C annealed sample in time. The bottom blue spectra and red 

spectra represents the dopant molecule and the pristine N2200, respectively. The spectra were 

monitored for more than 120 minutes to show the time-dependent effects of doping without 

annealing on vibrational spectra.  
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Figure 3.12: Spectral differences between the adjacent temperature spectra (It+1-It) for the 150°C 

series Panel (a) shows as-acquired spectra subtractions. To further highlight the possible 

differences, the spectra were normalized on the most intense peak in panel (b). 

 

Beside the observation that de-doping process can occur overtime, possibly due to a small leakage 

of the cell or the presence of oxygen, this experimental set of data proves temperatures lower 

than 110°C are not enough to allow completing the doping process in few hours, as the spectra 

confronted in Figure 3.13 shows. Panel (a) shows how spectra evolve after about 4 minutes of 

annealing, highlighting that the polaronic bands are only starting to rise in the 70°C series, 

whereas the polaronic features are already very clear in 90°C series, but the maximum polarons 

concentration is not completely reached. If we look at the data at 110°C and 150°C, we can still 

see a hint of the pristine features. After 10 to 15 minutes (Figure 3.13, panel (b)), we can see an 

evolution of the spectral pattern according to the different annealing temperature towards a 

more doped system: at this short time, the samples for the two higher annealing temperatures 
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reach the maximum doping (maximum intensity of the polaronic bands) for. It is interesting to 

point out the result for the not annealed sample, which was monitored in the same cell, under 

nitrogen flux. The sample shows some polaronic features, compatible with those observed for the 

sample annealed at 70°C, but also many peaks that could be ascribed to the dopant, as a direct 

comparison with the dopant spectra shows. The dopant features disappear in all the annealed 

series. This behavior could indicate that, despite doping takes place even in the not annealed 

state, responsible for the conductivity spike, at least for thick samples, the annealing process is a 

mandatory step to accelerate the effective the formation of charge transfer complexes between 

the dopant and the polymer.  

Finally, the situation seems stabilized around 30 to 40 minutes, as shown in Figure 3.13, panel (c), 

with small changes in all the spectra. The 110 and 150°C spectra show the same polaronic features 

of a fully doped sample after 30 minutes of annealing. 

This section highlights the role of the annealing process in accelerating the formation of charge 

transfer defect, as well as how the temperature of annealing plays a fundamental role on this 

topic.  

Temperatures higher than 110°C should be enough to fully dope the samples, after a rather short 

time waiting (approximately 30 minutes).   
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Figure 3.13: Comparison of the spectra at different annealing times and temperatures for all the 

temperatures used in this study (70°,90°,110°,150°C) and the doped, not annealed sample. Panel 

(a) shows the comparison after 3 to 4 minutes of annealing, panel (b) after 10 to 15 minutes and 

panel (c) after 35 to 40 minutes.  
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3.3.3 GIWAXS measurements 

A fundamental aspect to understand how the annealing process works and how it affects polaron 

formation and structure refinement is the study of the morphology and crystallinity of the 

samples, through GIWAXS experiments. Spin-coated samples doped with MR=0.76, as the one 

used for the conductivity measurements, were prepared, and annealed at different temperature, 

for different amounts of time. A pristine and doped-not annealed samples were also studied. The 

GIWAXS patterns for all samples are shown in Figure 3.15. From this figure it is immediately 

possible to point out that the doped sample crystals present the typical edge-on configuration, 

no matter the annealing temperature and time, whereas pristine samplinfrarees crystallites 

exhibit the face-one configuration[40, 45]. This behavior is switched on by the mere presence of the 

dopant, without the need to anneal the samples.   

To better understand finer changes in morphology, the reduced 1D lines were taken along both 

the horizontal (in plane, qxy) and approximately vertical (out of plane, ~qz) scattering directions 

(Figure 3.16, 3.17, 3.18, 3.19). The scattering peaks in both directions are each associated with a 

specific stacking direction of the polymer units, synthesized by the following bullet point: 

• (h00) peaks correspond to the lamellar stacking peaks  

• (010) peaks correspond to the backbone direction 

• (00l) peaks correspond to the π-stacking direction (charge transport direction) 

There are several (h00) and (00l) scattering peaks along the qxy direction, up to four orders of 

lamellar stacking and up to two orders of backbone repeat unit scattering (Figure 3.16, 3.18). This 

is an indication of the exceptional in-plane crystalline order of P(NDI2OD-T2), already well 

documented in literature5,75. The ~qz direction presents a remarkable peak at q ~1.6 Å-1, attributed 

planes along the π-stacking direction (Figure 3.17, 3.19-panel b). 
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Figure 3.15: GIWAXS diffraction patterns for pristine P(NDI2OD-T2): (A) not annealed; (B) pristine 

P(NDI2OD-T2), annealed at 110°C for 90 min; and for DiPrBI doped P(NDI2OD-T2), MR=0.76 (C) 

not annealed; annealed at 70°C for 5 (D), 30 (E) and 90 (F) min; annealed at 110°C for 5 (G), 30 (H) 

and 90 (I) min. 
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Figure 3.16: Vertical line-cuts (in plane direction) of the 2D GIWAXS diffraction pattern for 

P(NDI2OD-T2) doped with DiPrBi, MR=0.76. The various represented samples are, from bottom 

to top: pristine samples not annealed and annealed at 110°C for 90 minutes (brown lines); doped 

not annealed sample (grey line); doped samples annealed at 70°C for 5, 30 and 90 minutes (blue 

line); doped samples annealed at 110°C for 5, 30 and 90 minutes (green line). 
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Figure 3.17: Horizontal line-cuts (out of plane direction) of the 2D GIWAXS diffraction pattern for 

P(NDI2OD-T2) doped with DiPrBi, MR=0.76. The various represented samples are, from bottom 

to top: pristine samples not annealed and annealed at 110°C for 90 minutes (brown lines); doped 

not annealed sample (grey line); doped samples annealed at 70°C for 5, 30 and 90 minutes (blue 

line); doped samples annealed at 110°C for 5, 30 and 90 minutes (green line). 
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Figure 3.18: Zoom for the vertical line-cuts (in plane direction) of the 2D GIWAXS diffraction 

pattern for P(NDI2OD-T2) doped with DiPrBi, MR=0.76. Panel (a) represents the (100) peaks, 

corresponding to the lamellar direction, panel (b) the (001), (200) and (002), respectively 

associated with the backbone first order, lamellar second order, and backbone second order 

diffraction scattering peaks, panel (c) represents the (004) associated with the backbone fourth 

order diffraction scattering peak. 
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Figure 3.19: Zoom for the horizontal line-cuts (out of plane direction) of the 2D GIWAXS diffraction 

pattern for P(NDI2OD-T2) doped with DiPrBi, MR=0.76. Panel (a) represents the (100)’ and (200)’ 

diffraction peaks, associated with the backbone direction, panel (b) the (010) diffraction peak, 

associated with the π-stacking direction. 

 

The pristine samples, as-spun and annealed (110°C, 90 minutes), were measured as reference. 

The face-on orientation of the as-spun sample remains unchanged in the annealed sample. This 

behavior is typical when annealing temperatures do not reach the melting point. The annealing 

does not effectively alter the crystallite structure, as confirmed by the conductivity data. The only 

effect of annealing on the morphology is a minor reduction of the intensity of qz (010) peak with 

respect to the qxy (100) and the qz (100)’ peak. A possible explanation of this phenomenon is the 

beginning of the transition from face-on to edge-on, but it could be as likely be a structural 

relaxation. The introduction of the dopant in the system changes completely the morphology, 

both when annealed and not annealed. While the backbone-related peaks are undisturbed by the 

presence of the dopant, the π-stacking qz~1.6 Å-1 peak is disrupted, as its intensity decreases, and 

the peak broadens. The π-stacking changes will be further discussed later in this chapter. The 

(100) in-plane lamellar peak (qxy ~0.3 Å-1) shifts toward higher values as the temperature and time 
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of annealing increase. The values of the peaks are reported in Table 3.1 and Table 3.2 for the 70°C 

and 110°C series, respectively. 

 

 

 

 

 

 

 

 

 

Table 3.1. Scattering peaks position from the 1D reduced lines for both the pristine series and the 

annealed at 70°C series samples. Both the in-plane (qxy) and out-of-plane (~qz) direction are 

reported. 

 

By comparing the in-plane (100) peaks positions at 70 and 110°C, it is possible to note that the 

70°C, 90 minutes annealed sample has the same qxy value of the sample annealed at 110°C for 5 

minutes.  

An interesting parameter to look at is the coherence length. The coherence length in GIXS 

experiments correlates the broadening of a peak in a diffraction pattern with the size of a 

crystallite in the material. It is calculated from the Scherrer equation as follows (eq. 3.2): 

𝐷𝐷 = 𝜅𝜅𝜅𝜅
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

      eq .3.2 

Sample In plane (Å)  Out Of Plane (Å)  

 (100) (001) (100)' (010) 

Pristine @110°C 26.07 13.84 25.44 3.88 

Pristine not annealed 24.84 13.78 22.68 3.75 

5 min @70°C 25.17 13.75 21.16 3.9 

30 min @70°C 25.06 13.78 21.59 3.9 

90 min @70°C 24.75 13.78 21.16 3.9 
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Where D is the coherence length, indicating the average crystallite size, k is the Scherrer constant, 

varying between 0.68 to 2.08 (0.93 in this case), λ is the X-ray wavelength, β is the line broadening 

at the FWHM, expressed in radiant, and θ is the Bragg angle in degrees. For a polymeric system, 

the coherence length can be expressed as in eq. 3.3: 

𝐷𝐷 =0.93∗2𝜋𝜋
𝛥𝛥𝛥𝛥

      eq. 3.3 

where Δq is the diffraction peak position.       

Sample In plane (Å)  Out Of Plane (Å)  

      (100) (001) (100)' (010) 

Pristine @110°C 26.07 13.84 25.44 3.88 

Pristine not annealed 24.84 13.78 22.68 3.75 

5 min @110°C 24.74 13.81 22.28 3.86 

30 min @110°C 24.54 13.9 21.44 3.95 

90 min @110°C 24.35 13.87 21.44 3.96 

Table 3.2. Scattering peaks position from the 1D reduced lines for both the pristine series and the 

annealed at 110°C series samples. Both the in-plane (qxy) and out-of-plane (~qz) direction are 

reported.      

 

Table 3.3 and 3.4 express the coherence length values for these experiments. 

As the temperature of annealing increases, the qz (010) peak loses coherence and intensity with 

respect to the (100)’ lamellar peak. This behavior is exacerbated for the 110°C dataset, where 

contemporaneously a new shoulder at 1.6 Å-1 is visible, as well as in the 70°C, 90 minutes annealed 

sample. This perturbation of the π-stacking was already reported in literature for P(NDI2OD-T2) 
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doped with DMBI molecules. A hypothesis that could explain such perturbation on the π-stacking 

planes, characterized by short-range order, is the intercalation of the dopant between NDI units.  

Another confirmation of the intercalation of the dopant in between the polymer backbones is the 

gain in intensity of the (200)’ peak with temperature and time of annealing, as highlighted in 

Figure 3.19(b), as Saglio et al.11 discussed in their work.  

Another interesting observation is related to the comparison between the doped samples not 

annealed, 70°C and 110°C π-stacking direction (OPLA (010), Figure 3.19, panel b). The intensity of 

the not annealed (010) with respect to the (100)’ is lower than the 70°C sample, which show a 

more prominent face-on, and more similar to the 110°C. This result might seem a little odd, but it 

actually relates with the decrease in conductivity shown for the 70°C samples. This behavior 

seems to suggest that for low annealing temperatures a face-on morphological rearrangement is 

favored, while for higher annealing temperature a more edge-on configuration is to be expected, 

leading to a better performance conductivity. 

Sample In plane (Å)       Out Of Plane (Å)  

      (100) (001) (100)' (010) 

Pristine @70°C 209.06 210.65 48.33 17.07 

Pristine not annealed 107.38 315.35 53.29 7.37 

5 min @70°C 132.95 227.90 45.86 10.41 

30 min @70°C 133.84 200.80 49.13 10.39 

90 min @70°C 131.31 204.38 48.26 9.51 

Table 3.3. Coherence length calculated through the Scherrer equation for the pristine and doped 

annealed at 70°C samples.  
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Sample In plane (Å)  Out Of Plane (Å)  

      (100) (001) (100)' (010) 

Pristine @110°C 209.06 210.65 48.33 17.07 

Pristine not annealed 107.38 315.35 53.29 7.37 

5 min @110°C 128.94 279.85 59.07 8.34 

30 min @110°C 125.39 259.59 59.46 8.27 

90 min @110°C 120.71 284.49 67.16 7.38 

Table 3.4. Coherence length calculated through the Scherrer equation for the pristine and doped 

annealed at 110°C samples.  

 

3.4 Conclusion 

The most interesting finding of this chapter is the fact that 1H-benzimidazoles dopants of 

P(NDI2OD-T2) are already active at room temperature, showing an increase in conductivity 3 

orders of magnitude. The finding parallels by GIWAXS and infrared in-situ measurement, 

indicating that the charge defect is already formed at room temperature, contrarily to what is so 

far believed in literature73. The annealing has a further effect on the conductivity, doubling the 

conductivity value in conjunction with a morphology refinement.  

The infrared data collected for thick samples show how a higher annealing temperature favors 

the doping process, affecting its kinetics. As the temperature of annealing increases, the polaron 

formation seems to proceed faster, then reaching a plateau. The important conclusion of this 

study is that the charge transfer/polaron formation process takes place spontaneously but has a 

rather slow kinetic in thick films at ambient temperature. This explains why the IR experiments 

on doped films as deposited  - reported in Chapter 2 - showed absorption features well described 
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by the mere weighted sum of the spectra of the pristine polymer and dopant.  Interestingly, we 

showed here that in absence of oxygen, which can give rise to competitive reactions, an incipient 

doping is observed also immediately after the casting of the film from the polymer/dopant 

solution.   

The GIWAXS data, obtained for thin spin coated films, summarized in this paragraph show that 

the crystalline structure changes upon doping from face-on to edge-on, as well as giving 

intercalation sites for the dopant, in between the polymer backbones. A more accurate analysis 

of the GIWAXS measurements conducted on samples at different temperatures show that the 

edge-on phase is highly predominant in the 110°C annealed samples, whereas when the annealing 

is conducted at lower temperatures (70°C) the face-on phase slightly increases, explaining why 

the conductivity for these samples presents lower values.  

In order to explain the energetic of the dopant-polymer charge transfer, in Attachment B a novel 

doping mechanism is proposed, based on theoretical modelling, that implies the quasi-

planarization of the dopant, which is a process that could be expected during intercalation. In the 

flat conformation of the dopant, the HOMO of the dopant rises significantly, reducing the distance 

from the LUMO of the polymer, thus eliminating the barrier for electron injection.  
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Chapter 4: In-situ monitoring of electrochemical doping 

of P(NDI-gT2) through Raman spectroscopy: polaron and 

bipolaron formation 

 

In this chapter I present the Raman spectra of the electrochemically doped random copolymers 

P(NDI-gT2). The Raman data were acquired in-situ through a custom-designed electrochemical 

cells. Electrolytes of various pH and composition were tested to highlight possible changes in the 

formation of the charge defect through various experimental conditions, as well as studying the 

effect of side reactions happening in the electrolyte. The data show that the polaron and the 

bipolaron are formed under certain experimental conditions, and that the presence of oxygen 

hinders the bipolaron formation. 

 

4.1 Introduction 

Organic Mixed Ionic Electric Semiconductors (OMIECS) are a wide class of polymers used in many 

application fields, in particular bioelectronics, thanks to some of their outstanding property, as 

chemical redox activity, ionic and electronic transport, easy processability and functionalization. 

OMIECs are formed by a conjugated backbone responsible for electronic conduction, with side 

chains that allow ionic intercalation and facilitate their solubility in solvents. Their peculiarity to 

transport both ions and electrons represents a fundamental and unique aspect: for this reason, 

studying the coupling between ionic and electron transport, as well as transport mechanisms is 

the state-of art research. Organic Electrochemical Transistors (OECTs), first invented by 

Wrighton76 are the benchmark for electrochemical field transistors. Similarly to their predecessor, 

they work as a 3-electrode system: when a gate voltage is applied across the electrolyte, ions are 

injected into the active layer, inducing a volumetric change. The active layer conductivity changes 

as the mixed conductor oxidation level is altered, resulting in a difference in the drain current77,78. 

A schematic of an OECT is reported in Figure 4.1. 
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The two main qualities that make a good OECT are its transistor-like capacity to amplify signal, as 

well as working as a good sensor for the ions in the active layer79. The extent of applications for 

OECTs is particularly wide, and some of the most interesting ones are related to healthcare and 

sensing. To give an idea of the impact in everyday life that OECTs could play, a group led by Guo80 

was able to produce OECT-based disposable sensing device able identify rapidly the spike proteins 

of COVID-19, SARS-CoV-2 and MERS-CoV, as well as providing a quantification of the viral load. 

The sensor uses a glycolated polymer, p(g0T2-g6T2), as well as disposable protein-based 

electrodes. 

 

 

Figure 4.1: Working principles steps of a n-type accumulation mode OECT (1) upon application of 

a positive gate voltage, electrons move from the source and cations are injected into the film, 

electrochemically doping it. (2) electrons are transported from source to drain through the doped 

n-type semiconductor. (3) When the gate potential is reversed, electrons migrate in the source 

and cations outside of the n-polymer81. 

 

The new exciting biomedical applications of OMIECs are strictly linked to synthetic design 

strategies to modify or create new materials with glycolated chains or soluble in water, 

maintaining the same properties of mixed conduction, possibly addressing and improving 

stability, mobility and swelling of the materials. One of the simplest, yet effective, approach to 

reach these goals is the modification of the polymer side chains. In this chapter we will focus on 
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Naphtalenediimide (NDI) based random copolymers, originated by progressively substituting the 

alkyl chains of the well-known P(NDI2OD-T2) with glycol chains, or P(NDI-gT2) (Figure 4.2).  

 

 

Figure 4.2: Schematic representation of the P0-P100 random copolymer series from17. 

 

When side chains are progressively substituted, the electrochemical and optical response of the 

materials change accordingly. First, the reduction potential in aqueous solutions decreases as the 

glycol chains ratio increase. Moreover, a higher percentage of glycol chains drastically affects the 

reversibility of the electrochemical reaction, improving it for copolymers with a minimum of 50% 

glycol chains. However, the electron mobility decreases of at least 2 orders of magnitude with 

respect to pristine P(NDI2OD-T2), pointing out the constant need of improving the synthetic 

strategies for these materials17. 

Despite there is room for further development of their conductive properties, P(NDI-gT2) are 

perfect candidates for spectroscopic studies aiming at establishing better structure-property 

relationship and advance the understanding of the role of side reactions and interaction with 

oxygen during electrochemical doping.  
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In this chapter, I will concentrate on presenting a few works where optical techniques and 

vibrational spectroscopies are applied at electrochemically doped polymers. 

In a very interesting study of Silva’s group82, charge transfer intermediates in conjugated polymers 

without long-range order are unveiled using in-situ ultrafast Raman spectroscopy, during 

electrochemical doping. In their work the mechanism of electrochemical doping in an oligoether-

functionalized 3,4-propylenedioxythiophene (ProDOT) copolymer is investigated by means of 

transient absorption and resonant Raman in-situ spectroscopy, considering the external 

environment and intrinsic polymeric structure. 

In 2019, Moia et al.44 reported the study of a novel redox-active NDI-based polymer with a random 

combination of polar and zwitterion side chains, that could be used in electrochemical energy 

storage. The charge and discharge of the polymer’s electrode was monitored through 

spectroelectrochemistry in the UV-Vis region. These experiments provided evidence that the 

electrochemically doped NDI polymer could take up to 2 charges per repeat unit (forming a 

bipolaron), and that the process is completely reversible.  

 

 
Figure 4.3: (a) Spectroelecterochemical experiment conducted on an NDI-based polymer. The 

voltage swept goes from 0.1V to 0.9V. The bipolaronic features and isosbestic point are 

highlighted by arrows. (b) DFT calculations of the spectroelectrochemical experiments (image 

modified from44). 
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The negative polaron formation takes place at -0.4V, whereas the bipolaron features are assigned 

at voltages from -0.5V to -0.75V (Figure 4.3(a)). The change from polaron to bipolaron state is 

further confirmed by the presence of two isosbestic points in the spectrum. The bipolaron peak 

is centered between 600 and 650nm, and the spectral features are further confirmed by DFT 

calculations (Figure 4.3(b)). Interestingly, the authors use spectroelectrochemistry to exploit the 

effects of side reactions using degassed electrolytes. This technique is often used to monitor the 

formation of oxygen and hydrogen peroxide and highlight the charge retention issues of n-type 

OSCs.   

 

When working with organic polymeric transistors in liquid environment, both the ion-electron 

coupling in the electrochemical doping process and the influence of water and oxygen on the 

performances of OECTs needs to be addressed. Many studies were conducted on p-type polymers 

regarding both matters. Cendra et al. report that, upon electrochemical doping of p(g2T-TT), ions 

modify permanently the lattice space, intercalating in the polymer, while the residual water is 

responsible for the film swelling83. The effect of swelling on the performances of the devices was 

reported by Savva et al16. By varying electrolyte ion concentration and solution pH, they were able 

to quantify the amount of water incorporated in the polymeric film, resulting in an irreversible 

change in the polymer structure. The latter has a direct impact on reversibility, efficiency and 

speed of the doping process. Their work highlights the fact that, despite swelling and water intake 

are necessary for ion-electron transduction, they also negatively affect the performances of the 

material.  

On the other hand, the impact of oxygen and humidity on n-type semiconducting polymers, due 

to their shallow LUMO, is well known. Oxygen and water can act as electron traps84, being 

detrimental to charge transport performances, as well as affecting the chemical stability of the 

polymers85.  

A comprehensive explanation on how oxygen and water particularly affect n-type polymers is 

reported by Griggs et al.19.  
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An interesting study on how oxygen and water affect the performances of P(NDI2OD-T2) was 

presented by Di Pietro et at.37 in 2012. Their approach involves the use of different spectroscopic 

techniques in the effort to separate the effect of molecular oxygen present in air and in water 

solution. They proved that the oxygen present in air acts as trap for the electrons, whereas for 

experiments in water environment, two reactions take place. One is reversible, and involves the 

electron transfer due to the shallow LUMO energy level (electrochemical oxidation process). The 

second is irreversible and leads to polymer degradation; it involves chemical reactions with water, 

highlighted by Raman spectroscopy. 

Stability issues for presence of water or oxygen could be overcome by either working in inert 

conditions or designing polymers with a deeper LUMO.  

Despite side reactions could obstruct the performances of transistor, their products (namely 

hydrogen peroxide resulting from oxygen reduction)44,86 are essential in other fields, as 

electrocatalysis. The search of green methods for the production of hydrogen peroxide finds a 

match in the electrochemical synthesis through side reaction for polymers chemical doping87. This 

finding, first discovered in 2013 for the well-studied PEDOT, has opened the path for a new, 

exciting research field86. 

 

  

4.2 Experimental methods 

4.2.1 Materials and dopants 

The NDI random copolymer P(gNDI-T2) was synthesized at Oxford University. P(gNDI-T2) consists 

in a modification of P(NDI2OD-T2), where units with alkyl chains (C8H17, C10H21) are randomly 

combined with units with 7-unit glycol side chains17. The polymer thus created is therefore able 

to work in aqueous solutions. The random copolymers are then labelled according to the 

percentage of glycol chains, namely P100, P90, P75 up to P0, respectively from 100% glycol chains 

to 0% (Figure 4.2).  
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P100, P90 and P75 were used in the study presented in this chapter. Only the data for the P100 

and P75 series will be showed.  

Aliquots of the polymer were dissolved in Chloroform (CHCl3) following the typical 10 mg/ml 

polymer/solvent ratio. The solution was stirred overnight on a 60°C hotplate, then either drop 

casted (7µm, for the static cell, see next section) or spin coated (70µm, 800rpm for 60s for the 

flow cell, see next section) on an ITO slide. The samples were then annealed at 110°C for 1h. 

Different electrolytes were chosen to monitor the formation of polaron and bipolaron features, 

exploiting different pHs and experimental conditions. In the following, cells equipped for in-situ 

spectroscopic measurements are identified as “in-situ” cells. A list with the electrolytes, 

experimental conditions and properties is here provided: 

1. NaCl, 0.1M, pH=7, used in the static in-situ cell 

2. Glucose (0.1M in PBS) with Glucose Oxidase (Gox, 20.4 mg/ml in PBS), used in the static 

in-situ cell 

3. Glucose (0.1M in PBS) with H2O2, 0.1M, used in the static in-situ cell 

4. PBS, 0.1M, used in the static in-situ cell 

5. KOH, 0.1M, pH=13, used in the flow in-situ cell 

6. KCl, 0.1M, pH=7, used in the flow in-situ cell 

The solution of glucose and glucose oxidase were prepared according to literature88. For the 

experiments with glucose addition, glucose solutions were added to glucose oxidase and H2O2 

(30µl added to 180µl of solution) and the measurements were performed after 20 minutes, in 

order to allow the electrolyte to reach the equilibrium. 

 

4.2.2 In-situ Raman setup 

Two different setups were used to perform the in-situ measurements. First, a static 

electrochemical cell was implemented to understand the feasibility of the Raman experiments. 

The setup consists of a glass (2.5x2.5cm2) substrate patterned with two ITO parallel stripes. The 
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sample is drop casted on the ITO, as shown in Figure 4.4. A custom-made polydimethylsiloxane 

(PDMS) wall is attached to the substrate, leaving a little portion of the ITO on the edge of the 

substrate outside of the PDMS wall, to be used to contact the Working electrode (K2200 probe). 

The electrolyte is inserted in the PDMS wall, without the possibility to be bubbled before the 

experiments. This is not ideal for the measurements, as the electrolyte contains oxygen, and this 

issue will be discussed in the next section. The Ag/AgCl reference electrode (BaSi) and the 

Platinum mesh (counter electrode) are then immersed in the electrolyte, without touching the 

ITO stripes. 

Despite it would be possible to saturate the electrolyte with an inert gas before the 

measurements and then transfer it in the static cell, the setup would still present issues, as the 

electrolyte would not be protected from the oxygen in atmosphere, and the solution would still 

become oxygen saturated over time.  

 

Figure 4.4: schematic of the static 3-electrodes electrochemical cell used for the in-situ Raman 

measurements. 

 

To completely avoid the presence of oxygen in the cell, I partnered with Allen Liang, a PhD 

candidate from the Chueh laboratory at Stanford university, who developed a new set-up. Figure 
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4.5 shows pictures and a schematic of the cell used for the measurements. The first difference is 

that the new setup consists of a flow cell, therefore the bubbled electrolyte flows in the cell where 

the sample is situated through small diameter tubes and is collected in a vial, being able to control 

the experimental conditions of the electrolyte throughout the whole experiment duration. We 

connected the electrolyte container to an argon or oxygen tank, in order to conduct the 

experiments in a nitrogen and oxygen saturated environment, respectively. In this way, we were 

able to exploit the effect of oxygen on the formation of the bipolaron. Moreover, two electrolytes 

with different pHs (neutral and acidic) were used with this setup, to highlight possible differences 

in the spectral behavior by changing experimental conditions. The RE electrode consists in a Mini 

Leakless electrode (eDaq), while the CE is a platinum foil (0.025mm). 

A fully covered ITO slide with half area coated by the polymer by means of the spin coating 

procedure is inserted in the cell and the data are collected through a sapphire window (6.35mm 

diameter, 0.5mm thickness). The cell is sealed through vitium o-ring, to avoid leakage of the 

electrolyte during measurements.  The fact that the cell is completely sealed has two positive 

effects: it protects the sample and electrolyte from the external environment (air/humidity) and 

protects the optical objective for Raman measurements from the electrolyte itself, making this 

cell better and safer than the previous one. Despite the sapphire window is a fundamental part 

of the setup, it makes the focus on the sample more difficult, as the visibility is scarce, both before 

and after introducing the electrolyte. For this reason, the polymer surface was scratched with a 

q-tip before conducting any measurement.   

The laser for the Raman experiments is situated above the cell, in a typical backscattering 

geometry. 532 and 638 nm laser wavelengths were used for the experiments, with a 10x objective 

(Olympus). A Horiba Xplora Raman was used for the spectra acquisition. The laser power was kept 

around 1mW for all the wavelengths when the electrolyte was inserted, to still have a good noise 

to signal ratio. 10/20s spectra, 2 repetitions were acquired during the in-situ voltage swept, to 

avoid stressing the material by applying voltage for too long.  A reference spectrum was acquired 

before each in-situ characterization, through a longer acquisition (30s, 4 repetitions, 0.1mW laser 

power to avoid degradation). 
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Figure 4.5: Top (from left to right): images of the flow 3-electrodes electrochemical Raman cell 

used for the in-situ experiments, before measurements and during measurements. Bottom: 

schematic of the electrochemical cell used for the in-situ Raman measurements. The electrolyte 

is bubbled with nitrogen. 

 

4.2.3 Electrochemical experiments 

Before and after the Raman measurements, both for the static and flow cell, cyclic voltammetry 

(CV) measurements were performed to better understand the nature of the reaction, as well as 

the presence and modification of the reduction peaks with and without oxigen. The CV 

measurements provide a voltammogram which indicates the current flowing through the working 

electrode in function of the applied potential. A scansion rate of 50 mV/s was used in this study. 

When the electroactive species are exhausted near the eletrode surface, a faradhaic reaction 

occurs, and the slope of the curve changes, creating a peak. The number of anodic peaks indicate 
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the number of oxidation reactions, while the cathodic peaks are related to the reduction 

reactions. The analysis of the peaks position and shape of the CV curve gives a lot of information 

on the reactions taking place on the samples. A electrochemical process is considered reversible 

if the potential for both the peaks is similar and is a fast process. On the other hand an 

electrochemical process is considered slow if there is a non-neglible distance between anodic and 

cathodic peak or one of the peaks is not present (asymmetrical shape of the CV).  A representative 

voltammogram of P-75 is shown in Figure 4.6, without and with oxygen in the electrolyte, 

acquired through the flow cell. Before starting the CV measurement the open circuit potential 

(OCV) was monitored until reaching a constant value of a few mV. 

In the voltammogram acquired with the nitrogen-saturated electrolyte (left) the reduction onset 

is around -0.25V, while it shifts slightly in the oxygen saturated CV (around -0.3V, on the right). 

This shift is most likely explained by the difference in ion penetration in the bulk during the redox 

reaction, as the polymer is the same for both experiments (thus there are not structural 

differences in the backbone). 

The reduction peak around -0.85V is clearly visible for the nitrogen saturated electrolyte. A second 

peak visible at lower voltages was observed for P75, P90 and P100, and it is an indication of the 

water intake in the material upon voltage swept, indicating that the material is swelling upon ion 

intercalation in the bulk of the polymer17. The positive and the negative area of the 

voltammogram are similar, indicating that the reaction is reversible and that no side reactions are 

happening in the material. On the contrary, the voltammogram acquired with an oxygen 

saturated solution is quite different: the peak ascribed to swelling is still present, but there is not 

a clear second peak visible, and the voltammogram is quite asymmetric. This is the main indicator 

that the process is irreversible as side reactions are happening, likely the formation of Hydrogen 

Peroxyde, which could hinder the development of the bipolaron on the material.  
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Figure 4.6: typical cyclic voltammograms of P(gNDI-T2) in an nitrogen saturated electrolyte (left) 

and an oxygen saturated electrolyte (right). These experiments were conducted in the flow cell. 

 

The tyical voltage swept used for the experiments are showed in Figure 4.7. On the left a up-down 

voltage swept was chosen to allow the material to dope and dedope at each cycle. On the right a 

ladder approach was selected, where the material was kept at negative potential for longer time 

and then slowly reversed to positive potential. Both approaches are valid and were tested to 

prove if the materials would respond differently to the external stimuli. Because the voltages 

swept gave similar results with the static cell, only the latter was used for the measurements with 

the flow cell. Each voltage was applied for 30 or 60s, depending on the experiment conducted. 

The in-situ Raman experiments allow observing the doped species during electrochemical cycles, 

at different voltages, as well as the reversibility of electrochemical doping processes. 
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Figure 4.7: examples of the typical potential swept used for the in-situ experiments.  

 

Table 4.1 synthetizes the experiments presented in this chapter. 

 
Static Cell 

λexc= 532nm, 638 nm  

Flow Cell 

λexc= 532nm 

λexc=638 nm for KOH only 

Oxygen • NaCl, 0.1M, pH=7 

• Glucose (0.1M in PBS) with Glucose 
Oxidase (Gox, 20.4 mg/ml in PBS) 

• Glucose (0.1M in PBS) with H2O2 

• 0.1M, PBS, 0.1M 

• KOH, 0.1M, pH=13 

• KCl, 0.1M, pH=7 

Nitrogen 
 

• KOH, 0.1M, pH=13 

• KCl, 0.1M, pH=7 

Table 4.1: overview of the in-situ Raman experiments presented in this chapter. 
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4.3 Results and discussion 

4.3.1 Static cell 

The results of the experiments for the static cell, aimed at proving the feasibility of the 

experiments, are showed in this section. Both excitations at 532 nm and 638 nm were exploited 

for the study. Pristine Raman spectra of P-75, P-100 and their precursor P(NDI2OD-T2) show the 

same spectral features, as they share the same backbone and only the percentage between the 

ratio of glycol and alkyl chains changes. A comparison of the pristine spectra of P-75 and P-100 

with N2200 is showed in Figure 4.8. 

 

Figure 4.8: Comparison of pristine P(NDI2OD-T2), P-75 and P-100 (a) with excitation wavelength 

514nm (for P(NDI2OD-T2)) and 532nm and a zoom (b), with excitation wavelength 638nm (c) and 

zoom (d). 
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The results presented in Figure 4.9 show results for P-75 with NaCl 0.1M as electrolyte, using up-

down potential swipe.  

 

Figure 4.9: On the left, top panel: P(NDI2OD-T2):DIPhBI, MR=1, annealed for 6h at 110°C, acquired 

with the 514nm excitation wavelength; bottom panel: P-75 doped with NaCl, in the static cell 

setup, acquired with the 532nm excitation wavelength. On the right: CV and voltage swept are 

reported. Cyclic Voltammetry was performed up to -0.5V. Raman bands of the pristine polymer, 

assigned in32, are highlighted by black dotted lines. Polaronic features are highlighted in red. 

 

Cyclic Voltammetries were performed before and after Raman measurements, up to -1V. No 

significant changes are observed, meaning that the sample is stable, and the measurement is 

repeatable. The upper and lower area of the CV is comparable, and the anodic and cathodic peak 

shift is visible but not significant, indicating that the process is quasi-reversible. 



100 
 
 

 

 

The Raman spectra series is reported on the left, showing only the initial and final 0V spectra. The 

intermediate measurements at 0V were omitted in the figure, as the spectral features were 

stackable with the initial and final 0V measurement. 

At lower voltages (<-0.4V), no differences in the spectral features can be highlighted with respect 

to the 0V spectrum. However, when the voltage reaches -0.5V, two new bands arise at 1360 and 

1610 cm-1. By incrementing the negative voltage, polaronic signature bands, already described in 

Chapter 2 (Figure 4.9, top left panel), arise, as: 

1. the broadening and shift of the triplet bands of the pristine polymer at 1406,1434 and 

1464 cm-1 

2. formation of new bands at 1360 cm-1, 1535 cm-1 and 1583 cm-1 

3. decrease in intensity/ disappearance of the bands of the pristine polymer at 1610 and 

1708 cm-1 

4. disappearance of 1306 and 1107 cm-1 Raman bands  

When using a ladder potential, the same vibrational characteristics are highlighted during the 

potential sweeping down (from 0V to -1V) (Figure 4.10, spectra from top to -1V dark blue one). 

The ladder potential allows studying the reversibility of the doping when the negative potential is 

applied for a considerable amount of time (a few minutes), as the potential is also reversed (range 

[-1, 0] V) (Figure 4.10, from dark blue middle spectrum at -1V blue to the bottom one). The doping 

is mostly reversible with one-to-one potential correspondence (same spectral differences 

between a voltage and same potential “reversed”). Slight changes in the potential -0.6V and 

reverse, as well as -0.7V and reverse can be individuated. By comparing the two latter (-0.7V and 

reverse), it is evident that the spectrum at -0.7V still shows the presence of the triplet band 1464 

cm-1, whereas in the -0.7 reverse data the spectral features correspond to a fully polaron doped 

sample (broadening of the triplet etc.). Moreover, -0.6V reverse is still showing all the polaronic 

bands, with negligibly weak bands of the pristine polymer, which start to emerge at -0.5V reverse. 

The overall doping is completely reversible, but the potential does not completely coincide. This 

behavior could be explained by the swelling and speed of response of the material to the applied 

voltage, as the negative potential is kept for a long time, allowing the water intake in the polymer 
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to be greater than the case analyzed in Figure 4.8. The overall performance of P-75 during 

electrochemical doping is outstanding, completely reversible, and a good doping level is reached.  

 

Figures 4.10: P-75 doped with NaCl, in the static cell setup, acquired with the 532nm excitation 

wavelength. The CV and voltage swept are also reported on the right. Cyclic Voltammetry was 

performed up to -0.5V. The spectra were acquired from top to bottom. Polaronic features are 

highlighted in red. 

 

A direct comparison with the spectra of N200 chemically doped with DiPrBI, presented in Chapter 

2, showed in Figures 4.11 and 4.12, further highlights the similarities in the spectra obtained by 

different doping methods. 
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Figure 4.11: comparison between chemical doping at MR=0.14 (top, green spectrum) and 

electrochemical doping at -0.4V voltage (bottom, light blue spectrum), acquired with the 532nm 

excitation wavelength.    

 

Both P-100 and P-75 samples can be compared with chemically doped spectra of P(NDI2OD-T2), 

with the only change of the onset voltage for polaron formation, as reported below in Table 4.2. 

Spectral features of N2200 samples, chemically doped with different percentages as showed in 

Chapter 2, are directly compared to the ones of electrochemically doped P-75 and P-100. We 

report in Table 4.2 the voltage range corresponding to Raman spectra with features closely 

resembling (bands intensity pattern) to the chemical features, observed at the selected doping 

percentages, e.g. to different molar ratios (MR).   
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MR=0.14 -0.4V [-0.4V, -0.6V] 

MR=0.42 [-0.5V, -0.6V] -0.7V 

MR=1.00 [-0.7V, -1V] [-0.8V, -1V] 

Table 4.2.: comparison of Raman features of chemical and electrochemical doping onset voltages.  

 

The differences in the on-set voltage might be due to the swelling and stability of the polymer, as 

P-100 is less stable than P-75 and tend to swell more, thus degrading faster, affecting ion 

intercalation in the polymer. It is worth noting that the spectra of the chemically and 

electrochemically doped polymer show the same spectral changes upon polaron formation, 

indicating that the assumption made in Chapter 2 on polaron localization on the NDI unit are also 

valid in this scenario. Moreover, it further demonstrates that these spectral changes are not 

related to the polymer-dopant coupling, but to the charge defect created on the polymeric chain, 

as they are independent from the doping method.  

More electrolytes were exploited in this preliminary study, as glucose with either Glucose Oxidase 

and hydrogen peroxide. The study of these electrolytes on n-type OSCs, working in water 

environment is a fundamental step toward biological sensing, while many p-type materials are 

already explored, as reported in the introduction of this chapter.  
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Figure 4.12: comparison between chemical doping at MR=0.43, 1.00 (top and bottom, green 

spectrum) and electrochemical doping at [-0.5, -1] V voltage (bottom, light blue spectrum), 

acquired with the 532nm excitation wavelength. Polaronic features are highlighted in red. 

 

The results, described in this section, were acquired using P-100.  Figure 4.13 shows the spectra 

for P-100 doped with glucose and Gox. As described above, the solution of Gox was added inside 

the cell and monitored for a couple of minutes, then glucose was added, as showed in the lower 

right panel of Figure 4.13, which represents the monitoring of OCV when glucose is added. A step 

is visible when the solution is inserted in the cell; then, if the potential remains stable and reaches 

a plateau, the voltages swept can start. Raman spectra and the spectral difference between the 

0V and each voltage are also highlighted. The change of electrolyte does not affect the polaron 

structure (the spectral features of the polaron are the same as those already observed) but the 

onset voltages, corresponding to a polaron spectrum with no pristine features, is formed at -0.9V. 
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The analysis of the CV (upper right panel, acquired up to -0.5V), shows a drop in current intensity 

before and after the electrochemical doping (change in the areas and shift of the cathodic/anodic 

peak) meaning that the doping process is irreversible, probably due to degradation and swelling 

of the polymer upon ion intake. A further confirmation of the degradation of the sample after the 

cycle of measurements is the detachment of the polymer from the surface, visible by eye after 

drying the sample. Despite the Raman features remain reversible during one electrochemical 

cycle, the quality of the film and the CV indicate that this material, under these experimental 

conditions, cannot uptake many electrochemical cycles. 

Evidence of a similar behavior are shown in Figure 4.14, for a P-100 sample doped with the blend 

of glucose and H2O2. In this case, the polaronic formation is further delayed, at -1V. The cyclic 

voltammetry area decreases upon doping, similarly to the previous case. Both glucose electrolytes 

tend to hinder the formation of the charge defect, slowing the response of NDI-based polymers 

to the applied voltage. 

A less reactive electrolyte, PBS, was also exploited. The spectra and cyclic voltammetry are 

showed in Figure 4.15. As expected, the spectra do not present features of the doping as 

pronounced as the other experiments. At high voltages applied (-0.9V, -1V), the bands at 1535 

and 1360 cm-1 start to arise, but no other polaronic signatures (broadening of the triplet etc.) can 

be individuated, as expected.  



106 
 
 

 

 

 

Figure 4.13: P-100 doped with Gox and glucose, in the static cell setup, acquired with the 532nm 

excitation wavelength. The CV and voltage swept are also reported at the bottom right. Cyclic 

Voltammetry was performed up to -0.5V. The spectra were acquired from top to bottom; 
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difference spectra between spectra recorded at different voltages and the spectrum at V=0 is also 

reported. OCV was monitored upon insertion of glucose in the Gox electrolyte and is reported in 

the bottom left. 

 

 

Figure 4.14: P-100 doped with Gox and H2O2, in the static cell setup, acquired with the 532nm 

excitation wavelength. The CV and voltage swept are also reported on the right. Cyclic 

Voltammetry was performed up to -0.5V. The spectra were acquired from top to bottom.  

Polaronic features are highlighted in red. 
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Figure 4.15: P-100 doped with PBS, in the static cell setup, acquired with the 532nm excitation 

wavelength. The CV and voltage swept are also reported on the right. Cyclic Voltammetry was 

performed up to -0.5V. The spectra were acquired from top to bottom. Polaronic features are 

highlighted in red. 

 

The results for 638 nm excitation wavelength are reported in Figures 4.16, 4.17, 4.18 for NaCl, 

glucose with Gox and glucose with H2O2. Both Raman and CV data are compatible with the 

measurements performed at 532nm Raman excitation. The main difference in the Raman data is 

the absence of the band at 1535 cm-1, which is only present at 532 nm excitation wavelength. This 

behavior could be explained by resonance effects, which favors the polaron transitions when the 

532nm excitation wavelength is applied and the bipolaronic ones with the 638nm. Polaronic and 

bipolaronic (not visible in this case) band intensities are subjects to variation, modulated by the 

change of wavelength. From the experimental evidences presented, it seems that the 638nm 

excitation wavelength is not suitable to show all the polaronic marker bands. 
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Figure 4.16: P-100 doped with NaCl, in the static cell setup, acquired with the 638nm excitation 

wavelength. The CV and voltage swept are also reported on the top right. Cyclic Voltammetry was 

performed up to -0.5V. The spectra were acquired from top to bottom, difference between 

spectra different voltages and the spectrum at V=0 are also reported.  Polaronic features are 

highlighted in red. The 1535 cm-1 polaronic vibrational band, not visible with the 638nm excitation 

wavelength, is highlighted in grey. 
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Figure 4.17: P-100 doped with Gox and glucose, in the static cell setup, acquired with the 638nm 

excitation wavelength. The CV and voltage swept are also reported on the right. Cyclic 

Voltammetry was performed up to -0.5V. OCV was monitored upon insertion of glucose in the 

Gox electrolyte and reported in the top right. Polaronic features are highlighted in red. 
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Figure 4.18: P-100 doped with H2O2 and glucose, in the static cell setup, acquired with the 638nm 

excitation wavelength. The CV and voltage swept are also reported on the right. Cyclic 

Voltammetry was performed up to -0.5V. Polaronic features are highlighted in red 

 

As stated before, the presence of oxygen in the electrolyte hinders the formation of the bipolaron, 

although polaronic features are still observed. To observe bipolaronic features in the Raman 

experiments, data acquired with the flow cell are now analyzed. 
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4.3.2 Flow cell 

Two electrolytes with different pH were chosen, namely KCl and KOH (neutral and acidic 

electrolyte), to exploit possible differences in the behavior of the polaronic and bipolaronic bands 

of p(gNDI-T2). Nitrogen and oxygen saturated electrolytes were used for the experiments, to 

study both cases in a controlled environment, and will be showed in this section. At the end of 

the section, I will provide additional data with a finer voltage swept, to reach a better knowledge 

of the onset voltages for the polaronic and bipolaronic features.  

Figure 4.19 show the Raman series of P-75 immersed in KCl, saturated with nitrogen, acquired 

with the 532 nm excitation wavelength. The polaronic features can be individuated when a 

voltage of -0.7V is applied (red dashed lines). When the voltage reaches -1V new changes of the 

spectrum can be detected in the spectrum, highlighted with green dashed lines, which do not 

correspond to either the charged polaron vibrational features nor to those of the pristine 

polymer. In particular, the following changes, which we assign to the bipolaron spectrum should 

be noted:  

• A new band arises at 1446 cm-1, in the middle of the broad feature coming by the triplet 

of the pristine polymer 

• A shoulder can be individuated at 1419 cm-1 

• A new band arises at 1344 cm-1, close to the polaronic band at 1370 cm-1 

• A new band arises at 1137 cm-1 

• Decrease in intensity/disruption of the polaron bands at 1583 and 1535 cm-1 is observed 

At the bottom of Figure 4.19, the voltage swept and images of the surface of the sample were 

acquired with the Raman optical microscope. The images at -1V does not show an evident 

degradation of the surface of the sample. 

A finer swept of the potential (ΔV=0.1V), Figure 4.20, allows understanding the onset potential 

for polaronic and bipolaronic features. Initial changes in the spectra are visible at -0.4V, which is 
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a lower voltage than the corresponding onset for the static cell. This behavior could be again 

ascribed to the presence of oxygen in the latter experiments, partially making the formation of 

the bipolaron slower. The polaron is completely formed between -0.6V and -0.7V. At -0.7V the 

bipolaronic features start to be visible, and the bipolaron is completely formed for voltages higher 

than -0.8V.  

UV-Vis spectroelectrochemical data, not showed in this dissertation, acquired by PhD candidate 

Ana La Fuente Durand (Stanford university, Chueh group), further confirm these data regarding 

the onset voltages for polaron and bipolaron formation. The spectroelectrochemical features 

present a peak around 500 nm ascribed to the polaron formation and a secondary peak that arises 

when the bipolaron is formed around 650 nm.  
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Figure 4.19: P-75 doped with KCl saturated with nitrogen, in the flow cell setup, acquired with the 

532nm excitation wavelength. In the middle of the image, the voltage swept and at the bottom 

images of the sample surface, acquired with the Raman optical microscope at 0V and -1V (bottom 
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left and right, respectively) are showed. Polaronic features are highlighted in red and bipolaronic 

features are highlighted in green. 

 

Figure 4.20: P-75 doped with KCl saturated with nitrogen, in the flow cell setup, acquired with the 

532nm excitation wavelength. The voltage step between measurements is set at -0.1V. Polaronic 

features are highlighted in red and bipolaronic features are highlighted in green. 

 

It is interesting to point out the trend of the band of the pristine polymer at 1706 cm-1 when the 

voltage is increased. The band is present until the maximum concentration of polarons is reached, 

then is not visible anymore. This could mean that the majority of the polymer units contain one 

(polaron) or 2 (bipolaron) charges, namely that the pristine units ratio to the doped ones is 

negligible. Moreover, resonance effects with polaron and bipolaron, occurring at 532nm and 
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638nm excitation wavelengths respectively, could enhance charge defect related features with 

respect to the pristine ones.  

Similar experiments conducted with oxygen saturated KCl are reported in Figure 4.21, with 532nm 

excitation wavelength. Not many changes in the spectral features can be emphasized, except a 

little modification in intensity ratio for the triplets’ bands around 1450 cm-1, as well as a hint of 

the formation of the signature polaronic band at 1583 and 1360 cm-1 at -1V. This indicates that, 

despite the presence of a considerable amount of oxygen in the electrolyte, the polaron is still 

forming. This result agrees with the data presented for the static cell and the UV-Vis data acquired 

in the same experimental conditions.  

The CV reported in Figure 4.21 is highly affected by the presence of oxygen both before and after 

the voltage swept. The shape of the cyclic voltammetry, highly asymmetrical, indicates that the 

reaction is irreversible. When compared to data acquired with the static cell, in a neutral 

electrolyte (namely NaCl), the area of the CV is quite smaller, indicating that the solution contains 

higher oxygen quantities. This explanation could also be valid for the higher voltage onset with 

respect to the static cell case and the “incomplete” polaronic spectral features showed in the flow 

cell experiments, as if the polaron formation and the oxygen presence were inversely correlated.  
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Figure 4.21: P-75 doped with KCl saturated with oxygen, in the flow cell setup, acquired with the 

532nm excitation wavelength. The voltage step between measurements is set at -0.1V. The sets 

of cyclic voltammetry acquired before and after the electrochemical doping are reported on the 

right. Polaronic features are highlighted in red and bipolaronic features are highlighted in green. 

 

The same series of experiments was conducted using KOH as electrolyte. Figure 4.22 shows the 

results for a P-75 sample electrochemically doped up to -1V, acquired at 532 nm excitation 

wavelength. The polaron and bipolaron vibrational features correspond to the ones of P-75 doped 

with KCl, and the doping and dedoping process is reversible (CV features). The voltammogram 

before the measurements was taken up to -0.5V, whereas the one after the voltage swept up to 

-1V, to have a broader characterization of the cyclic voltammetry and the two reduction peaks. 
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The cyclic voltammetry indicates that the reaction is overall reversible, despite a little asymmetry 

in the CV features, that could be a sign of degradation due to the more acidic nature of the 

electrolyte, with respect to more neutral counterparts (KCl/NaCl, see CV in Figure 4.22) Images 

acquired with the Raman optical microscope are also reported, at 0V and -1V. The image at -1V 

presents many bubbles, which were not visible in the NaCl images, a further confirmation that 

KOH affects the quality of the film.  

Figure 4.23 reports the data acquired in a KOH oxygen saturated electrolyte. The data are 

compatible with the KCl ones, as minor changes occur in the spectral features and the 1583 and 

1360 cm-1 polaronic features are only present when higher voltages are reached (namely -1V).  

In conclusion, when oxygen is present, polaronic features usually appeared at higher voltages 

than in nitrogen saturated experiments; moreover, bipolaronic features are not observed.  

A finer voltage swept (Figure 4.24), with steps of ΔV=-0.1V, was carried out to understand the 

voltages onsets for polaron and bipolaron for KOH saturated with Nitrogen. At voltages -0.4V and 

-0.5V, 1535 and 1360 cm-1 vibrational bands start to arise, and the spectral features are in a hybrid 

situation between polaronic and pristine regime. At -0.6 and -0.7V, the polaron is completely 

formed, and all its vibrational characteristics are present, whereas bipolaronic features are noted 

for higher voltages (red arrows). The onset voltage for charge transfer is similar to the KCl case, 

confirmed by UV-Vis data. The material is very stable and reversible, as confirmed by both the 

cyclic voltammetries acquired before and after the voltage swept (Figure 4.24, upper right corner) 

and the reversed voltages data conducted in the same experiment. 
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Figure 4.22: P-75 doped with KOH saturated with nitrogen, in the flow cell setup, acquired with 

the 532nm excitation wavelength. The cyclic voltammetry acquired before and after the voltage 

swept is reported on the right of the image. At the bottom images of the sample surface, acquired 

with the Raman optical microscope at 0V and -1V (bottom left and right, respectively) are showed. 

Polaronic features are highlighted in red and bipolaronic features are highlighted in green. 
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Figure 4.23: P-75 doped with KOH saturated with oxygen, in the flow cell setup, acquired with the 

532nm excitation wavelength. The voltage swept is reported on the right. Polaronic features are 

highlighted in red and bipolaronic features are highlighted in green. 
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Figure 4.24: P-75 doped with KOH saturated with nitrogen, in the flow cell setup, acquired with 

the 532nm excitation wavelength. Spectra corresponding to voltage swept from 0V to -1V are 

reported on the left, the ones corresponding to -1V to back to 0V (reverse cycle) on the right. 

Polaronic features are highlighted in red and bipolaronic features are highlighted in green. The 

voltage swept is reported at the bottom of the figure, before and after the electrochemical 

experiments.   
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Resonant Raman experiments were conducted for experiments with KOH, to highlight possible 

changes in the bipolaronic features, as the 638 nm excitation wavelength is in resonance with the 

bipolaron electronic transition. The results for 638 nm are showed in Figure 4.25. The spectra of 

electrochemically doped samples with KOH saturated with nitrogen are reported in panel a. The 

first notable difference from experiments recorded with 532nm excitation is steep change of the 

background line, possibly ascribed to some fluorescence, due to the resonance with the bipolaron 

transition.  

The main vibrational bipolaronic features observed at 638 nm excitation are the same observed 

in the experiments at 532 nm, namely: 

1. A shoulder at 1448 cm-1, and new bands at 1420 cm-1, 1343 cm-1 and 1139 cm-1 are 

observed. 

2. The polaron bands at 1582 and 1535 cm-1 loose intensity  

3. The triplet characteristic of the pristine polymer further broadens, shifting its “center” of 

about 10 cm-1 toward higher wavenumbers. 

In panel b the oxygen saturated measurement is reported, where no changes in the vibrational 

spectra can be highlighted.  
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Figure 4.25: (a) P-75 doped with KOH saturated with nitrogen, in the flow cell setup, acquired 

with the 638nm excitation wavelength. On the right the voltage swept is reported, (b) P-75 doped 

with KOH saturated with oxygen, in the flow cell setup, acquired with the 638nm excitation 

wavelength. On the right the voltage swept is reported. 
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Finally, Figure 4.26 directly compares the bipolaronic spectra, acquired at -1V in KOH, for 532 

(resonant with the polaron absorbance) and 638 nm (resonant with the bipolaron absorbance) 

excitation wavelength. 

The spectra are normalized on the band peaking at 1370 cm-1 which intensity is due both to the 

polaronic vibrational feature and to a contribution by bipolaron (shoulder at 1344 cm-1) . A few 

differences between the spectra can be individuated. The polaronic vibrational modes at 1583 

and 1535 cm-1 give strong Raman lines in the spectrum acquired at 532 nm and weaken in the 

spectrum recorded at 638 nm excitation.  This is a confirmation that the 638 nm is no more in 

resonance with the polaron electronic absorption, but with a bipolaron transition. Because of the 

normalization adopted, the polaronic 1370 and the 1344 cm-1 bipolaronic bands seem to be 

unaffected by the different excitation energy, but changes can be individuated in the shape 

broadened triplet; moreover the 1137 cm-1 transition, assigned to the bipolaron defects is more 

pronounced in the spectrum recorded with excitation in the red. Two new features assigned to 

the bipolaron, namely the bands at 1419 and 1446 cm-1 are present in both spectra, as described 

above, with some differences. The 1446 cm-1 transition is more clearly detectable for the 

spectrum with excitation wavelength of 532 nm, probably because of the different shape of the 

broadened triplet in this region in the two spectra. 

For a better comparison of the spectral features and highlighting the effect of the experimental 

conditions on polaron and bipolaron formation, spectra at 0V, -0.5V, -0.7V and -1V are compared 

in Figures 4.27 and 4.28. Experiments with nitrogen and oxygen saturated electrolyte are showed, 

acquired with 532 and 638 nm excitation wavelength.  
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Figure 4.26: comparison of the P-75 electrochemically doped spectra acquired at -1V, with 

nitrogen saturated KOH, using 532 and 638 nm excitation wavelength. The figure provides a direct 

comparison of the polaronic and bipolaronic features in different resonance conditions. 
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Figure 4.27: comparison of the P-75 electrochemically doped spectra acquired, from bottom to 

top, at 0, -0.5, -0.7 and -1V, with nitrogen and oxygen saturated KOH, using the 532 nm excitation 

wavelength. Polaronic and bipolaronic features are highlighted in red and green, respectively. 

 

It is worth noting that the spectra acquired at 532nm, -1V in the oxygen saturated environment 

present similar spectral features to the one acquired at -0.5V, in the nitrogen saturated 

electrolyte. Polaronic features are present, together with pristine polymer features, showing that 

the polarons are forming, but the voltage or the experimental conditions do not allow reaching 

the maximum concentration. Moreover, in the set of spectra recorded with 638nm excitation in 

presence of oxygen, the polaronic features are not present even at -1V. This difference could be 

within the normal fluctuation of voltage for polaron formation, further confirming the results of 

the 532nm series. On the other hand, this behavior could be ascribed to the resonance for the 
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polaron features at 532nm, which is not effective when 638nm excitation wavelength is adopted, 

thus explaining the weakening of the polaronic marker bands. 

Moreover, the hydrogen peroxide strong peak at 880 cm-1 is not visible in any of the 

electrochemically doped Raman series, whereas hydrogen peroxide formation is confirmed by CV 

data. From the experimental evidence collected so far, it seems that hydrogen peroxide degrades 

the polymer and hinders charge defects formation, although it does not directly adsorbate on the 

polymer surface nor intercalates. Although these findings are an interesting starting point, more 

studies are needed to confirm these hypotheses.  

 

Figure 4.28: comparison of the P-75 electrochemically doped spectra acquired, from bottom to 

top, at 0, -0.5, -0.7 and -1V, with nitrogen and oxygen saturated KOH, using the 532 nm excitation 

wavelength. Polaronic and bipolaronic features are highlighted in red and green, respectively. 

 



128 
 
 

 

 

4.4 Conclusions and future developments 

In this chapter, signature Raman bands ascribed to the polaron and bipolaron are individuated 

through in situ measurements. The measurements were performed under different experimental 

conditions, using different electrolytes. Regardless of the electrolyte composition and acidity, 

similar vibrational features are individuated, with slight changes in the voltage onset. The main 

differences are highlighted by saturating the electrolyte with an inert gas or oxygen. The Raman 

data show that oxygen hinders the formation of the bipolaron even at high voltages applied. This 

is probably due to side reaction happening in the electrolyte, such as the formation of hydrogen 

peroxide. A direct comparison with the chemically doped N2200 spectra, showed in Chapter 2, 

confirms that the bipolaron formation does not take place in this case. In the last case, this could 

be due to several factors, such as the segregation of the dopant at high doping levels in the 

chemically doped samples. Differently, electrochemical doping can give rise to bipolarons 

formation and Raman measurements in resonance with the bipolaron absorption, show changes 

in the vibrational bipolaronic features. 

So far, the analysis of the Raman features ascribed to polarons and bipolarons has been done by 

means of empirical correlations of the spectroscopic data collected, while Quantum Chemical 

modelling is required for a detailed vibrational assignment of the polaronic/bipolaronic Raman 

peaks and for the rationalization of their modulation with the excitation wavelength.  It is worth 

noting that the polaronic Raman bands are independent from the doping method, namely the 

marker bands are the same for chemical and electrochemical doping and they do not depend on 

the chemical dopant species nor on the ions involved in the electrochemical process. For the 

above reasons, we can confidently correlate doping induced Raman bands the formation of 

charged defects on the polymer chain, characterized by their peculiar vibrational features. 

Moreover, P-75 and P-90, both considered at the beginning of this study, report similar polaronic 

features, whereas the main difference in their behavior can be imputed to the swelling of the 

materials during electrochemical doping.   

Further progress on the study of electrochemically doped n-type polymers includes a better 

understanding of their stability, swelling, ion transportation and other properties, but also an 
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additional development of the design of the flow in-situ Raman cell. As showed in Figure 4.29, we 

encountered some issues in the nitrogen saturated measurements, due to the presence of oxygen 

bubbles in the cell. The Cyclic voltammetry in the bottom left of the figure, as well as the absence 

of polaronic Raman features at high voltages (Raman data on the left side), clearly show the 

presence of oxygen inside the cell. After the bubble was cleared, we performed the swipe back of 

the voltage. Both the Raman measurements and the CV performed at the end of the experiments 

confirmed that the environment was oxygen free.  

 

Figure 4.29 P-75 doped with KOH saturated with nitrogen, in the flow cell setup, acquired with 

the 532nm excitation wavelength, when an oxygen bubble was present in the setup. On the left 
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spectra on when the voltage swept is applied are presented, on the right the spectra when the 

voltage was reversed. At the bottom CV during and after the presence of the oxygen bubble are 

reported. 
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Chapter 5: A combined use of EC-AFM and Raman 

spectroscopy:  HOPG modifications and porphyrin crystals 

dissolution in acid environment   

 

In this chapter I present an innovative combination of techniques to perform in-situ 

characterization of materials. The combination of electrochemical scanning probe microscopy and 

Raman spectroscopy allows performing a comprehensive study of organic compounds, taking into 

consideration the morphological as well as molecular changes during electrochemical processes. 

An explanation of the techniques, proof of concept measurements and future development is 

presented in this chapter. 

 

5.1 Introduction 

The study of the redox reactions affecting a material when subjected to electrochemical cycles is 

used for a wide range of technologies, from batteries to the food industry, fuel cells, 

electrochemical reactors and so on89–93. An essential aspect of these reactions is their property to 

be reversible under certain experimental conditions, constituting an asset in recycling processes, 

especially when organic materials are involved. A comprehensive in-situ study of these reactions 

is essential in understanding their kinetics and propose structure-property relationships for the 

materials undergoing these treatments. A very powerful technique to understand how the 

electrochemical reactions affect the morphology of the surface of the studied samples is 

Electrochemical Atomic Force Microscopy (EC-AFM)94–97. Many surfaces can be studied while 

undergoing an electrochemical treatment and high-resolution images of the surface changing can 

be acquired, at the nanometer length scale. The invention of Atomic Force Microscopy (AFM) by 

Binning, Quate and Gerber in 198698 has allowed the investigation of both conductive and 
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insulating samples. Depending on the type of substrate, resolution and desired information, many 

parameters can be changed to acquire images, as the tip type and material or the scanning mode. 

Images can easily be acquired in air, vacuum, and liquid. In this dissertation, I will focus on the 

Electrochemical AFM, working in liquid environment, aiming at studying the liquid-solid interface 

of samples during spontaneous or electrochemical reactions. 

Farrington’s group was the first to perform AFM measurements inside an electrochemical cell in 

1993 studying the morphological evolution of graphite and copper used as working electrodes in 

a chloride-based electrolyte, during electrochemical dissolution and deposition of copper97.  

One very interesting system to study with EC-AFM is the detriment of carbon electrodes in acidic 

environment99. Carbon electrodes, as graphite, pyrolytic graphite, highly oriented pyrolytic 

graphite (HOPG), glassy carbon, carbon foam, graphene, buckypaper, play a major role in energy 

storage and conversion research95,100, as well as numerous other fields thanks to their outstanding 

properties97,101,102, as their easy tunability and functionalization, mechanical properties and more.  

At SoLINano laboratory, situated at Politecnico di Milano, we recently used EC-AFM to test the 

quality of many electrodes as well as their properties when working in contact with an acid 

electrolyte. The results of this study were compared to the performance of HOPG, as one of the 

most studied and used form of carbon in electrochemistry for EC-SPM103 (see Attachment C).  

Polycrystalline HOPG consists of a polycrystalline material composed of graphite monocrystals. 

The latter consist of graphite grains of different sizes, with different orientation. The degree of 

orientation among crystals, and consequently the HOPG quality, is controlled trough the mosaic 

spread parameter.  Its layered structure results in an easy exfoliation of the material in the 

direction perpendicular to the basal planes. Because it is easy to peel the surface and obtain a 

clean, atomic-flat surface, HOPG represents an excellent candidate for AFM imaging. However, 

the HOPG stratified structure causes ions from the electrolytes to intercalate between the 

graphite layers. The presence of water inside the graphite layers leads to the formation of gasses 

(CO, CO2 and O2), which are responsible to the swelling of the HOPG surface (blister formation)104. 

Murray et al.105 proposed the first model to explain blisters formation in the HOPG layers, 

composed of 3 steps. This model explains the main mechanism to form blisters, which were 
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considered an indication of anion intercalation, but it leaves a few questions open, as the kinetics 

and conditions of blister formation. A work by Bussetti et al.106 revealed how the Cyclic 

Voltammetry speed can hinder blisters formation, despite leaving the characteristic features of 

intercalation in the Cyclic Voltammetry intact. This result led to a follow up work attempting to 

understand if the CV speed could suppress the intercalation itself107, in which X-ray photoemission 

spectroscopy (XPS) analysis was performed on the samples to further analyze the composition of 

the HOPG surface after the immersion in acidic electrolytes and subjected to CV. We performed 

experiments using both a standard CV speed (25mV/s), where we observed blister formation as 

expected, and a higher one (600 mV/s), where no blisters were observed. Samples undergoing 

the same electrochemical treatments show no changes in the XPS patterns. The XPS experimental 

evidences, together with the CV results, proved that anion intercalation still occurs varying the 

electrochemical scanning parameters, as velocity and pH of the acid solution, and it is not directly 

related to morphological changes on the samples (blister formation). This result is not only 

interesting to understand the kinetics of blister formation, but also to point out the degradation 

effects on exposed electrode surface (see Attachment D). 

Despite EC-AFM being a remarkable asset in surface characterization, it does not provide 

information on what happens at the molecular scale. As proven in the previous chapter, Raman 

spectroscopy allows to characterize the composition and structural changes of a material, 

following the evolution of the vibrational spectrum at the liquid-solid interface. This non-invasive 

technique can be coupled with EC-AFM to study the behavior of organic materials in various 

electrolytes, from acid solutions to water, making it suitable for a large variety of samples, 

including biological tissue108.  

In 2016, Castiglioni et. al109 presented a comprehensive study of the effect of phosphoric acid 

solution on HOPG comparing EC-AFM data with ex-situ Raman spectra acquired at different 

excitation wavelengths. This preliminary work highlighted the presence of a surface layer of highly 

disordered graphitic phase after electrochemical experiments.   

Another interesting work by Duo’ et at110 combines EC-AFM with in-situ Raman to observe a 

intermediate phase in HOPG undergoing acidic EC treatments, described as incipient 
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intercalation, below the potential at which graphite intercalation occurs. This result is described 

as the creation of a charge transfer complexes between anions and HOPG layers.  

Prevention of graphite oxidation during electrochemical processes in acid electrolytes is a 

fundamental step to prevent electrodes damage. One way to achieve this goal is through 

deposition, on top of the electrode itself, of an organic molecule layer, which should be both 

water and acid resistant. A suitable species for this role is the porphyrin molecule, thanks to the 

tunability of its chemical properties by changing its functionalization111.  

 Through the combination of ex-situ Raman, EC-AFM and other techniques we studied the 

mechanism of crystal dissolution in porphyrins. In particular, we analyzed the phenomenon of the 

spontaneous dissolution of porphyrin crystals in acid solutions: this study does not exploit the 

application of CV cycles but make use of the EC-AFM cell to perform AFM analysis in liquid.  The 

porphyrins crystals are deposited on HOPG: when an acid is added on the substrate, crystal 

dissolution could occur, depending upon the functionalization and concentration of the 

porphyrin. The dissolution mechanism as a function of pH and solvent has already been 

extensively studied and modeled in literature on a multi-scale112–114, through various 

techniques.115–123 According to these models, dissolution of crystals happens near a terrace or a 

crystal defect, forming etch-pits, when certain experimental conditions occurs (i.e. solvent 

undersaturation). The so-called etch-pits are depressions caused by preferential etching in small 

areas, whose shape and sizes could be related to the intrinsic properties of the crystal124. By 

extensively studying the behavior of H2TPP deposited on HOPG in a diluted acidic solution, we 

tried to understand the dissolution phenomenon at the nanoscale, giving an insight into the 

formation of crystal pits. For this work, we opted to perform the Raman experiments ex-situ, as 

the in-situ apparatus was not available yet in the laboratory. To combine the techniques, a 

reference Raman “pristine” spectrum of the film and the porphyrin powder were acquired. EC-

AFM experiments were performed in-situ, then dried samples after the electrochemical and AFM 

scanning were analyzed at the Raman spectrometer.  The main rationale for these experiments 

was to validate the interest in combining the techniques to study these samples. 
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5.2 Experimental methods 

5.2.1 Sample preparation 

Porphyrins layers were deposited on a z-grade Highly Oriented Pyrolytic Graphite (HOPG) 

purchased by Optigraph (0.2cm2). The substrate surface was exfoliated before each 

measurements using an adhesive tape. Sulfuric acid (H2SO4,1M, de-aerated in argon) was used as 

solution. H2TPP films are grown by physical vapor deposition (PVD, layer-plus-island growth 

mode) with a growth rate of 0.4–0.5 Å/s.  The thickness of the film is calculated from the time-

integrated molecular flux, and it is calculated to be approximately 20 nominal layers. 

 

5.2.2 EC-AFM measurements 

The apparatus used for the measurements consists of an Atomic Force Microscope (AFM) 

integrated with a 3-electrode cell, represented in Figure 5.1. 

The material used to build the cell needs to be resistant to acid environment, without any affect 

to the mechanical stability of the cell, and preferably being low-cost. For these reasons, 

polytetrafluoroethylene (PTFE) is generally the preferred choice. The sample acts the working 

electrode (WE) in this setup, the reference electrode (RE) is usually made of AgCl or Platinum and 

the counter auxiliary electrode (CE) of platinum. The electrolyte is inserted on the sample from 

the top of the setup, inside the electrochemical cell. The AFM works as passive elements in this 

setup, as it is not biased but simply monitors the changes occurring on the surface.  

The bias is directly applied to the sample by a potentiostat, which is able to perform cyclic (CV) or 

pulse voltammetry (NVP). These electrochemical techniques, in particular the CV, are discussed 

in Chapter 4. The electrolyte needs to be chosen carefully, as it need to be optically transparent 

allowing the laser to reach the AFM tip and register its deflection, without affecting the reading 

on the photodiode. The right opacity is usually reached using diluted solutions. 
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Figure 5.1: Schematic representation of the three-electrode electrochemical cell used to acquire 

in-situ AFM images. The sample is positioned under the cell and acts as WE.  

 

The EC-AFM apparatus is a Keysight 5500, with a reference and counter electrodes both made of 

a 0.25 mm Platinum wire. A Vition O-ring is placed between the cell and the sample, to avoid any 

leakage of the electrolyte. The cell nominal capacity is about 1 ml.   

The sample mounted on the electrochemical cell is then clipped onto the main sample holder of 

the apparatus, as shown in Figure 5.2. 

A very important precaution in choosing the right (diluted) acid solution needs to be addressed 

to the AFM scanner and cantilever, which might be ruined by acid solutions. For this reason, the 

scanner needs to be protected. 

The images were collected using the non-contact acquisition mode with specific tips for tapping 

measurements (NanoandMore, Poinprobe plus, silicon tip coated with Al on detector side).  The 

resonance frequency of the tip was recorded at 130kHz in liquid. The largest scan area for these 

measurements was of (6 × 6) μm2 and images were acquired with a frequency of about 1 mHz, as 

the low scan rate to avoid damaging of the porphyrin crystals.  
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Figure 5.2: Picture of the sample of H2TPP mounted on the sample holder. The film is protected 

by a layer of PTFE, leaving a hole of 1mm diameter to perform measurements, visible in the center 

of the purple porphyrin layer.  

 

 

5.2.3 Raman measurements   

Raman spectra were acquired using a Jobin Yvon Labram HR800 Raman spectrometer. A 50x 

objective mounted on an Olympus BX41 microscope, in backscattering geometry, was used for 

the measurements. The excitations lines of 457.9 nm and 514 nm (Ar+ laser) were selected, 

setting the laser power at 0.2 mW, to prevent sample degradation. As the noise of the acquired 

spectra can be reconducted to the low thickness of the film, spectra of the porphyrin powder 

were collected as well, to facilitate the peaks assignments.  

 

5.3 Results and discussions 

AFM images were acquired on H2TPP films as casted (Figure 5.3, (b)) and in diluted H2SO4 solution 

with pH=3,2,1,0 (Figure 5.3 (c), (d), (e) and (f), respectively, see Attachment E125). The H2TPP film 
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as casted shows well defined crystallites, with many edges of 90°. An interesting parameter that 

can be calculated from AFM images is the roughness. The roughness of the surface can be 

estimated using various methods, from the cross-sectional profile of the image (line) or the 

surface (area)126. Resulting from a statistical analysis of the sample, it gives a mean value, 8 nm, 

in this work. The number of crystallites on the film is approximately 40 ± 10 crystals/µm2, and 

their lateral size is around 10-100 nm. This crystal distribution allows to monitor the changes on 

the surface of hundreds of crystallites, providing a good statistic to validate the study. When the 

porphyrin is in contact with the H2SO4, an oxidation process takes place, proportionally to the pH 

of the solution. The lower the pH, the more efficient is the dissolution reaction of the porphyrin 

film. This is particularly evident from the images at different pH in Figure 5.3, especially by 

comparing pH=3 (c) and pH=0 (f). The latter completely dissolves the crystals, while at higher pH 

the dissolution happens at a slower rate, allowing the monitoring the kinetics through AFM with 

time.  

A more careful look at the image at pH=0, i.e. when all the crystals are dissolved (Figure 5.3, (f)), 

shows that the morphology is different than mere HOPG (Figure 5.3, (a)). In fact, the steps typical 

of HOPG are not visible, and the sample roughness changes, showing that a layer of porphyrins 

are still present at the surface. Intermediate pH values allow monitoring the surface with time 

(cases of pH=3,2,1, Figure 5.3(c), (d), (e)). The case of pH=3 shows etch pits forming on the 

crystallites, as a consequence of molecule oxidation, while the pits become bulges in pH=1. The 

image acquired at pH=2 represents a mix of pH=1 and 3, as it shows at first the formation of pits, 

but after a few minutes the pits are abruptly substituted by bulges.  

In an effort to monitor and explain the differences in the AFM imaging, giving an insight of the 

kinetics of the molecule oxidation formation on the molecular level, Raman ex-situ spectra were 

acquired. 514 and 458 nm excitation wavelengths were chosen to monitor changes in the spectra 

with the wavelength, but only the spectra at 458 are reported here. I first report a reference 

spectrum of an isotropic porphyrin sample (powder, Figure 5.4 (a), (b), bottom dark blue spectra). 

A few differences from the spectra of the isotropic and not-isotropic (film) samples (Figure 5.4 

(a), (b), top blue spectra) can be easily detected and are reported as following: 
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(i) only the low component of the doublet 196-211 cm-1 is present in the porphyrin film 

(ii) the 330 cm-1 Raman line is reduced in intensity in the film 

(iii) a broad feature at 415 cm-1 appears in the film 

(iv) the Raman modes 410, 448 and 494 cm-1 disappear in the film 

(v) These differences between the two spectra of the pristine materials can be ascribed to a 

preferential orientation of the porphyrin films on the HOPG substrate, as confirmed 

by the AFM images before the treatment in acid (Figure 5.3 (b)). The immersion in 

acid has a first visible effect on the Raman spectra, as the signal to noise ratio is highly 

reduced after the immersion in H2SO4 (Figure 5.4 (c), (d), top light blue spectra). As 

the spectra were acquired under the same experimental conditions and using the 

same parameters, this could be an indication that the film is somehow affected by 

the acid, as less material is present or more defects (pits/ bulges) appear on the 

surface. Interestingly, no changes regarding the peaks position or their relative 

intensity is observed after the immersion in acid. An interesting work  
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(vi)  

Figure 5.3: In this panel AFM images of (a) HOPG in air107, H2TPP (b) in air, in H2SO4 with (c) pH=3, 

(d) pH=2, (e) pH=1, (f) pH=0 are shown107,125.  
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by Gorsky127 indicates that the molecule oxidation process deeply affects the Raman bands of the 

film, which does not happen in this case. As no typical marker band of molecule oxidation are 

observed, we can conclude that the molecule oxidation process does not affect the bulk of the 

material, but only the solid-liquid interface. A better understanding of this process could, 

therefore, be acquired using in-situ experiments while monitoring AFM images. 

 

 

Figure 5.4: Raman spectra of H2TPP are shown as follows: (a) comparison between powder 

(bottom dark blue spectrum) and thin film deposited on HOPG (top blue spectrum) and (b) a 

zoom, (c) comparison between the thin film deposited on HOPG (bottom blue spectrum) and the 

dried film after the experiments at pH=1 and (d) a zoom 
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5.4 Conclusions and future developments 

The case study of the kinetics of H2TPP crystal dissolution in acidic environment shows how the 

combination of in-situ Atomic Force Microscopy and Raman techniques can already enhance the 

understanding the dissolution process. A deeper and better insight on what is happening at the 

molecular level, can be achieved using in-situ Raman techniques combined with AFM. An 

interesting combination of Raman spectroscopy and EC-AFM is the Tip-Enhanced Raman 

Spectroscopy (TERS) being able to give chemical and morphological information with high spatial 

resolution (nanoscale)128,129. By using a metal tip (typically gold), the Raman signal can be 

enhanced. The enhancement mechanism is thought to be a chemical (charge transfer) and 

electromagnetic (plasmonic resonance) phenomenon connected to the geometry and material of 

the tip. Despite TERS (and generally Raman spectroscopy) is a well-known and spread technique, 

the combination with Electrochemistry is quite new, as the first measurements were conducted 

by two separate groups in 2015130,131. By conducting in-situ Raman while scanning the surface of 

the film, variations in the chemical composition of the porphyrin/HOPG film at different pH could 

be monitored, in function of time and a more detailed study could be performed at pH=1 when 

pits become bulges.  The combination of Raman spectroscopy and EC-AFM is therefore a powerful 

tool to explore the liquid-solid interface of various substrates, from biological tissue, to polymers, 

and more, giving a complete study of the sample from the molecular level to the nanoscale 

morphological details. 
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Conclusions 

This thesis work is focused on establishing structure-property relationships on doped 

semiconducting polymers mainly using vibrational spectroscopy techniques. Specifically, the 

vibrational fingerprints of doping induced charge defects were unveiled and correlated with 

charge transport properties. This work aims at providing spectroscopically based experimental 

tools to characterize organic polymers and their properties upon doping, in an effort to better 

understand the characteristic of the charge carriers in the perspective of realizing more 

performant materials and devices. Environmental factors, as the exposure to oxygen or the effect 

of post-processing (e. g. annealing temperature), as well as different dopants and doping methods 

were taken into consideration. DFT calculations and experimental techniques, from structural 

(GIWAXS) to electrochemical and surface characterization (AFM) were also presented in support 

to the interpretation of the data presented in this dissertation.  

A first analysis, presented in Chapter 2, focused on polaronic features using vibrational 

spectroscopy on the well know P(NDI2OD-T2) n-type polymer, chemically doped. This study 

presents an effort to reach the same level of knowledge on polaronic vibrational features as their 

p-type counterparts. The joint use of infrared spectroscopy and Resonance Raman experiments, 

with DFT calculations, corroborated the hypothesis that the charge transport mechanism 

dominating in P(NDI2OD-T2) is the hopping of the charge specie between different chains, and 

the charge defects are mainly localized on the NDI2OD unit. In this chapter the chemical doping 

method was adopted, in which dopant and polymeric solution are mixed in the suitable 

proportion to achieve a given level of doping. This method is widely used in literature, and it 

involves also annealing the sample for a certain time and at a fixed temperature.  

In Chapter 3 the effect of annealing temperature and time on chemically doped P(NDI2OD-T2) 

films were studied using different experimental techniques, to which I contributed with infrared 

in-situ temperature-dependent experiments and GIWAXS experiments. Conductivity 

measurements, molecular dynamic and Quantum Chemical simulations were performed to have 

a better understanding of the kinetics of doping. GIWAXS and conductivity measurements show 
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that doping is already active at room temperature on thin films, and that temperature and 

annealing time have a further effect on the performances of the material through a refinement 

of the sample morphology, as also confirmed by the infrared data.  

Despite chemical doping is an effective method to increase the conductivity of the polymeric films, 

electrochemical reduction of the samples has proven to be another effective doping technique. 

The understanding electrochemical doping is fundamental for many applications fields, in 

particular in the perspective of application as bio-sensor and, in general, for bio-oriented 

industries (as wearable interfaces), soft robots and high energy density batteries for energy 

storage. In fact, water with a salt can be used as electrolyte, making it compatible with many 

biological processes. Many questions still need to be addressed, as the role of side reactions taking 

place during the electrochemical processes, the effect of oxygen and environmental factors on 

doping effectiveness, how changes in the electrolyte characteristics affect charge defect 

formation, how stable and reversible is the reaction. Some of these questions find an answer in 

Chapter 4, where I illustrate an electrochemical in-situ Raman cell which was custom-designed to 

conduct electrochemical doping of polymer in-situ. In nitrogen-saturated electrolytes bipolaronic 

and polaronic features were individuated through Resonant Raman experiments and threshold 

voltages onsets for the formation of the charge defects were determined, through the 

observation of their vibrational features. The Raman dataset also confirmed the reversibility of 

the electrochemical doping.  Interestingly, in an oxygen saturated environment the bipolaronic 

spectral bands did not appear, hindered by the presence of oxygen and by the formation of side-

reaction products, such as hydrogen peroxide. Despite lowering the conductivity performances, 

this finding is particularly important in the field of catalysis reactions, where the production of 

hydrogen peroxide is a fundamental step. A further theoretical work could be pursued in an 

attempt to correlate bipolaronic vibrational bands to the structure and properties of the doubly 

charged defect. This will contribute to a further understanding of the charge transport 

mechanism, as conductivity lowers when bipolarons are formed.  

Finally, Chapter 5 reports the work I did at SoLINano laboratory, equipped with an EC-AFM 

apparatus and specialized in in-situ Electrochemical and AFM surface characterization. This 
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activity exploited the use of Raman spectroscopy as an effective complementary tool in 

characterizing graphite electrodes surfaces with organic porphyrins deposited on top. 

The major achievements of this PhD thesis work concern the use of vibrational spectroscopy for 

unveiling the nature of charge carriers formed upon doping in n-type semiconducting polymers. 

The effective combination of Raman, Resonant Raman and infrared with other characterization 

techniques paves the way to a deeper understanding of the doping mechanism and of its 

dependence on the processing and environmental factors 
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ABSTRACT  
 
N-doped polymer semiconductors are of great interest in the field of organic 

thermoelectrics, as high conductive materials are still highly desired. In this framework, 

this paper aims clarifying whether the n-doping of naphthalene diimide - bithiophene 

copolymer, P(NDI2OD-T2), by 1H- benzimidazoles is a thermally activated process. 

Annealing with different time and temperature of spin-coated films of the doped polymer 

is carried out. The study interestingly demonstrates that a dramatic change of conductivity, 

more than three orders of magnitude higher than that of pristine P(NDI2OD-T2), occurs 
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before the annealing process takes place, thus revealing that benzimidazole-derived 

dopants are already active at room temperature. Moreover, 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 P(NDI2OD-T2) films, 

accompanied by only minor modifications during the annealing process. Finally, based on 

the results of density functional theory simulations, the conformational modifications of 

the dopant molecules, induced by the interaction with the NDI2OD-T2 polymer, is 

proposed as a mechanism explaining the effective doping at room temperature. 

 

1. Introduction 

The unique electrical properties, easy processability[1] and versatile chemical synthesis, 

have made π-conjugated polymers promising materials to revolutionize many fields of low-

cost and flexible electronics.[2,3] At present, π-conjugated small molecules and polymers 

find application in transistors[4-7] thermoelectric devices,[8-18] solar cells, [6, 19-20] light 

emitting diodes[21-22] and  supercapacitors.[23] One of the key parameters of these materials 

is the conductivity of the organic semiconductor active layers. Doping an organic 

semiconductor either by reducing (n-type doping) or by oxidizing (p-type doping) can 

dramatically increase the charge carrier density and therefore the electrical conductivity,[24] 

which is a fundamental requirement to develop efficient thermoelectric generators. 
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Although for the development of thermoelectric devices both p-type (hole conducting) and 

n-type (electron conducting) materials are required, in the past the research was particularly 

focused on the study of the formers.[25-30] The development of n-type organic 

semiconductors has not been straightforward for their difficult synthesis and because of 

their intrinsic high LUMO, which often leads to air instability.[31] In this framework, 

naphthalene diimide (NDI) - bithiophene (T2) copolymers exhibit relatively high electron 

mobility and a rather good air stability,[6,7] which make them attractive for several 

applications. 

Several studies have been conducted on this class of copolymers where both backbone [28-

31] and side chains [36-39] have been systematically changed. Our work is focused on the 

widely used P(NDI2OD-T2), characterized by an electrical conductivity in its pristine state 

of around 4 x 10-7 S cm-1 [40-46] It is worth noting that the orientation of the chains changes 

upon the deposition method of the film. In particular, epitaxially grown films in different 

forms,[47] form 1 and form 2, as well as spin coated films were investigated through infrared 

spectroscopy together with an analytical model to individuate geometrical variables 

describing the polymer structure. Face-on arrangement of the chains was proposed for form 

1, whereas the more thermodynamically stable form 2, characteristic of high molecular 

weight samples, presents the polymer chain axis pointing out of the substrate. Spin coated 

films showed a T2 unit mostly parallel to the substrate [46-50] in a face-on conformation, 

with a dihedral angle of 38° between the NDI and the T2.  Thermal treatment of 

P(NDI2OD-T2) affects its structure: in particular, melt annealing, followed by slow 
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cooling, causes the transition to an edge-on structure with the polymer segments running 

in a direction close to the perpendicular to the substrate. [49]  

The n-type doping of naphthalene diimide copolymers is hindered by the low stability of 

n-type dopants in air. An electron donor should indeed have a HOMO high enough to 

enable the transferring of electrons to the polymer LUMO.[50] However, this characteristic 

makes the dopant rather unstable in air. A common approach to solve this issue is the use 

of air-stable precursors, which can be converted in-situ into reactive reducing agents [51-52]. 

Recently, 1H-benzimidazoles have attracted great interest since they are air-stable n-type 

dopants.[53-54]   P(NDI2OD-T2) doped with the 4-(1,3-dimethyl-2,3-dihydro-1H-

benzoimidazol-2-yl)-N,N-dimethylaniline (DMBI) or the 4-(1,3-phenyl-2,3-dihydro-1H-

benzoimidazol-2-yl)-N,N-dimethylaniline (DPBI) shows an increase of electrical 

conductivity of around 3 orders of magnitude with respect to the pristine state. However, 

at high dopant concentrations, phase segregation occurs, limiting the dopant efficiency.[55] 

The N-substitution of the aniline with longer linear or branched alkyl chains improves the 

dopant-polymer miscibility, further increasing the electrical conductivity of the system. 

P(NDI2OD-T2) doped with 4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazol-2-yl)-

N,N-diisopropylaniline (DiPrBI) exhibits one of the highest electrical conductivities (7.2 

x 10-3 S cm-1) recorded for doped P(NDI2OD-T2). [56] DMBI dimers have also been 

reported as effective n-type dopants. [57]  

Recently, x-ray measurements highlighted how the orientation of the P(NDI2OD-T2) 

crystallites switches from face-on to edge-on upon doping.[58] The remarkably higher 
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conductivity in the direction parallel to the substrate plane, observed for doped P(NDI2OD-

T2), corroborated the idea of a change of morphology upon doping, with the π-stacking 

direction from out-of-plane to in-plane.[58] Different doping mechanisms have been 

considered to explain the interaction and charge transfer between DMBI and P(NDI2OD-

T2). As previously reported, an acid-base reaction with a hydride transfer from the dopant 

to the polymer was ruled out.[59] Another interesting hypothesis involves the formation of 

an intermediate radical SOMO followed by a direct electron transfer from such molecular 

orbital to the LUMO of the polymer. This doping mechanism agrees with the traditional 

concept that benzimidazole derivatives are thermally activated upon annealing.[60-61] 

Despite some specific differences in the procedure to dope P(NDI2OD-T2) with 1-H 

benzimidazoles found in the literature,[55, 58-64] this process often shares similar steps: the 

P(NDI2OD-T2) solution containing the dopant is spin coated, and the deposited films are 

annealed under inert atmosphere for several hours. Annealing is often carried out at 150°C 

for 6 hours under N2 atmosphere,[55, 56, 59] but there are several examples in the literature 

with a lower annealing temperature (from 80 to 120°C)[37, 57-58, 63-64] and from few minutes 

up to some hours.[37,63-64] 

So far, thermal-annealing was supposed to be mandatory to activate the benzimidazole-

derived dopants and to promote a good packing of the polymer chains, as for most of the 

conjugated polymers in the pristine state. In order to reach the optimal process condition 

for doping, we systematically changed the annealing temperature and time.  Here, we show 

that a strong change of conductivity is actually achieved before the thermal post-
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processing, which allows just for a less significant further increase, demonstrating that the 

1H-benzimidazoles do not require a thermal activation above room temperature for the 

charge transfer to occur. A molecular modelling study, based on density functional theory 

(DFT), suggests a new model for the doping mechanism providing a rationalisation of the 

experimental outcomes. 

 

 

2. Results and Discussion 

To study the effect of annealing temperature and time on the n-doping process, we selected 

the well-studied P(NDI2OD-T2) and the 4-(1,3-dimethyl-2,3-dihydro-1H-

benzo[d]imidazol-2-yl)-N,N-diisopropylaniline (DiPrBI) as dopant, given the high 

conductivities reported for this pair. [56]    Films of P(NDI2OD-T2) at two different 

concentrations of the dopant were prepared, namely 76%(mol/mol), corresponding to the 

optimal dopant concentration according to the previous results,[56] and at 100%(mol/mol), 

possibly giving rise to dopant segregation. Dopant concentration is expressed as the ratio 

between dopant moles and the number of P(NDI2OD-T2) repeating units. 

The electrical and morphological properties of both pristine and doped P(NDI2OD-2) were 

evaluated. Details regarding samples preparation and measurements are reported in the 

Experimental Section. 
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2.1 Electrical Properties 

To provide a benchmark for doped samples, the conductivity of pristine P(NDI2OD-T2) 

films annealed at 70°C, 110°C and 150°C were first measured (Figure 1 A). Annealing 

temperatures have been chosen taking into account the range of values reported in the 

literature, which spans from very mild conditions up to 150°C.[58-64] For all the samples of 

the pristine polymer, the electrical conductivity remains stable around 4.0 x 10-7 S cm-1, 

irrespective of annealing time and temperature. This result is in agreement with literature, 

reporting significant changes of P(NDI2OD-T2) morphology,[44, 49] hence of electrical 

conductivity, only at very high temperature (>300°C) or annealing assisted by rubbing.  

Concerning the doping ratio, we analysed samples at the optimal DiPrBI dopant 

concentration of 76%(mol/mol), according to the previous results,[56] and at a higher value 

(100%(mol/mol)) where a supposed phase segregation occurs (Figure 1 B), leading to a 

worsening of the electrical conductivity.  

The most interesting finding is the conductivity of the as-spun doped films: without any 

annealing process, the electrical conductivity reaches values of the order of 10-3 S cm-1, 

which is almost four orders of magnitude higher than values of the non-doped polymer. 

Moreover, all samples demonstrate similar electrical conductivity at around 1.8 x 10-3 S 

cm-1, independently from the specific dopant concentration. These experimental results 

clearly demonstrate that the 1H-benzimidazole is already active at room temperature, 

without annealing, and a thermally-activated doping mechanism is not actually required.  
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Worth noting that a further change in conductivity is obtained once the DiPrBI:P(NDI2OD-

T2) films are annealed, and here different results are obtained depending on both the dopant 

concentration and the annealing temperature. First, at both annealing temperatures of 70°C 

and 110°C, a too high concentration of dopant (i.e. molar dopant ratio 100%) leads to lower 

electrical conductivity with respect to the one measured in case of the 76% 

DiPrBI:P(NDI2OD-T2) molar ratio, regardless of annealing time (Figure 1 C). This 

confirms the conclusions reported by Chabinyc et al.[55] and Bertarelli et al. [56]  about the 

worsening of the doping efficiency at high dopant concentration, ascribed to phase 

segregation phenomena. 

For annealing performed at higher temperatures (i.e. 110°C and 150°C), the electrical 

conductivity σ of the 76% doped P(NDI2OD-T2) samples over annealing time up to 5 

hours follows an interesting trend (Figure 1 D): an almost constant increase in 15-30 

minutes, then reaching plateau for a longer annealing time. Accordingly, we speculate that 

the doping mechanism consists of different stages. The first occurs at room temperature, 

and it is responsible for a dramatic increase (>5000 times) of electrical conductivity. The 

second one is triggered by the annealing process; it occurs within the first 15-30 minutes 

of annealing and it causes an increase of electrical conductivity of around 50-100%. 

Finally, the last stage is slower; it requires up to 4-5 hours causing a further increase of 

electrical conductivity of around 20-30%. Overall, the total contribution of the annealing 

process to the thin films electrical conductivity amounts to an increase of around 2-3 times 

only. 
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Surprisingly, annealing at the lowest temperature (70°C) seems to be detrimental (Figure 

1 C), showing a decreasing conductivity value as a function of different annealing time. 

This suggests that competitive mechanisms are responsible for the conductivity changes 

with thermal post-process, which is ruled by the annealing temperature.  

 

 

 

Figure 1: A: electrical conductivity of films of pristine P(NDI2OD-T2) annealed at 70°C, 

110°C and 150°C over time. B electrical conductivity of a P(NDI2OD-T2) film doped at 
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different concentration with DiPrBI after 5h annealing at 150°C. C: electrical conductivity 

of DiPrBI-doped P(NDI2OD-T2) spin coated films annealed at different temperatures over 

time. Black, red and blue dots refer to films of P(NDI2OD-T2) 76% doped with DiPrBI 

annealed at 150°C, 110°C and 70°C, respectively. Green and violet dots refer to films of 

P(NDI2OD-T2) 100% doped with DiPrBI annealed at 110°C and 70°C, respectively. D: 

electrical conductivity of P(NDI2OD-T2) 76% doped with DiPrBI annealed for a longer 

period (up to 5h). 

 

2.2 Film Morphology 

To study the effects of the different annealing process on the thin films structure and 

crystallinity, Grazing Incident Wide Angle X-ray Scattering (GIWAXS) measurements 

were performed on samples subjected to different annealing temperatures and times. 

Representative GIWAXS patterns for all the samples are shown in Figure 2. The reduced 

1D line profiles reported in Figure 3 are taken along the horizontal (in plane, qxy) and 

approximately vertical (out of plane, ~qz) scattering directions. The out-of-plane (~qz) 

scattering peak at q ~1.6 Å-1 is attributed to the (010) planes along the π-stacking direction. 

There are a number of scattering peaks along the in-plane (qxy) scattering direction 

attributed to the (001) and (100) planes corresponding to periodicity along the backbone 

repeat units and in-plane lamellar stacking directions. Figure 3 highlights that up to four 

orders of lamellar stacking and up to two orders of backbone repeat unit scattering peaks 
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can be observed in the in-plane direction, agreeing with previous GIWAXS studies that 

showed P(NDI2OD-T2) has exceptional in-plane ordering.[49] 

To evaluate annealing effects on pristine P(NDI2OD-T2), we performed GIWAXS 

measurements o in an as-spun state and after annealing at 110°C for 90 minutes. Since the 

annealing temperature is well below the melting point, pristine P(NDI2OD-T2) crystallites 

exhibit a face-on orientation, already reported in literature.[44, 49] Annealing P(NDI2OD-

T2) had little effect on material structure (figure 2A,B), in agreement with the conductivity 

data of Figure 1A. However, in the annealed sample, it is possible to notice a slight decrease 

in the intensity of qz (010) peak with respect to the qxy (100) and the qz (100)’ peak, which 

can be ascribed  either to a structural relaxation or to an almost negligible face-on to edge-

on transition. On the contrary, the unannealed 76% doped sample exhibits a dramatic 

change in the morphology; particularly, the qz (010) p-stacking scattering peak (q ~1.6 Å-

1) decreases in intensity and broadens significantly in the doped sample, and the qxy (100) 

lamellar scattering peak (q ~0.3 Å-1) shifts to higher q-values. The drop in intensity of the 

qz (010) peak is ascribed to a change of the orientation of the crystallites with respect to the 

substrate, from face-on to edge-on. A transition of this type was reported in literature for 

P(NDI2OD-T2) doped with DMBI derived molecules. The broadening of the qz (010) peak 

indicates that the dopant intercalation alters the π-stacking direction.[56, 58, 62] A possible 

explanation of this behaviour is that the dopants intercalate between the NDI units, 

introducing disorder in the π-stacking distances.  
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A comparison between the 70°C and 110°C in plane data shows that the (100) lamellar 

peak (Figure 3a) moves toward higher values of qxy with the increase of annealing 

temperature and time. In particular, the (100) peak of the 70°C, 90 minutes annealed sample 

has the same q value of the sample annealed at 110°C for 5 minutes. 

The (001) backbone peak does not change in position or in intensity/shape, confirming that 

the doping process does not influence the intramolecular repeating distance along the 

polymer chain axis.  

Both the 110°C and 70°C samples exhibit a decrease in the coherence length and intensity 

of the qz (010) peak with respect to the qz (100)’ peak. In particular, this behaviour is more 

pronounced in the 110°C series. Furthermore, a shoulder around 1.6 Å-1 arises in the 70°C, 

90 minutes annealed sample and in all samples annealed at 110°C. These changes are 

consistent with a perturbation of the π-stacking direction, characterized by a shorter-range 

order with respect to the pristine case, as previously discussed.  

The qz (200)’ peak gains intensity in the 110°C series. This peak further confirms the edge-

on orientation of the polymer crystallites upon doping. Moreover, Saglio et al. interpreted 

this peak as one of the experimental evidences indicating the dopant intercalation between 

the P(NDI2OD-T2) backbones.[56] To summarize, our data show a change in the orientation 

of the crystallites upon doping (from face-on to edge on). Moreover, the broadening of the 

peak associated to π–stacking (the charge transport direction) upon doping, indicates a 

higher disorder within the crystallites than in the pristine samples. This demonstrates that 

the dopant might be intercalated in the crystal domains, causing the chains to rearrange. 
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From Figure 3, it is interesting to notice that the 70°C series exhibits a more pronounced 

face-on orientation than both the not annealed and the 110°C data. This behaviour suggests 

that below 70°C the face-on arrangement is favoured. Moreover, the observed morphology 

is strongly correlated with the electrical conductivity data, which exhibits a lowering of 

electrical conductivity for the samples annealed at 70°C. 

 

 

Figure 2: 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 
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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. 

 

 

 



219 
 
 

 

 

Figure 3 a. Vertical line-cuts (in plane direction) and b. horizontal line-cuts (out of plane 

direction) of the two dimensional GIWAXS spectra for P(NDI2OD-T2) doped with 

DiPrBi, 76%. In both graphs are shown from bottom to top: pristine samples not annealed 

and annealed at 110°C for 90 minutes (brown lines); doped not annealed sample (grey 

line); doped samples annealed at 70°C for 5, 30 and 90 minutes (blue line); doped samples 

annealed at 110°C for 5, 30 and 90 minutes (green line). 

 
 

2.3 Molecular Modelling Results  

While a hydride transfer reaction has been ruled out,[59] an electron transfer between the 

dopants radical SOMO and the polymer LUMO is a valuable hypothesis reported in 

literature to explainin the doping mechanism of benzimidazole derivatives for P(NDI2OD-

T2).[60] The energetical justification for this doping mechanism is based on the radical 

formation during the annealing process, implying that the dopants are thermally activated. 

However, this hypothesis is in contrast with our experimental data because we observe a 

substantial increase of the electrical conductivity before thermal annealing is performed, 

indicating that the dopant molecules are already active at room temperature. In addition, 

GIWAXS analysis suggests that the alteration of the qz (010) peak, associated to the order, 

i.e. coherence length, along the π-stacking direction, might be caused by the presence of 

dispersed dopant molecules between the polymer units. According to these considerations, 

we investigated a plausible mechanism in which the dopant electrons could be activated by 

the intermolecular interactions with the polymer at room temperature. Specifically, we 
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hypothesize that the dopant could modify its structure (i.e. its conformation) while 

intercalating between the narrow polymer lamellae, and that such structural modification 

is accompanied by a perturbation of the dopant electronic structure.  Therefore, after dopant 

intercalation, new electronic transitions might be accessible to the dopant electrons, thus 

allowing for an electron transfer to the polymer. As a first step of our computational study, 

we performed DFT calculations aiming to evaluate the amount of energy involved in the 

interaction between the dopant molecules and the polymer. To maintain a good accuracy 

together with a reasonable computational cost, we performed a geometry optimization on 

a simplified model system composed of a single DiPrBI molecule interacting with two 

repeating units of P(NDI2OD-T2). Moreover, to further reduce computational costs, the 

long branched alkyl chains on the NDI units have been replaced with isobutyl side groups 

(T-NDI2Bu-T, figure 4A). The results of this optimization (figure 4B) clearly show a 

favourable interaction between the NDI units of T-NDI2Bu-T and the benzimidazole part 

of DiPrBI, whereas the isopropyl chains of DiPrBI orient themselves toward the alkyl 

chains of the polymer units. The corresponding interaction energy is evaluated as the usual 

standard supermolecule approaches: 

E(interaction) = E (SYSTEM) – E (DiPrBI) – 2E (T-NDI2Bu-T) 

where E (SYSTEM) is the total energy of the system composed of DiPrBI sandwiched between 

two T-NDI2Bu-T units; E (DiPrBI) is the total energy of DiPrBI in its absolute conformational 

minimum and E (T-NDI2Bu-T) is the total energy of a T-NDI2Bu-T unit. The results show a 
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quite high interaction energy of about -56 kcal/mol. It is clear, by definition, that the 

negative sign indicates that the interaction between the moieties stabilize the system. 

Taking this as a starting point, we can make a further simple hypothesis: the stabilisation 

reached by this interaction can cause conformational changes (i.e. distortion from its 

absolute minimum) into dopant molecules, thus activating and promoting electron transfer 

to the polymer. 

 

Figure 4: A) A view of T-NDI2Bu-T. B) A view of the model system composed of DiPrBI 

and two T-NDI2Bu-T units resulting from DFT geometry optimizations. 

 

As previously stated, we hypothesize a doping mechanism involving significant 

geometrical modifications of the dopant. Specifically, given the marked planar structure of 

the NDI units of the polymer, we assume a conformational modification, which we can 

describe as a quasi-planarization of the dopant structure while intercalating within the 

polymer lamellae. In order to assess the feasibility of this distortion, we performed a 

systematic study by designing a set of plausibly involved DiPrBI geometries, obviously 
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assuming that some of these structures can be sampled by the intercalation of the dopants 

within the polymer lamellae. The DiPrBI molecule in its absolute minimum conformation 

is reported in Figure 5A. In particular, the atoms 5, 6, 13 and 14 define the xy plane (z = 0 

Å) and the origin of the cartesian axis is placed in the middle point of the segment 

connecting atoms 13 and 14. The dihedral angle between the xy 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 xy plane is 72°. The corresponding calculated HOMO energy 

level for this conformation is -4.40 eV. 
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Figure 5: A) Spatial representation of DiPrBI structure in the absolute minimum. B) First 

set of planar geometries, C) Second set of planar geometries. 

 

We designed two sets of geometries. In the first one, the atoms 15 and 18 are constrained 

to lay on the xy plane (z = 0 A°) and the dihedral angle is systematically scanned between 

the two phenyl groups (figure 5B) while performing geometry optimizations. The 
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HOMO energy changes upon the molecule distortion have been evaluated together with 

the energy cost with respect to the DiPrBI absolute minimum conformation, and the 

results are reported in Table 1. To design the second set of geometries we instead forced 

atoms 7, 8, 9, 10, 11, 12, 15 on the same plane at a parallel to the xy plane (z = 0 A°) and 

placed at different heights ( z = k).  We then systematically varied the distance k between 

the two planes (figure 5C). The calculation results are reported in Table 2. 

Di
he
dra
l 

An
gle 
(°) 

HO
MO 
(eV) 

Cost 
(kcal
/mol) 

0 -
3.99 47 

30 -
3.75 44 

45 -
3.70 44 

60 -
3.80 48 

90 -
3.52 41 

Table 1. Calculated HOMO energy (eV) upon molecule dihedral angle rotation and energy 

cost with respect to the DiPrBI absolute minimum conformation.  

Z 
(Å) 

HO
MO 
(eV) 

Cost 
(kcal
/mol
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-
0.47

7 

-
3.32 105 

-
0.23

9 

-
3.29 84 

0.00
0 

-
3.59 64 

0.23
9 

-
3.81 44 

0.47
7 

-
4.07 30 

Table 2. Calculated HOMO energy (eV) upon molecule distortion and energy cost with 

respect to the DiPrBI absolute minimum conformation. Z is the distance between the plane 

defined by the phenyl ring composed of carbon atoms 1-6 and the distance between the 

parallel plane passing through carbon atoms 7-12. 

The calculations show that these geometrical distortions cause a substantial rise of the 

HOMO energies of the dopant, towards matching the LUMO of the polymer, possibly 

reaching values even higher than the polymer LUMO. Furthermore, the energetic cost for 

the corresponding geometrical distortion is comparable to the interaction energy involved 

in the intercalation step of the doping process, meaning that these interactions can 

compensate for the energy penalty. To summarize, the model here proposed highlights the 

role of the polymer-dopant interactions in promoting the charge (electron) transfer from 

the HOMO of the dopants to the LUMO of the polymer. According to our calculations, 

there exists perturbed conformations - likely originating by the intercalation processes - 

that would substantially reduce or eliminate the energy barrier for the charge carrier 
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injection. This charge transfer model  suggests a doping mechanism that can explain why 

benzimidazole derivatives are already active at room temperature. 

3. Conclusions 

A collection of experimental evidences interestingly demonstrate that n-type doping of 

P(NDI2OD-T2) by 1H- benzimidazoles is already active at room temperature.  We show 

that before the thermal treatment takes place, the electrical conductivity of P(NDI2OD-

T2):DiPrBI thin films already increases more than three orders of magnitude with respect 

to the pristine polymer. This is a clear indication that DiPrBI is already active at room 

temperature, whereas annealing has only a minor effect, causing a further doubling of 

electrical conductivity values. GIWAXS measurements reveal that the morphology of the 

doped film is remarkably different from that of the non-doped polymer film, namely it 

shows a mainly edge-on orientation of the polymer, characterized by structural disorder 

(distribution of π-stacking distances and orientational disorder), which is compatible with 

dopant intercalation between NDI units. Moreover, the GIWAXS analysis suggests that, 

while the annealing at 110°C results in increasing the content of the edge-on phase, the 

annealing at lower temperature (70°C) slightly increases the amount of face-on domains 

with respect to the doped film as deposited. This plays a role in the conductivity trend 

observed for films annealed at such a low temperature. 

To rationalize the experimental findings, we carried-out a thorough theoretical study based 

on Quantum Chemical modelling focusing on the relationship between molecular and 

electronic structure of the dopant. This study shows the importance of specific polymer-
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dopants interactions in the doping mechanism. We demonstrate that, due to a quasi-

planarization, the HOMO of the dopant rises significantly thus reducing or eliminating the 

barrier of the electron injection into the polymer LUMO orbital. The planarization of the 

dopant molecule is expected to occur during intercalation processes, because of the 

interaction with NDI units: the energy cost is in fact compensated by the large 

intermolecular energies. According to the calculations, we demonstrated that 

conformations accessible during intercalation actually exist, which would promote the 

charge transfer. This simple model likely explains why DiPrBI is already active at room 

temperature. Overall, the generation of the charge carrier and the edge-on configuration of 

the doped polymer in the as-deposited films indicates that the doping P(NDI2OD-T2) by 

1H-benzimidazoles basically is a non-thermally activated mechanism. The temperature of 

the annealing plays a relevant role in decreasing or further increasing the conductivity, with 

low temperature (i.e. 70°C) being detrimental as it induces the formation of face-on 

domains.  

This study highlights the relevance of solid-state intermolecular interactions between 

dopant and polymer, leading the doping mechanism. This paves the way for the 

development of strategies to design new stable organic dopants, activated by structural 

relaxation.  

 

4. Experimental Section 
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4.1. Dopant Synthesis 

All chemicals were purchased from Sigma Aldrich, TCI Chemicals or Fluorochem, and 

they were used as received. Chemicals, intermediates and products were stored in the 

fridge, inside a sealed flask containing Argon. P(NDI2OD-T2) (Polyera ActivInk N2200, 

Mn = 150 kDa) was purchased from Ossila Lim. DiPrBI was synthetized of as previously 

reported. [56] 

 

4.2. Electrical Characterization 

4.2.1. Contact deposition 

Low-alkali 1737F Corning glass was used as substrate. First, the glasses were cleaned 

through an ultrasonic bath of Milli-Q water, acetone, and isopropyl alcohol of 10 min for 

each step, and then exposed to O2 plasma at 100 W for 10 min. Subsequently, the electrodes 

were thermally evaporated using a shadow mask, obtaining electrical contact lines made 

of 1.5 nm thick Cr adhesion layer and 25 nm thick Au film, 2 mm wide, long between 1 

and 1.5 cm and distant to each other 8 mm. 

 

4.2.2. Film deposition 

Polymer film preparation was carried inside a glovebox in N2 atmosphere. P(NDI2OD-T2) 

(Polyera ActivInk N2200, purchased from Ossila Lim, Mn = 150 kDa,) was dissolved in 

1,2-diclorobenzene (DCB, concentration of 10mg/mL). The resulting solution was stirred 

at 80°C for 1h. The mixture was loaded into a syringe and filtered using a 0.45 μm pore 
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size polytetrafluoroethylene filter. Aliquots of 50 µL of such solution were added to vials 

containing 0.124 mg and 0.153 mg of DiPrBI, enough to dope 50 µL of the solution at 76% 

and 100%, respectively. All concentrations are expressed as dopant moles divided by 

P(NDI2OD-T2) repeating unit moles. Glass substrates were cleaned with isopropyl alcohol 

and acetone, then treated with an oxygen plasma for 15 minutes and quickly 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. For each dopant concentration, one sample was measured without 

thermal treatment, the remaining were annealed inside a glovebox in N2 atmosphere on a 

hot plate. 

 

4.2.3. Electrical Conductivity 

The electrical characterizations were carried out at room temperature in N2 atmosphere 

using a Wentworth Laboratories probe station with a semiconductor device analyser 

(Agilent B1550A). Then, the electrical conductivity was calculated through the linear fit 

of the I-V characteristic curves and the samples geometries. In particular, to measure the 

thickness of the thin films, an alpha-step IQ profilometer from KLATencor was employed. 

The samples were scratched with a toothpick in multiple regions and the thickness of the 

films was measured in different points of the sample. This procedure was necessary to 

assess the uniformity of the conductive layer. The samples were in between 30 and 50 nm 

thick. 
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4.3. X-ray Characterization 

4.3.1. Film deposition 

Native oxide p+ silicon substrates 2cm2 substrates were cleaned with acetone, isopropyl 

alcohol, and ethanol. The film preparation was conducted in a N2 glovebox (<1 ppm of O2) 

as previously described, using 890 µL of polymer solution for each sample. One sample 

was measured without thermal treatment, the others were annealed for 5, 30 and 90 minutes 

at 110°C and 70°C. 

 

4.3.2. GIWAXS 

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were conducted 

at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 equipped 

with an area detector (Rayonix MAR-225), using an incident energy of 12.73 keV. The 

measurements were performed in a chamber provided a helium flux, in order to minimize 

air scattering and beam damage to the sample. The sample and detector distance (321 mm) 

was calibrated through a LaB6 polycrystalline standard and the incident angle was chosen 

at 0.1°. Data analysis was performed with the Igor Pro software packages Nika 1D 

SAXS29[65] and WAXStools[66]. The data were normalized by detector counts and 

thickness (C1). 

 

4.4 Molecular modelling 
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All the geometry optimizations were performed using the Orca package [67], by employing 

the B3LYP functional (including explicit Grimme empirical van der Waals contributions) 

together with the 6-31G** basis set. The geometries were instead drawn and analyzed 

using Avogadro [68]. 
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GIWAXS DATA 
 
A summary of peak positions at different annealing temperatures and times is reported in 
the following tables: 
 

Sample 

In 
pla
ne 
(Å)  

Out Of 
Plane 
(Å)  

 
(10
0) 

(00
1) (100)' 

(010
) 

Pristine 
@70°C 

26.
07 

13.
84 25.44 3.88 

Pristine not 
annealed 

24.
84 

13.
78 22.68 3.75 

5 min  
@70°C 

25.
17 

13.
75 21.16 3.9 

30 min  
@70°C 

25.
06 

13.
78 21.59 3.9 

90 min  
@70°C 

24.
75 

13.
78 21.16 3.9 

 
Table S1. Scattering peak position for the GIWAXS experiments at 70 ℃ and pristine not 
annealed samples from the reduced 1D line profiles. The peaks are individuated along the 
horizontal (in plane, qxy) and approximately vertical (out of plane, ~qz) scattering 
directions. 
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Sample 

In 
plane 
(Å)  

Out Of 
Plane (Å)  

 (100) 

(0
0
1) (100)' 

(010
) 

Pristine 
@110°C 26.07 

1
3.
8
4 25.44 3.88 

Pristine not 
annealed 24.84 

1
3.
7
8 22.68 3.75 

5 min 
@110°C 24.74 

1
3.
8
1 22.28 3.86 

30 min 
@110°C 24.54 

1
3.
9 21.44 3.95 

90 min 
@110°C 24.35 

1
3.
8
7 21.44 3.96 

 
Table S2. Scattering peak position for the GIWAXS experiments at 110 ℃ and pristine 
not annealed samples from the reduced 1D line profiles. the peaks are individuated along 
the horizontal (in plane, qxy) and approximately vertical (out of plane, ~qz) scattering 
directions. 
 
 
 
Coherence Length 
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Sample 

In 
plane 
(Å)  

Out Of 
Plane (Å)  

 (100) 

(0
0
1) (100)' 

(01
0) 

Pristine 
@70°C 

209.0
6 

2
1
0.
6
5 48.33 

17.
07 

Pristine not 
annealed 

107.3
8 

3
1
5.
3
5 53.29 

7.3
7 

5 min 
@70°C 

132.9
5 

2
2
7.
9
0 45.86 

10.
41 

30 min 
@70°C 

133.8
4 

2
0
0.
8
0 49.13 

10.
39 

90 min 
@70°C 

131.3
1 

2
0
4.
3
8 48.26 

9.5
1 

 
Table S3. Coherence length calculated from the peaks of the GIWAXS experiments at 
70 ℃ and pristine not annealed samples. The coherence length was estimated from the 
Schererr equation for GIXS: 𝐷𝐷 = 0.93∗2𝜋𝜋

𝛥𝛥𝛥𝛥
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Sample 

In 
plane 
(Å)  

Out Of 
Plane (Å)  

 (100) 

(0
0
1) (100)' 

(01
0) 

Pristine 
@110°C 

209.0
6 

2
1
0.
6
5 48.33 

17.
07 

Pristine not 
annealed 

107.3
8 

3
1
5.
3
5 53.29 

7.3
7 

5 min 
@110°C 

128.9
4 

2
7
9.
8
5 59.07 

8.3
4 

30 min 
@110°C 

125.3
9 

2
5
9.
5
9 59.46 

8.2
7 

90 min 
@110°C 

120.7
1 

2
8
4.
4
9 67.16 

7.3
8 
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Table S4.Coherence length calculated from the peaks of the GIWAXS experiments at 
110 ℃ and pristine not annealed samples. The coherence length was estimated from the 
Schererr equation for GIXS:   𝐷𝐷 = 0.93∗2𝜋𝜋

𝛥𝛥𝛥𝛥
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Attachment C 

Bussetti, G. et al. Electrochemical scanning probe analysis used as a benchmark for carbon forms. 

J. Phys. Condens. Matter 33, (2021). 
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Attachment D 

Jagadeesh, M. S. et al. The effect of cyclic voltammetry speed on anion intercalation in HOPG., 

Surf. Sci. 681, 111–115 (2019). 
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Attachment E 

Filoni, C., et al. Reactive Dissolution of Organic Nanocrystals at Controlled pH. ChemNanoMat 6, 

567–575 (2020). 

Associated Contents (Supporting Information) are enclosed. 

 

  



268 
 
 

 

 



269 
 
 

 

 



270 
 
 

 

 



271 
 
 

 

 



272 
 
 

 

 



273 
 
 

 

 



274 
 
 

 

 



275 
 
 

 

 



276 
 
 

 

 

  



277 
 
 

 

 



278 
 
 

 

 



279 
 
 

 

 



280 
 
 

 

 



281 
 
 

 

 



282 
 
 

 

 



283 
 
 

 

 



284 
 
 

 

 



285 
 
 

 

 



286 
 
 

 

 



287 
 
 

 

 



288 
 
 

 

 



289 
 
 

 

 

 



290 
 
 

 

 

 


