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SUMMARY 

Doping is the process of addition of dopants to host semiconductors to improve their 

conductivity and charge transport behavior. Organic solids are held together by weak van 

der Waals interactions between the molecules and Coulombic attractions between the 

charged species. Because of these weaker interactions in organic materials, the molecules 

themselves have higher mobilities within the host material, and therefore, have a higher 

tendency to move. In most of the devices, the diffusion of the dopants in device stacks is 

detrimental and therefore, minimizing dopant diffusion within device interlayers is a very 

important topic to be consider. Considering the widespread usage of DMBI-H derivatives 

for doping of organic semiconductors, this work will focus on two aspects of doping; 

investigation of different approaches to address the diffusion of DMBI-H derivatives and 

studying the effect of dopant substituents on charge transport behavior. 

The first and second chapters of this thesis, will focus on crosslinking as new approaches 

for minimizing the dopant diffusion in the solid state. Chapter 2 will discuss electrostatic 

crosslinking in which the restriction of dopant ion movement by forming multiple 

electrostatic sites between the multiply charged ions and ionized host segments. Chapter 3 

will discuss chemical crosslinking and chemical bond formation to decrease the diffusion 

of dopant and the corresponding dopant ions. Chapter 4 will focus on a study in which the 

effect of a polar side chain on DMBI-H for doping of a donor-acceptor polymer. The final 

chapter summarizes the findings of the thesis, puts them in a broader perspective, and 

suggests future directions.
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CHAPTER 1: INTRODUCTION                                    

1.1 Organic Electronics 

Semiconductors play an important role in our daily lives as they are the materials used in 

the main components of modern electronics. Although most electronic devices like 

smartphones, photovoltaic cells, or light-emitting diodes (LEDs) in displays are still mainly 

composed of inorganic semiconductors (ISCs) such as silicon, the field of organic 

semiconductors (OSCs) has gained significant attention in the past decades, leading to the 

development of devices based on organic semiconductors. 

The discovery and development of electrically conductive polymers, pioneering work of 

Heeger, MacDiarmid, and Shirakawa, has led to the development of organic electronic 

devices such as organic light-emitting diodes (OLEDs), organic field-effect transistors 

(OFETs), and organic photovoltaic cells (OPVCs). Today, OLED technology has already 

become a fast-growing commercialized technology and is mainly employed in TV or 

smartphone displays.1 On the other hand, OFETs, have not yet reached the performance 

required for daily-use devices. However, current research shows promising progress in this 

field, and OFETs are expected to soon enter the market, for example, in the form of printed 

electronics such as radiofrequency identification (RFID) chips in intelligent labels.2-4 In 

the case of OPVCs, the research field has recently undergone dramatic changes with the 

development of the organic-inorganic metal halide perovskite solar cells (PSCs). While the 

attention has shifted from organic semiconductors to perovskites as active materials, 

organic hole transport layers (HTL) and electron transport layers (ETL) still being 

employed to facilitate efficient charge extraction in PSCs.5  With this new generation of 
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solar cells, power conversion efficiencies of over 25.6% have been achieved.6 Moreover, 

thermoelectric devices are widely used in energy conversion and local temperature control. 

Compared with thermoelectric metal alloys, polymer-based materials offer low toxicity, 

and solution processibility.7-10 

The mechanical flexibility of OSCs makes them attractive for mobile and wearable 

applications.11, 12 Furthermore, the electronic and optical properties of OSCs can be easily 

tuned by their synthetic flexibility in a manner that has been well described in the 

literature.13 These properties make OSCs suitable for mass production in a wide range of 

applications. On the other hand, OSCs also show some disadvantages compared to ISCs. 

Many OSC-based devices currently still exhibit lower efficiencies and shorter lifetimes 

than their inorganic counterparts. The main disadvantage of OSCs is their very low charge 

carrier mobility due to low orbital overlap between the weakly interacting molecules. In 

addition, for some applications there can be a low density of charge carriers even when 

doped, which in turn, leads to low conductivities. 

In organic devices, electrical doping can be used as a strategy to increase electrical 

conductivity and to lower energetic barriers to charge carrier injection or extraction at 

interfaces. In doping, impurities are purposely introduced into the semiconductor matrix 

by an external species (dopants), which either donate an electron (n-dopant) or accept an 

electron (p-dopant) from the host materials. The choice of dopant for an organic 

semiconductor is critical to ensure the dopant can have the desired influence on 

conductivity or on charge injection; without unwanted disruption of the semiconductor 

packing, without formation of by-products that interfere with the intended operation of the 
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device, while remaining confined in the desired region of the device under operating 

conditions.  

In this chapter, after a short summary of the fundamentals of doping and introducing 

different classes of dopants, some of the current issues related to doping of OSCs will be 

discussed, following by solutions to address the issues. 

1.2 Terminology and Definitions (Conductivity, Mobility, and  Charge 

Injection Efficiency) 

Electronic materials can be categorized into three categories based on their electrical 

conductivity (σ) – insulator, semiconductor, or conductor. Generally speaking, the 

conductivity at room temperature of insulators is less than 10-8 S cm-1, conductivity of 

semiconductors lies within 10-8 to 102 S cm-1, and conductors have conductivities greater 

than 102 S cm-1. Ohm’s law states the relationship between the current I (amperes, A) that 

passes through the semiconductor and the applied voltage V (volts, V) as follows: 

𝑉 = 𝐼𝑅                                                                                                                                              (1.1) 

where R is the electrical resistance of the semiconductor, in unit of ohm (Ω). R is 

determined by the specific specimen geometry, while the resistivity, ρ, is independent of 

geometry and is a material-dependent factor. The resistivity is defined as: 

𝜌 = 𝑅
𝐴

𝑙
                                                                                                                                        (1.2) 

where l is the distance between the two points at which the voltage is measured, and A is 

the cross-sectional area which is perpendicular to the current direction. The unit for ρ is 
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ohm-centimeter (Ω-cm).  The electrical conductivity, σ, is also used to specify the electrical 

properties of organic semiconductors and is the reciprocal of the resistivity. 

𝜎 =
1

𝜌
 (1.3)                                                                                                                                                                                                                                                                    

The unit of σ is Siemens per centimeter (S cm-1) where σ is defined as the ease with which 

a semiconductor is able to conduct an electric current.  

Another important characteristic of an electronic material is the mobility (µ), which is the 

drift velocity per unit electric field, as shown in equation (1.4): 

µ =
𝜐

E
                                                                                                                                 (1.4) 

where µ is the mobility (cm2 V -1 s -1), E is the applied electric field, and υ is the drift 

velocity (cm s-1). 

The relation between the electrical conductivity and the mobility is shown in equation (1.5). 

In organic semiconductors, the charge carriers are either electrons (introduced by addition 

of electrons to the lowest unoccupied molecular orbitals) or holes (through removal of 

electrons from the highest occupied molecular orbitals). 

𝜎 = 𝑛µԛ                                                                                                                          (1.5) 

where n is the density of charge carriers (cm-3), q is the elementary charge (C) and µ is the 

mobility (cm2 V -1 s -1). 

Other than the conductivity and the mobility, the efficiency of charge injection/extraction 

from the electrodes to the material needs to be considered. A close match of the ionization 
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energy or the electron affinity of a material with the Fermi level energy (EF) of the 

electrodes is important.14, 15The ionization energy is defined as the energy required to 

remove an electron from an organic semiconductor to a level at which the electron is at 

rest. This is the distance from the surface that is beyond the influence of any significant 

electrostatic interactions with the surface (vacuum level (Evac)). The electron affinity is the 

energy released when an electron is added from the vacuum level to the semiconductor.16 

The Fermi level energy for a semiconductor is the energy level for which the Fermi-Dirac 

distribution function has a value of 0.5. Another term that will be used in this thesis is the 

work function, which is the difference between Evac and EF or the energy required to 

remove an electron from the Fermi level energy to the vacuum level for a solid.17 The 

difference in the ionization energy and the electron affinity is referred to as the transport 

gap. 

The ability of controlled doping can allow precise control of charge transport. Doped 

organic films can be processed either by co-evaporation18 of host and dopant in vacuum, 

or by adding a defined amount of dopant into a solution of the host material and processing 

the film by spin-coating, or by exposing the film or crystal to a solution or vapor of the 

dopant, so-called sequential doping.19, 20 

p-Dopants are materials with high electron affinities such that an electron can be transferred 

from the organic semiconductor to the p-dopant, thus adding holes in the organic 

semiconductor. In the other case, n-dopants are materials with relatively low ionization 

energy such that they can transfer electrons to the organic semiconductor (see Figure 1.1). 
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Figure 1.1 General diagram to demonstrate a simplistic picture involved in the doping of 

organic semiconductors. The actual process in many of the systems is more complicated 

than the one described above. 

For both p- or n-doping, the conductivity of the organic semiconductor would increase due 

to addition of charge carriers. Apart from the conductivity, charge injection/extraction 

efficiency is also important, which to a large extent, depends on the position of the Fermi 

level energy (EF) of the electrodes and the ionization energy and the electron affinity of a 

semiconductor. Ideally the work function (WF) of an electron-injecting electrode in an 

OLED, should approach electron affinity (EA) of the organic semiconductor and ionization 

energy (IE) for a hole injecting electrode. On n-doping (p-doping), due to addition 

(removal) of electrons, the Fermi level energy of the semiconductor is shifted towards the 

empty states (filled states) as shown in Figure 1.2, which results in a decrease in the electron 

injection barrier in the case of n-doping, thereby facilitating an easier charge injection. 

Hence, electrical doping can significantly improve the performance of organic electronic 

devices as it leads to a reduction in the Ohmic losses by increasing the conductivity of the 

material and increasing the charge injection/extraction efficiency.21 
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Figure 1.2 Energy diagrams of a) undoped OSC (ETM) and b) doped OSC depicting the 

lower electron injection barrier (ΔEinj) on n-doping. The left side shows the situation 

when the electrode is not in contact with the organic semiconductor while the right side 

shows when the electrode is in contact with the organic semiconductor, and the Fermi 

level energies align. The dash line is the EF of the semiconductor. 

It is also worth mentioning that, in most organic semiconductors, the charge transport takes 

place by hopping and the presence of impurities and defects in organic semiconductors 

lead to the formation of trap states. These trap states are lying deeper in the gap than the 

effective transport states, which will hinder the charge transport and leads to low charge 

mobility. Upon doping, these deep traps are filled and the energy distribution of occupied 

states are raised, thus increasing the charge carrier density in an energetically disordered 

hopping system will increase the mobility,22 Figure 1.3. 
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Figure 1.3 General diagram for the trap-filling and increase of free charge carriers upon 

n-doping. 

1.3 Mechanism of Molecular Doping of Organic Semiconductors  

For molecular doping of organic semiconductors, there are two suggested mechanisms that 

describe the interaction between dopant and host: 1) ion pair (IPA) formation and 2) ground 

state charge transfer complex (CPX) formation. Both of these mechanisms can be 

spectroscopically proved by the observation of diagnostic absorption features of the 

molecular ions.23, 24 The following description is based on p-type doping but all 

mechanisms could occur for n-type doping. 

In the case of IPA formation (Figure 1.4 (a)), an electron is transferred from the 

energetically higher lying HOMO level of the host to the LUMO level of the dopant 

resulting in the formation of an ion pair, the host cation and dopant anion. For this process 

to happen, EA of the dopant should be higher than IE of the host. For IPA formation, it is 

generally assumed that the electron on the dopant is static, while the hole in the HOMO of 
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the matrix molecule is mobile, contributing to an increase in mobile charge carriers and, 

therefore, an increase in conductivity. 

 

Figure 1.4 Individual mechanisms occurring during molecular p-doping with organic 

semiconductors. a) In ion pair (IPA) formation, an electron is transferred from the 

HOMO of a host molecule to the LUMO of the dopant, to form a mobile hole charge 

carrier. b) Formation of a ground-state charge transfer complex (CPX) due to overlap of 

the frontier orbitals of host and dopant. Here, a new set of states is created for the 

complex. 

In the case of CPX formation (Figure 1.4 (b)), the frontier molecular orbitals of the dopant 

and the host molecule interact and hybridize in a supramolecular complex forming a set of 

new HOMO/LUMO states. However, since the newly created empty level of the complex 

lies above and the filled level below the HOMO of the host, the CPX complex requires an 

additional energy to be ionized and allow the creation of a mobile hole in the host matrix. 

As a result, CPX formation results in low doping efficiency, therefore, not favorable for 

applications.25 Since CPX formation requires a strong overlap of the frontier orbitals of 

both host and dopant, a strategy to avoid CPX formation is to use bulky host or dopant 

molecules with side-groups, which lead to steric hindrances effectively prohibiting an 

overlap of the frontier orbitals.26 
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Figure 1.5 Structures of the organic compounds and semiconductors that are discussed in 

this chapter. 
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Figure 1.6 Structures of the organic compounds and semiconductors that are discussed in 

this chapter.  
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1.4 Classes of Dopants 

This section will briefly summarize and compare the major classes of p- and n-dopants. 

1.4.1 p-Dopants 

Elemental species like iodine (I2), Bromine (Br2), and chlorine (Cl2) have been recognized 

as p-dopants for organic semiconductors. For example, iodine has been used for doping of 

pentacene, phthalocyanines, and polythiophenes.27 Beside high diffusibility tendency of 

these diatomic dopants, they can be also difficult to handle due to their volatility and in 

some cases corrosivity and toxicity.27, 28 

 The molecular p-dopant TCNQ 1.1 (tetracyanoquinodimethane) with EA of 4.2 eV has 

been developed and studied in detail due to its ability to form charge-transfer salts with 

small-donor molecules.29, 30 However, due to a relatively low EA,31 TCNQ is not able to 

dope many application-relevant organic semiconductors. For the same purpose, molecular 

dopants with higher EAs have been designed. These dopants are electron-poor structures 

with electron-withdrawing functional groups such as -CF3, -COCF3, -CN, -F. 

The fully fluorinated version of TCNQ is F4TCNQ, 1.2 (2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane), which has a EA of 5.2 eV and is able to dope a wide range of 

organic semiconductors.23, 32, 33However, F4TCNQ was shown to be highly volatile, 1.3, 

and can also diffuse in polymers such as P3HT when an electric field is applied.34, 35 Larger 

dopants such as F6TCNNQ (1.4, EA = 5.6 eV)36 and larger fluorinated organic molecules 

based on fullerenes (e.g., C60F36, 1.5)37, 38 have been developed. Due to their higher 

molecular weight, these dopants have a higher sublimation temperature and can reliably be 
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evaporated, nevertheless F6TCNNQ has poor solubility in common solvents. Metal-

organic dopant molybdenum tris[1,2-bis(trifluoromethyl)ethane-1,2-dithiolene] Mo(tfd)3, 

1.6, EA = 5.6 eV)39, hexacyano-trimethylene-cyclopropane (CN6-CP, 1.7, EA = 5.9 eV)40, 

41 and trimethyl 2,2′,2″-(cyclopropane-1,2,3-triylidene)-tris(cyanoacetate) (TMCN3-CP)42, 

an analog of CN6-CP in which three of the six nitrile groups are replaced with methyl 

esters, are all another potent molecular p-dopants that have been used for p-doping of 

semiconductors. 

Other used p-dopants for organic semiconductors are Lewis acids (e.g., FeCl3)43 with 

higher solubility than molecular p-dopants that allow processing from higher concentration 

stock solutions. Recently, the strong Lewis acid  tris(pentafluorophenyl)borane 

([B(C6F6)3], 1.8)44 has been used and shown to be able to effectively p-dope P3HT, resulted 

in three times higher conductivities than F4TCNQ doped P3HT, which was related to the 

improved film quality. 

1.4.2 n-Dopants 

Strong molecular n-type dopants are scarce. A low ionization energy is required for 

effective electron transfer to most organic semiconductors that makes it challenging to 

design a dopant with air stability and that is also highly reducing.  An ideal n-dopant needs 

to have the following characteristics: 1) the ability to dope a wide range of electron 

transport materials; 2) the ability to transfer electrons into host materials with no side 

reactions; 3) formation of a stable doping product that does not diffuse or does not act as 

an electrostatic trap for charge carriers; and 4) air-stability. The ability of a dopant to be 

able to dope a wide range of hosts and have a reasonable air stability cannot be 
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simultaneously achieved, and the work on improving dopant air stability generally has 

involved coupling of doping to other chemical processes. 

The first class of n-dopants is the alkali and alkaline earth metals, e.g., Li, Na, K, and Cs, 

which have all been widely used as n-dopants for various applications. For example, 

poly(p-phenylene) polymer films have shown more than ten orders-of-magnitude higher 

conductivity upon exposure to potassium.45 However, the drawbacks of electrical doping 

using alkali metals are their high reactive nature and high diffusivity.46-48 

Low ionization energy donors are another class of n-dopants that are intrinsically sensitive 

to oxidation. For example, cobalt bis(cyclopentadienyl) Co(Cp)2, 1.9, has a solid-state 

ionization energy of 4.07 eV that can increase the conductivity of 

tris(thieno)hexaazatriphenyl derivative by three orders-of-magnitude.49 Introduction of 

methyl groups on the Cp ring, 1.10, increases the reducing strength, resulting in a lower 

ionization energy of 3.30 eV. Ru(terpy)2, 1.11, also was reported to have an ionization 

energy similar to Co(Cp*)2 that was strong enough to dope materials used in OLEDs.50, 51 

The donor with perhaps the lowest ionization energy for a molecular dopant is W2(hpp)4  

(1.12) which has a solid-state ionization energy of only 2.40 eV.52 However, n-dopants 

with such low ionization energies are sensitive to oxidation, especially in the case of 

W2(hpp)4, and care must be taken in handling these materials. 

To obtain sufficiently reducing and relatively air-stable n-dopants, several classes of n-

dopants have been developed in which electron transfer reactions are coupled with other 

chemical reactions. One such a class is the cationic organic salts, such as pyronin B 

chloride, 1.14 and 1,3-dimethyl-benzimidazoliums such as 2-(2- methoxyphenyl)-1,3-
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dimethyl-1H-benzoimidazol-3-ium iodide (MeO-DMBI-I, 1.15). They can be deposited 

through co-evaporation with a host that leads to the formation of the reducing species upon 

heating.53, 54 The conductivity of doped C60 films with MeO-DMBI-I could reach 5.5 S cm-

1, >100 times higher than undoped films. Unfortunately, the doping mechanism of these 

salt dopants is not well understood. The formation of neutral radicals or hydride-reduced 

intermediates upon deposition has been suggested without direct evidence.43  

DMBI-Hs (1,3-dialkyl-2,3-dihydro-1H-benzoimidazole, 1.17) derivatives are another 

class of n-dopants that have attracted significant attention due to their air stability and 

straightforward synthesis.55 The most widely used is 1,3-dimethyl-2-(4-

(dimethylamino)phenyl)-2,3-dihydro-1H-benzoimidazole,    N-DMBI-H, 1.18, and high 

electrical conductivities have been obtained with some semiconductors.56-61 For several 

classes of organic semiconductors, the mechanism has been shown to involve a hydride 

transfer from the dopant to OSCs as will be discussed in detail in Chapter 2.,62, 63 

Triaminomethane derivatives (TAM, 1.19) are another group of hydride donor dopants that 

have been recently introduced by the Pei group. TAM exhibited extremely high stability 

and hydride donating properties due to its thermally activated doping mechanism. As 

depicted with both experimental and computational studies, TAM is a kinetically weaker 

but thermodynamically stronger hydride nucleophile compared with N-DMBI-H. As a 

result, TAM exhibits higher activation energies than N-DMBI in n-doping reactions. 

Moreover, TAM shows excellent counter ion-semiconductor miscibility, high doping 

efficiency, and uniformity.64 However, the small size of TAM ions could potentially 

increase their diffusion within a doped device possible. 
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Dimers of organic radicals are another class of n-dopants. The concept originates from the 

idea that an air-sensitive dopant radical can be stabilized by forming a weak C-C bond. 

Air-stability and the ability to dope weak electron acceptors are the main advantages of 

dimeric dopants. Moreover, the cation size is tunable to enable some control over ion 

diffusivity, deposition rates. There are examples of nineteen-electron transition metals 

(sandwich compounds) that tend to dimerize and form eighteen-electron configurations, 

including rhodocenes, iridocenes (1.20 and 1.21), and some mixed cyclopentadienyl/arene 

sandwich compounds of iron and ruthenium.65, 66 This work was extended to dimers of 

organic radicals of DMBI compounds (DMBI)2, 1.22.67 Compared to DMBI-H derivatives, 

(DMBI)2 analogs led to faster formation of the host anions and a more reliable and 

predictable doping reaction between the hosts with similar electron affinities. Several 

organometallic and (DMBI)2 dimers have effective ionization energies close to that of 

decamethyl cobaltocene, which in contrast, can be handled in the air as solids.68, 69 

1.5 Why Is Diffusion of Dopants in Solid State Important? 

The diffusion of dopants or dopant ions in organic semiconductors is a very important topic 

to be considered. Organic solids are held together by weak van der Waals interactions 

between the molecules and Coulombic attractions between the charged species. Because 

of these weaker interactions in organic materials, the molecules themselves have higher 

mobilities within the host material, and therefore, have a higher tendency to move. 

Depending on the applications, the diffusion or drift (migration under applied field) of the 

dopant could be beneficial or detrimental for device performance.  
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For example, for organic thermoelectric devices used in energy conversion and local 

temperature control, millimeter (mm)-thickness doped semiconductor structures are 

needed for optimal thermoelectric performance. While co-deposition of the dopant and 

organic semiconductor is a convenient and one-step process for thermoelectric materials, 

sequential doping offers higher thermoelectric properties. This is because the sequential 

doping allows optimization of the solid-state nanostructure of the organic semiconductor 

prior to doping. Unfortunately, sequential doping of (mm)-thick, solid semiconductor 

structures is not trivial because of the limited diffusion rate of dopant molecules in 

semiconductors. The Müller group has addressed this issue by assisting the transport of the 

dopant using foams that readily permit sequential doping of thick semiconductor structures. 

They demonstrate that by thermally induced phase separation combined with salt leaching, 

centimeter (cm)-thick P3HT foams with a microporous internal structure could be obtained 

that would uptake F4TCNQ dopant molecules more quickly and more efficiently than bulk 

P3HT.70 

Although improving the diffusion rate is beneficial for thermoelectric devices and even for 

thin layer devices that are doped using a sequential doping method, the diffusion of dopant 

molecules within and between layers of a device can greatly hinder the performance by 

causing unwanted interactions with other materials. Unfortunately, there have been very 

few studies directly investigating this process. In the following section, it will be briefly 

discussed the cases in which possible diffusion of the dopants were studied, followed by 

the approaches that have been taken to address and suppress the diffusion of dopants in 

solid-state. 
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1.5.1 Literature review on diffusion of dopants in OSCs  

As mentioned earlier, the alkali and alkaline earth metals have been widely used as n-

dopants for various applications. However, considering their small size, alkali metal ions 

are highly prone to diffuse. For example, Parthasarthy has studied electrical doping of  2,9-

dimethyl-4,7diphenyl-1, 10-phenanthroline, 1.23 (BCP), with lithium metal, and the 

diffusion profile of lithium metal into the organic material was investigated.46 In the 

architecture, ITO/organic layer (10-640 nm)/ Li (0.5–1 nm)/Al, secondary ion mass 

spectrometry indicated lithium diffusion up to 80 nm into the organic material.  In another 

study, Forrest et al. have observed the diffusion of lithium up to 17.5 nm into 4,7-diphenyl-

1,10-phenanthroline film layer, 1.24 (BPhen), leading to short operational lifetimes for 

multilayer OLEDs in which these films were used as electron injection layers.71 

The issue of the diffusion of the dopant ions is not restricted to alkali metals, and small 

molecular dopants are also prone to diffusion. Kahn’s group investigated the diffusion of 

F4TCNQ in zinc phthalocyanine, 1.25, by depositing zinc phthalocyanine on top of 1.2 a 

cold gold substrate. Monitoring the intensity of the F(1s) ionization in the XPS with time, 

they observed a dramatic increase in the peak intensity of the F(1s) as the substrate was 

warmed up to the room temperature; The small dopant molecules F4-TCNQ appear to 

diffuse throughout the host near the surface of 1.25.32  

In a separate study, the Srivastava group has identified the fluorescent quenching of tris(8-

hydroxyquinolinato) aluminum (AlQ3, 1.26), caused by the diffusion of F4-TCNQ from an 

adjacent layer using photoluminescence (PL) spectroscopy. The effect of the concentration 

of the F4-TCNQ was investigated by varying the thickness of the dopant (F4-TCNQ). PL 
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intensity has been reduced by increasing the F4-TCNQ, and quenching efficiency was 

evaluated as the function of the distance between the dopant and the active layer. Diffusion 

lengths were evaluated to be higher with increasing the thicknesses of F4-TCNQ.72 

In other cases, the dopant lacks diffusion in the host matrix; however, the dopant might 

diffuse under the applied electric field. For example, the Lovrincic group investigated the 

impact of an electric field operating conditions on thin films of the polymer P3HT, doped 

with Mo(tfd-CO2Me)3 dopant by obtaining the I-V curve.34 

In principle, for doped semiconductors, upon a certain field strength, the dopant ions 

(depends on the charge) start to drift toward the electrode, in the opposite direction to the 

charge-carrier current. Consequently, a region of dedoped semiconductor is generated, 

which exhibits a much larger resistivity compared to the doped semiconductor. Hence, the 

voltage drop no longer occurs linearly over the whole channel but mostly over the dedoped 

region and at the dedoped electrode contact. The width of the dedoped region is influenced 

by the strength and duration of the applied field. Therefore, a hysteresis in the I−V curves 

was found for films of P3HT doped with Mo(tfd-CO2Me)3. 
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1.5.2 Different strategies reported in the literature to suppress the diffusion of 

dopants in solid state 

A variety of strategies have been investigated to minimize the diffusion of n-type and p-

type dopants in the solid-state. 

Kahn group reported on the solution-based p-doping of P3HT with Mo(tfd-CO2Me)3 using 

soft-contact lamination of ultra-thin (30 nm) p-doped P3HT layers. They demonstrated 

significant enhancement of hole injection into undoped P3HT, as well as efficient hole 

collection from solution-processed bulk-heterojunction solar cells composed of P3HT and 

either PCBM or P3HT: ICBA. Later on, they investigated the diffusion of Mo(tfd-CO2Me)3 

into pure P3HT and the P3HT:ICBA blend active layer.73 

The observed that p-dopant Mo(tfd-CO2Me)3 diffuses extensively at room temperature in 

pure P3HT films. However, the diffusion rate is minimized by spatially-confined doping 

method, where the dopant diffusion pathway was filled using  ICBA , 1.29.74 Spatial 

confinement of dopants is proved to be useful for the stability of organic devices.75 

Controlling the diffusion of dopants is critical in OFETs as well. In contact doping, that is 

the introduction of external dopant molecules near the contact region, has been used as an 

effective method for improving contact properties. In contact doping, a high level of dopant 

is required to enhance charge injection. However, a high dopant level leads to faster 

diffusion of dopant molecules within the host semiconductor. To address this issue, the 

Gomez group has demonstrated that contact doping in organic electronics is possible 

through ionic polymer dopants, which resist diffusion or migration due to their large size.76 

Figure 1.7 demonstrates the chemical structure of polymeric dopants based on 
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poly(sulfone) backbones and proposed doping interaction between sulfonic acid groups 

and thiophene units of P3HT. Spin-coating of 3.0 nm thin layer of dopant polymer on anode 

semiconductor interface of organic photovoltaics enables efficient hole extraction at the 

anode. 

 

Figure 1.7 Chemical structure of polymeric dopant and the proposed doping interaction 

between sulfonic acid groups of dopant and thiophene units of P3HT. 

The Kang group used TCNQ as a dopant-blockade molecule, spatially blocking the 

diffusion pathways of the dopants within the active channel region, to suppress the 

diffusion pathways of dopants in the active channel region of the OFET. Dopant-blockade 

molecules are required to be electrically inactive to locate themselves in the diffusion paths 

of the dopant. However, processing becomes more difficult using this method, as more 

processing steps is required for incorporation of the dopant-blockade molecule. Moreover, 

there are possible complications regarding charge transport or energy level alignment from 

the additional dopant blocking materials since they might act like charge traps, Figure 1.8.77 
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Figure 1.8 Schematic image of OFET in which TCNQ was used as dopant-blockade 

molecule. The red regions in the middle of transistors are the TCNQ-incorporated 

regions. The yellow regions are the doped-polymer regions by using F4-TCNQ dopant 

molecules and the dark blue is the undoped polymer region. 

Another strategy used to decrease the diffusion of dopants in solid-state is by introducing 

polar side chains onto polymers to increase dopant affinity. For example, by incorporation 

of polar side chains on P3HT analog, poly(thiophene-3-[2-(2-methoxy-ethoxy)ethoxy]-

2,5-diyl) (SeP3MEETS-P3MEET, 1.30),  F4TCNQ dopants were found to be retained in 

the polymer even with heating up to 150 °C , while very little F4TCNQ remains in the 

P3HT layer. In this study S-P3MEET/P3HT bilayers were fabricated. First, the bilayer 

sample with dopant starting in S-P3MEET was investigated. P3HT film was spin-coated 

onto a F4TCNQ doped S-P3MEET layer. UV-vis absorbance was recorded before and after 

thermal annealing. The absorbance spectra did not show any significant differences. 

Second the bilayer sample with dopant starting in P3HT was investigated. A S-P3MEET 

film was spin-coated onto the top of F4TCNQ doped P3HT. Upon thermal annealing, UV-

vis spectra showed reduced P3HT absorbance and appearance of a broad signal 

corresponded to P3HT polaron and after annealing to 180 °C, F4TCNQ started to leave the 

P3HT layer. It is likely that the polar side chain of S-P3MEET causes the strong binding 

of the F4TCNQ and restricts its diffusion. In contrast, the alkane side-chain of P3HT does 
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not have polar bonds to orient and consequently, is not able to contribute to binding 

F4TCNQ.78  

Using larger molecular dopants is another strategy to minimize the diffusion of dopants. 

The Moule group had used perflourinated fullerene, C60F36, dopant that has larger 

molecular size/geometry compared to F4TCNQ dopant. Using the near-edge X-ray 

absorption spectroscopy, they monitored the diffusion of each dopant into the MeO-TPD 

layer. A bilayer of 30 nm MeO-TPD layer on the top of 30 nm of each dopant (MeO-TPD/ 

F4TCNQ or MeO-TPD/ C60F36) were fabricated. The normalized carbon K-edge spectra of 

each bilayer structures before and after annealing were showed that unlike F4TCNQ, two 

distinct layers of C60F36 remain intact up to 110 °C. By increasing the annealing 

temperature higher than 110 °C, slightly increase of C60F36 dopant content into MeO-TPD 

surface was observed. The differences in the diffusion rates of F4TCNQ and C60F36 through 

MeO-TPD were attributed to the differences in molecular size. Given the smaller size and 

more planar structure of the F4TCNQ, it can more easily migrate into MeO-TPD.38  

In another strategy, the Aizawa group has used phosphomolybdic acid (PMA) as a strong 

oxidizing agent to crosslink polycarbazoles via an oxidative coupling.79 This reaction 

occurs rapidly under thermal annealing at a temperature of 110 °C within a few minutes to 

connect two carbazoles. However, following this approach, p-type doping was not 

observed. Later on, Aizawa in collaboration with Kippelen group has demonstrated 

simultaneous insolubilization and p-doping of a polymer, poly[N-N’-heptadecanyl-2,7-

carbazolealt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)](PCDTBT, 1.32).80 This 

process occurs by post-processing immersion of polymer films into a solution PMA in 

nitromethane. To cross-link and p-dope PCDTBT films, films spin-coated from 
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chlorobenzene on quartz substrates, 30 nm-thick PCDTBT were submerged into 

nitromethane solution (0.5 M of PMA) for up to 60 min, and then rinsed with pure 

nitromethane. In this process, the PCDTBT films do not dissolve in nitromethane, but allow 

PMA molecules to diffuse and introduce free holes through the films. The resulted films 

became completely insoluble to common organic solvents. This method is a very effective 

and promising method for doping and insolubilization of p-type polymers such as P3HT. 

P3HT films immersed for 30 min in a 0.5 M solution of PMA in nitromethane also 

demonstrated increased electrical conductivity and reduced solubility in the processing 

solvent.81 

Intermolecular cross-linking is another approach to prevent dopant diffusion within device 

interlayers. A covalent bond between the dopant and the host molecule would allow a 

stronger interaction between the two components. A premodification of the dopant with a 

photo-crosslinkable functional group (azide) was used to localize an n-type dopant DMBI-

H, 1.33.82 The azide is activated by deep-ultraviolet light (UV, 254 nm), inducing 

photolysis and generating reactive singlet nitrenes that selectively insert into aliphatic CH 

bonds.83 The covalent attachment of the dopant to the PCBM as a host was demonstrated 

using electrospray ionization (ESI) and matrix-assisted laser desorption ionization 

(MALDI).  To investigate the migration of dopants under applied voltage, the I−V curve 

of a 1.33 doped PCBM layer that was UV-treated (followed by a final annealing step) 

displays no or reduced hysteresis, which was an indication for a successful dopant 

immobilization after nitrene generation. Although the dopant was immobilized under 

crosslinking conditions, the dopant seems to be less stable in the solution. 
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1.6 Thesis Structure and Overview 

This chapter was intended to inform the reader about the efforts that have been made by 

the scientific community in the area of organic electronics to identify and address the 

diffusion of dopants in OSCs. As it was already mentioned, there are limited studies to 

address the diffusion of dopants, especially for n-type doping. In the following chapters, 

the focus will on different approaches to further investigate and address the diffusion of 

dopants.  

Chapter 2 of the thesis will focus on the design and synthesis of a new derivative of DMBI-

H in which 4 units of DMBI-Hs are connected via an sp3 linker. We have investigated the 

effect of multiple electrostatic interactions of dopant cation with acceptors (small 

molecules, PCBM) and (polymers, N2200 and TBDOPV-T). The mechanistic studies have 

shown that the dopant is able to form a tetracation under thermal annealing with PCBM. 

Film retention studies revealed that insolubilized doped film could be obtained with both 

PCBM and TBDOPV-T polymer that could contribute to immobilization of the dopant in 

solid-state. 

Chapter 3 will discuss incorporation of thermos-crosslinkable benzocylobutane (BCB) 

group on both the hydride transfer dopants (DMBI-H) and electron acceptor fullerene. The 

focus of this chapter is immobilization of n-type dopant via covalent anchoring. To avoid 

the degradation of dopant under cross-linking condition, the low temperature BCB 

crosslinker with alkoxy side chain was chosen. Film retention studies show formation of 

insoluble doped film. The doped semiconductors were characterized using EPR and mass 

spectrometry. 



 26 

Chapter 4 of the thesis will focus on doping of an n-type polymer (N2200) with two 

derivatives of DMBI-H and compare the electrical conductivity values and charge carrier 

densities.  

Finally, Chapter 5 summarizes the results reported throughout this thesis. This chapter will 

inform the reader about the attempts made in this work to design and develop small 

molecules to minimize the diffusion of the dopants in device stacks. This chapter will 

comment on future directions of this research to find out new ways to minimize the 

diffusion of dopants in semiconductors and discuss briefly about the broader impact of the 

work. 
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CHAPTER 2: IMMOBILIZATION VIA 

ELECTROSTATIC INTERACTIONS: AN APPROACH TO 

DECREASE THE DIFFUSION RATE OF N-TYPE DOPANTS 

This project was accomplished in collaboration with: 

• Marder group, Georgia Tech (Farzaneh Saeedifard, Stephen Barlow, Seth Marder), 

Synthesis and characterization of dopants 

• Koch group, Humboldt Universität zu Berlin, (Dominique Lungwitz, Norbert 

Koch) UPS and conductivity measurements 

• Jian Pei group, Peking University, (Zi-Di Yu, Jian Pei), Synthesis of TBDOPV-T 

polymer 

• Tony group, Stanford University, (Sebastian Schneider, Mike Tony), GIWAX 

measurements 

The content of this chapter is unpublished. 
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2.1 Introduction 

As it was discussed in Chapter 1, DMBI-H derivatives have been extensively used for the 

n-doping of many organic semiconductors for various applications57-61, 84, 85. A variety of 

DMBI-H derivatives have been synthesized to tune their reactivity with hosts,86, 87 to 

increase their air stability in the solution,88 and to improve miscibility with the 

semiconductor.89, 90 

The mechanism of the reaction of the DMBI-H derivatives with different host 

semiconductors has been investigated by Marder group. There is a strong evidence that 

suggests the first step of mechanism of the solution reaction of DMBI-H and the fullerene 

derivative (PCBM) is a hydride transfer reaction. A comparison of reaction rates using N-

DMBI-H and N-DMBI-D reveals a primary kinetic isotope effect (KIE), which is 

consistent with C–H bond cleavage being the rate-determining step.62 

N-DMBI-H   +   PCBM                                      N-DMBI+   +   PCBM-H-                              (2.1) 

The products of this reaction are PCBM-H- and N-DMBI+. PCBM-H- is thought to then 

undergo a rapid electron transfer to PCBM to form the desired radical PCBM•− and PCBM-

H•. Partially hydrogenated fullerene could also be detected, so that the overall reaction is 

thought to be as follows: 

N-DMBI-H  +  (1+
1

X
) PCBM            N-DMBI+  +    PCBM•−    + (

1

X
) PCBM(-H)x                      (2.2) 
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The reactivity of DMBI-H derivatives has also been investigated with imide- and amide-

containing semiconductor molecules, for the more reactive of which the reaction is also 

found to proceed via an initial hydride transfer step,63 similar to the reaction with PCBM. 

 Dopant ions are bound to the host via relatively weak van der Waals and Columbic 

interactions and because of these weak interactions, ions may be prone to migrate through 

diffusion or drift when the doped semiconductors with these ions are used in devices (e.g. 

OLEDs and OPVs). Although DMBI-H derivatives have been used for doping of numerous 

semiconductors, there are few studies addressing the immobilization in order to decrease 

their diffusion rate and migration in the devices. 

 As it was discussed in Chapter 1, the Müllen group had installed a photo-crosslinker azide 

functional group on a DMBI-H derivative.82 They studied the diffusion of dopant under 

applied field for the N3-DMB-H doped PCBM and, indeed, cross-linking was found to help 

to minimize the diffusion of dopant under applied field. However, no data was reported 

showing the diffusion of dopant under thermal annealing as heat might be expected to 

trigger the diffusion of dopant molecule/ions in device stacks. Moreover, no evidence was 

reported regarding the film retention against solvents for the crosslinked system. 

In this chapter, decreasing the diffusion of DMBI-H dopants is explored using a different 

approach. Taking advantage of electrostatic interactions between the dopant ions and 

ionized host segments, it was hypothesized that an oligomeric derivative of DMBI-H that 

is able to transfer multiple hydrides to host semiconductors, decreases the diffusivity of the 

dopant ions. Multiple Columbic interactions of the resultant multi-charged cations and the 
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radical anions of the acceptor molecules could possibly lead to the decreased mobility of 

the dopant ions.  

The Columbic interactions could be beneficial in two different ways; decreasing the 

diffusion rate of cation into adjacent layers in a device and render the doped material 

insoluble, which could facilitate the solution-processed deposition of a subsequent layer 

without washing away the doped layer. To test the hypothesis, a tetrakis-DMBI-H in which 

4 DMBI-H units are linked through a sp3 carbon was synthesized. Subsequently, it was 

demonstrated that the dopant is able to transfer up to 4 hydrides to a host acceptor, and the 

details will be discussed in the following sections. 

2.2 Synthesis of Tetrakis-DMBI-H 

In general, the synthesis of DMBI-H derivatives is straightforward using the reaction of 

N,N′-dimethyl-1,2-phenylenediamine and the corresponding aldehyde in the presence of 

catalytic amount of acid.55 For synthesis of a tetrakis-DMBI-H, a tetra-aldehyde derivative 

is needed and, therefore, compound 2.3 (Figure 2.1) was synthesized in two steps91 and 

subsequently underwent reaction with 4.0 equivalents of N,N′-dimethyl-1,2-

phenylenediamine 2.4 in MeOH. The desired dopant 2.5 was recrystallized from MeOH. 
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Figure 2.1 Synthesis of tetrakis-DMBI-H. 

2.2.1 Mechanistic studies of tetrakis-DMBI-H and PCBM 

In order to investigate whether tetrakis-DMBI-H is able to dope PCBM, tetrakis-DMBI-H 

and PCBM (1:4 equivalents (5 mg tetrakis-DMBI-H and 22 mg of PCBM in 1.0 mL of 

CB)) were mixed in chlorobenzene (CB) (under nitrogen atmosphere in glove box) and the 

reaction was monitored. After 3 days some black precipitate was observed in the reaction 

mixture. The black solid was insoluble in solvents such as THF, CH3CN, CH2Cl2, and 

acetone, but soluble in DMF. As we have discussed, the products of the reaction of 

PCBM/DMBI-H are PCBM•− and DMBI+. PCBM•− absorbs in the NIR region with a peak 

at ~1000 nm.62 Unfortunately, we were not able to detect PCBM•−, after dissolving the 

precipitate in DMF, using UV-vis-NIR. However, the composition of the black precipitate 

was investigated by mass spectrometry, which identified a peak consistent with PCBM 

mass at the negative-ion mode, consistent with the formation of PCBM•−, Figure 2.2. 
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Figure 2.2 MALDI-TOF-MS spectra for the black precipitate from the reaction between 

tetrakis-DMBI-H and PCBM. Exact mass of PCBM is 910 m/z. The signal at 910 m/z in 

negative mode of MALDI is consistent with the presence of PCBM•− in the reaction 

mixture. 

Although tetrakis-DMBI-H is able to dope PCBM, the reaction was slow; it took 3d for 

appreciable precipitate to form. The presence of electron donating groups on the phenyl 

group of the DMBI-H such as oxygen has been shown to increase the hydride transfer rate 

since π-donor groups could help the stabilization of charge in the transition state leading to 

stabilization of the DMBI cations. This was demonstrated by a Hammett study that showed 

the rate for hydride transfer reaction increased when π-donor groups such as -OMe and -

NMe2 were incorporated into DMBI-H derivatives.62 
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2.3 Synthesis of tetrakis-O-DMBI-H 

The synthesis of DMBI-H derivatives is generally performed in MeOH as it can dissolve 

the aldehyde starting materials, while the DMBI-H derivatives are generally poorly soluble 

in MeOH, and thus can be obtained in high yield from the recrystallization from MeOH. 

CH2Cl2 can also be used as solvent since it dissolves both starting materials and the DMBI-

H products. The DMBI-H product could then be precipitated by adding MeOH. 

Unfortunately, some tetra-aldehydes have low solubility in both CH2Cl2 and MeOH. Figure 

2.3 represents three different tetra-aldehydes that were synthesized and found to have very 

low solubility in the aforementioned solvents. 

 

Figure 2.3 Structures of different tetra-aldehydes with low solubility in CH2Cl2 or 

MeOH. 

Accordingly, the tetra-aldehyde 2.9 was synthesized and found to have good adequate 

solubility in CH2Cl2 to be used at the concentrations required for the next steps of the 

synthesis. This tetra-aldehyde also has a flexible structure that can be beneficial for the 

corresponding tetra-DMBI-H as it has better solubility in solvents including CH2Cl2. 2.9 
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underwent the reaction with 4.0 equivalents of N,N′-dimethyl-1,2-phenylenediamine in 

CH2Cl2 and was purified by recrystallization from MeOH, Figure 2.4. 

 

Figure 2.4 Synthesis of tetrakis-O-DMBI-H as a more reactive multiple-hydride donor. 

2.3.1 Kinetic studies of tetrakis-O-DMBI-H 

Kinetic studies of tetrakis-O-DMBI-H with PCBM showed that the rate of the reaction is 

higher than those when using tetrakis-DMBI-H; after mixing 2.10 with 4.0 equivalents of 

PCBM (5.0 mg of tetrakis-O-DMBI-H and 18 mg of PCBM) in o-DCB (1.0 mL), 

precipitation was observed after 2 h. The nature of precipitation was investigated using 

MALDI, which showed tetrakis-O-DMBI-H is capable of transferring hydrides to PCBM 

and in negative mode the signal for PCBM•− was observed (not shown here). 
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Figure 2.5 ESI spectrum obtained from the reaction product of tetrakis-O-DMBI-H and 

PCBM (4.0 equivalents). 

Moreover, the observed peaks in ESI spectrum are consistent with tetrakis-O-DMBI-H 

being able to transfer up to 4 hydrides to PCBM and formation of a tetra-cation, which 

subsequently underwent a reaction with residual water (Figure 2.5). At this stage, the 

structure of the main product resulting from the addition of water to the cationic center is 

unclear. The initial product of nucleophilic attack and proton loss is likely the alcohol form 

shown in Figure 2.6 (left), but this may well isomerize to the amide form, as depicted in 

Figure 2.6 (right). Amide species of this type are encountered as side products in the 

synthesis of DMBI dimers by alkali-metal reduction of DMBI+ cations, presumably as a 

result of nucleophilic attack by trace hydroxide followed by isomerization as well as the 

decomposition products of the dimers on exposure to air.69 
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Figure 2.6 The initial product of nucleophilic attack and proton loss is likely the alcohol 

form (left), but this may well isomerize to the amide form. 

2.3.2 Film retention and electrical conductivity studies on tetrakis-O-DMBI-H-

doped PCBM 

The electrical conductivity of doped films was evaluated using a 4-point probe in a Van 

der Pauw configuration. A PCBM film has an in-plane conductivity of 8 × 10 -8 S cm-1.92 

When the tetrakis-O-DMBI-H (10 mol%, 40 mol% of hydride) was incorporated into the 

casting solution, the conductivity of PCBM increased to 3 × 10 -3 S cm-1 and if the doped 

film was annealed at 120 °C for 2 h, the conductivity increased to 0.14 S cm-1, consistent 

with the expected effects of thermal annealing on the rate and extent of the hydride transfer 

reaction. By increasing the dopant concentration to 20 mol%, the conductivity value 

decreased to 2 × 10-3 S cm-1 for an annealed film. Atomic force microscopy (AFM) images 

reveal morphological differences between the films with different doping ratios; smooth 

surfaces were seen when 10 mol% dopant was used while large nanoaggregates were 

observed when 20 mol% of tetrakis-O-DMBI-H was used, Figure 2.7 (d). 

Figure 2.7 (b) provides observations that were obtained for solvent resistance studies using 

UV-vis-NIR. Undoped PCBM films and solutions exhibited no UV−vis-IR absorptions. 

However, PCBM-doped with tetrakis-O-DMBI-H exhibited a new, weak and relatively 

broad band with a maximum absorption at 1020 nm, consistent with the previously reported 

absorption spectra of PCBM•−.62 After submerging the PCBM-doped tetrakis-O-DMBI-H 
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film in o-DCB, the absorption intensity of the signals at 1020 and 390 nm decreased in 

absorption, as the doped film started to dissolve in o-DCB, indicating a low stability of 

doped film to solvent treatments. 

 

Figure 2.7 a) UV-vis-NIR studies on doped PCBM before and after solvent treatment b) 

electrical conductivity of tetrakis-O-DMBI-H -doped PCBM (10 mol%) films before and 

after solvent treatment, c) and d) AFM images on tetrakis-O-DMBI-H -doped PCBM at 

10 and 20 mol %. 
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2.4 Film Retention and Electrical Conductivity Studies on Polymer Doped with 

Tetrakis-O-DMBI-H 

In our first attempt to investigate the film retention on n-type polymer doped tetrakis-O-

DMBI-H, N2200 ([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 chosen as arguably one of the most 

widely known and studied electron-transporting D–A copolymer (see Figure 2.8 for 

chemical structure).93 

In the undoped pristine state, N2200 shows the typical absorption features already reported 

in the literature, which are assigned to an NDI-based π–π* transition at 390 nm and a broad, 

low-energy band cantered at 705 nm, mainly associated with an intrachain charge transfer 

between the bithiophene units and the naphthalene dicarboximide moiety. N-doping using 

tetrakis-O-DMBI-H (25 mol%) is accompanied by a decrease of the intensity of the band 

705 nm, along with an increase of an absorption band at roughly 500 nm, consistent with 

the formation of radical anion species (NDI•−). However, after rinsing the doped film using 

o-DCB, all doped film was washed away, indicating low film retention (~ 0%). In general, 

the conductivity of N2200 doped with DMBIs is in the range of 10-4-10-3 S cm-1. The low 

conductivity of doped N2200 has been attributed to low doping efficiency because of low 

dopant/host miscibility and significant steric hindrance, leading to twisted backbone and 

low electron mobility.84, 94  
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Figure 2.8 Chemical structure on N2200 and TBDOPV-T polymers and UV-vis 

absorption spectra of pristine N2200 and tetrakis-O-DMBI-H-doped N2200. 

In the next step, TBDOPV-T polymer (thiophene-fused benzodifurandione-based oligo(p-

phenylenevinylene))-co-thiophene) developed by the Pei group (Figure 2.8) was chosen as 

the host polymer for subsequent studies.  TBDOPV-T has been observed to exhibit a high 

conductivity (60 S cm-1) when it n-doped with N-DMBI-H dopant (24 mol%). This high 

conductivity was attributed to the rigid planar backbone (thiophene-fused 

benzodifurandione-based oligo(p-phenylenevinylene) of the polymers and excellent 

miscibility with the dopant molecules.94 

2.4.1 Film retention and electrical conductivity studies on TBDOPV-T-doped 

tetrakis-O-DMBI-H 

Doped films were prepared by co-deposition of a solution of the polymer and tetrakis-O-

DMBI-H by spin-coating and annealing at 140 °C for 2.5 h. UV-vis-NIR absorption 

spectroscopy (Figure 2.9) indicates that the main NIR absorption band of neutral 

TBDOPV-T polymer was bleached when it was doped using tetrakis-O-DMBI-H with new 

feature extending deep into the NIR, which is attributed to negatively charged TBDOPV-
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T polymer, consistent with the literature report.94  Submerging the doped film in o-DCB 

for 5 and 10 min did not lead to any significant decrease in the intensity of the signal 

corresponded to negatively charged TBDOPV-T polymer. The film retention was 

calculated to be about 93%. 

 

Figure 2.9 a) Optical absorption spectra of undoped and tetrakis-O-DMBI-H -doped 

TBDOPV-T films before and after immersing into o-DCB for 5 min. b) Electrical 

conductivity of tetrakis-O-DMBI-H -doped TBDOPV-T films before and after dipping in 

o-DCB. 

The conductivity of tetrakis-O-DMBI-H -doped TBDOPV-T films was measured as a 

function of dipping time, as shown in Figure 2.9 (b). Upon optimizing the tetrakis-O-

DMBI-H concentration (10 mol% dopant, 40 mol% hydride), the film showed a 

conductivity value of 15 S cm−1. Since the conductance of the pristine TBDOPV-T film 

was too low to provide a reliable signal, a reference value of 1×10−8 S cm−1 (being the 

detection limit of the used device) was taken as the upper limit.  Next, the doped film was 

immersed into o-DCB for 5 min, which led to a drop in conductivity to 3 S cm−1. Upon the 

second dipping step, the conductivity remained constant within the range of uncertainty, 

which was consistent with optical absorption data, Figure 2.9 (a). It is reasonable to assume 
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that some solvent molecules are able to diffuse into the film when it was dipped in o-DCB. 

Although the films were dried under a stream of nitrogen, we speculate that residual solvent 

molecules may affect the film microstructure and leading to the observed decrease in 

conductivity. 

2.4.2 Ultraviolet photoelectron spectroscopy (UPS) 

Ultraviolet photoelectron spectroscopy (UPS) was used to investigate the changes of the 

electronic properties of TBDOPV-T with the tetrakis-O-DMBI-H, Figure 2.10. Upon 

doping, a strong decrease in sample work function by 0.6 eV was observed. Furthermore, 

the valence band shifts to higher binding energy upon doping, due to the shift of Fermi 

level toward the conduction band. Simultaneously, a new feature close to the Fermi level 

appears. The change in the electronic structure of a conjugated polymer upon addition of 

an electron is commonly explained in the model of a localized negative polaron. In this 

model, a new singly occupied state on a polymer segment is formed and is at lower energy 

than the conduction band (CB) minimum of the surrounding neutral polymer. A second, 

doubly occupied, new state is considered as being formed above the valence band (VB) 

maximum of the neutral polymer.95 Within the framework of the simple polaron model, 

the low-binding-energy feature observed here corresponds to the partially filled sub-level, 

located within the semiconductor gap, and represents a clear manifestation of n-type 

doping. 
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Figure 2.10 UPS a) secondary electron cut off (SECO) and b) valence band spectra with 

respect to the Fermi level EF of pristine (gray) and tetrakis-O-DMBI-H-doped TBDOPV-

T (blue) films. The numbers next to the SECO spectra give the work function of the 

measured samples. Note that in (b) the main VB onset in the doped film is seen at higher 

binding energy than in the pristine material, but that there is also a new feature at low 

binding energy (indicated by dotted box). 

2.5 Diffusion Studies on Tetrakis-O-DMBI-H-doped TBDOPV-T Films 

The remarkable stability of tetrakis-O-DMBI-H-doped TBDOPV-T films to solvent 

treatment, presumably as a result of multiple electrostatic interaction between dopants ions 

and polymer, might also lead to a suppressed diffusion of the dopant ions or dopant 

molecules. In the next step the stability of the doped film was studied at elevated 

temperatures. To do so, the doped polymer film was annealed at 140 °C for 5 h on a hot 

plate in an inert atmosphere. Negligible changes in intensity upon annealing was observed. 
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Figure 2.11 Optical absorption spectra of (a) tetrakis-O-DMBI-H-doped TBDOPV, and 

sequentially deposited N2200 on tetrakis-O-DMBI-H-doped TBDOPV films before and 

after heating, (b) N2200 and sequentially tetrakis-O-DMBI-H-doped N2200. 

To gain some insights into the diffusion of molecular dopants/ions, N2200 polymer was 

sequentially deposited on a tetrakis-O-DMBI-H doped TBDOPV-T film (10 mol%). The 

film was heated at 140 °C for 4 h in an inert atmosphere. The reduction potentials of N2200 

and TBDOPV-T polymers are both ca. –1.0 V vs. ferrocene;94, 96 therefore, no energetic 

penalty is expected for dopant and charge-carrier migration from TBDOPV-T into the 

N2200. In case of dopant migration, one would expect to observe a polaron feature of 

N2200 around 500 nm and a decrease in features associated with the doped tetrakis-O-

DMBI-H doped TBDOPV-T material.  

As it can be seen from Figure 2.11 (a), there is no sign or increase in the intensity ~ 500 

nm, or a decrease in the intensity of the signal corresponded to negatively charged 

TBDOPV-T polymer. Thus, under this condition, no sign of diffusion of dopant for 

tetrakis-O-DMBI-H was observed.  
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Moreover, a control experiment was conducted to assure N2200 can sequentially be doped 

by tetrakis-O-DMBI-H, Figure 2.11 (b), as some dopants reported to fail to sequentially 

dope N2200.97 As it can be seen, after sequential doping of N2200 with tetrakis-O-DMBI-

H (20 mol%) and heating at 140 °C for 2h , the polaron signal appears. 

2.5.1 Grazing-incidence wide-angle X-ray scattering (GIWAXS) 

To gain an insight into how the molecular dopants and/or counterions affect the polymer 

packing, and, therefore, influence the charge-transport properties, a series of GIWAXS data 

was acquired for TBDOPV-T polymer with different dopant concentrations, Figure 2.12 

(a). The doping of TBDOPV-T, in common with many other previously studied systems, 

induces increased structural disorder, particularly at high dopant ratio.98 Here, reflections 

from lamellar and π–π stacking are denoted as (100) and (010), respectively. Neat 

TBDOPV-T shows well resolved (100) and (010) reflections in both in-plane and out-of-

plane directions suggesting the presence of face-on and edge-on crystallite populations.  In 

the following discussion, changes in the d-spacing of the (100) and (010) peaks are used to 

track changes in the packing of TBDOPV-T. Neat TBDOPV-T exhibits a lamellar packing 

with a d-spacing of 34.6 Å, and π–π stacking with a d-spacing of 3.39 Å. Overall, a 

systematic increase of (100) and (010) d-spacings with increasing dopant fractions was 

observed. Specifically, an increased (100) d-spacing of 36.0 Å and a π–π stacking distance 

of 3.45 Å for a dopant fraction 10 mol %. With increasing dopant fraction, we observe 

reduced scattering intensity and an increased width for the (100) peak. Higher orders of the 

lamellar peak are only observed for the neat polymer and rapidly vanish with increasing 

dopant fractions. Furthermore, the (010) peak vanishes at 33 mol% or higher dopant 

fraction, Figure 2.12 (b and c). These results indicate that the tetrakis-O-DMBI-H cations 
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significantly interfere with the polymer packing. To quantify the effects of the dopant 

concentration on polymer crystallinity and texture in TBDOPV-T, pole-figure99 and 

approximate relative degree of crystallinity (rDoC) analysis of the polymer scattering 

patterns were performed for the (100) peak, Figure 2.12 (d). The polar angle χ describes 

the relative orientation of crystallites with respect to the substrate, with the χ = 0° and 90° 

orientations of the (100) peak representing edge-on and face-on orientation of crystallites, 

respectively. The background corrected and normalized scattering intensities of the (100) 

peaks were integrated over χ = [−80°, 80°], and the total integrated areas are compared 

between samples of TBDOPV-T with different loading of tetra-DMBI, yielding their 

respective approximate rDoC.  The rDoC analysis of (100) peaks for TBDOPV-T shows 

that polymer crystallinity is reduced with increasing the concentration of dopant, 

particularly for 23 and 33 mol%. This means that the lamellar packing of the polymer 

becomes increasingly disordered with increased doping. Additionally, with increased 

concentration of tetrakis-O-DMBI-H, the predominantly face-on orientation is diminished, 

with both face-on and edge-on populations evident from the relative increase of scattering 

intensity around χ = [−30°, 30°] in the relevant pole figure. This drastic changes to the 

packing of TBDOPV-T with increasing dopant fractions can be rationalized by the large 

3D size of tetrakis-O-DMBI-H species inducing significant structural disorder and reduced 

polymer crystallinity. 
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Figure 2.12 a) GIWAXS patterns of pristine TBDOPV-T and doped TBDOPV-T with 

different mol ratios of tetrakis-O-DMBI-H. b) 1D-GIWAXS linecuts of TBDOPV-T at 



 47 

different dopant ratios (in-plane direction), c) 1D-GIWAXS linecuts of TBDOPV-T at 

different dopant ratios (out-of-plane direction), d) lamellar distances, and e) relative 

degrees of crystallinity (rDoC). 

2.6 Summary and Conclusion 

Two dopants (tetrakis-DMBI-H and tetrakis-O-DMBI-H) have been synthesized in which 

4 units of DMBI-H units are linked together via an sp3 carbon. Due to the presence of 

electron donating groups, oxygens, in para position of the 2-phenyl groups in each DMBI-

H unit, tetrakis-O-DMBI-H is the more reactive hydride donor. Tetrakis-O-DMBI-H could 

dope PCBM, transfer up to 4 hydrides and form a tetra-cation. Incorporation of 10 mol% 

of dopant with PCBM resulted in a conductivity of 0.14 S cm-1, however the doped film 

showed very low resistance to solvents, as is very common for doped small-molecule 

semiconductors. 

The, tetrakis-O-DMBI-H was able to dope polymers; including N2200 and PBTOPV-T.  

Although, the N2200 films showed very low resistance toward solvent treatment, tetrakis-

O-DMBI-H-doped-PBTOPV-T film exhibited remarkable solvent resistance. 

Electrical conductivity measurements on tetrakis-O-DMBI-H-doped-TBDOPV-T revealed 

a conductivity value of 15 S cm-1, using 10 mol% of the dopant. The doped films also were 

characterized using UPS and a significant decrease in sample work function was observed. 

Furthermore, the valence band shifts to higher binding energy upon doping which is related 

to an increase in electron density near the Fermi level. 

The diffusion of dopant molecules/ions in doped films have also been examined; by 

sequential depositing of N2200 on the top of tetrakis-O-DMBI-H-doped-PBTOPV-T film 
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and heating the film at 120 °C for 4 h. Negligible changes in intensity of the signal 

corresponded to negatively charged TBDOPV-T polymer upon annealing was observed.  

At this stage, there is no mechanistic data, confirming the formation of tetra-cations when 

TBDOPV-T was doped using tetrakis-O-DMBI-H, although based on the rapid reactivity 

of other DMBI and DOPV-type polymers and the large Fermi-level shifts encountered in 

this work, one would expect formation of some multiple-charged species. Nevertheless, 

the preliminary diffusion data is promising, indicating that, indeed, the multiple 

electrostatic interactions between the dopant ions and ionized polymer segments, to a large 

extent, could lead to dopant immobilization in solid state. 

2.7 Experimental Details 

2.7.1 Synthesis 

Chemicals were obtained from commercial sources and used as received unless stated 

otherwise. TBDOPV-T polymer was synthesized following reported procedures.94 N2200 

polymer was purchased from Polyera (Lot: CZH-XV-77-22). All operations involved in 

synthesis were performed under an atmosphere of nitrogen using standard Schlenk 

techniques or in a glove box. 1H-NMR and 13C-NMR spectra were recorded in CDCl3 or 

C6D6, on Varian 500 or 700 MHz spectrometers. The chemical shifts (δ) are reported in 

parts per million (ppm). 

Synthesis of tetra(4-bromophenyl) methane (2.2) 

As per the reported procedure,100 bromine (8.0 mL, 156 mmol) was added slowly to 

tetraphenylmethane (5.0 g, 14.4 mmol) with continuous stirring. The resulting slurry was 
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stirred for an additional 5 h and then poured into ethanol (400 mL), which was cooled to -

78 ℃. The precipitated solid was filtered, washed with saturated aqueous NaHSO3 solution 

(100 × 3 mL) and dried at 50 ℃ under vacuum to give a pale yellow solid (6.0 g, 9.5 mmol, 

60%). 1H NMR data were consistent with the literature. 

Synthesis of 4,4',4'',4'''-methanetetrayltetrabenzaldehyde (2.3)  

As per the reported procedure,91 a solution of tetra(4-bromophenyl) methane (5.07 g, 8.0 

mmol) in THF (300.0 mL) was stirred at –78 °C under nitrogen and treated dropwise with 

a solution of n-butyllithium (28 mL, 2.5 M in hexane, 70.0 mmol). The resulting mixture 

was kept at –78 °C for 30 min, and then DMF (10 mL, 128.0 mmol) was added dropwise. 

The mixture was stirred 12 h, while the temperature was allowed to rise to 25 °C. To the 

solution was added 1.0 M aqueous HCl (20.0 mL), and solvent evaporated under reduced 

pressure. The remaining aqueous concentrate was extracted with EtOAc, and the combined 

organic extracts dried over Na2SO4, and filtered. The solvent was removed by evaporation 

under reduced pressure, and the residue was recrystallized from EtOAc to yield a white 

solid (0.90 g, 2.0 mmol, 28%). 1H NMR data were consistent with the literature. 

Synthesis of tetrakis(4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazol-2-

yl)phenyl)methane (2.5) 

 4,4',4'',4'''-Methanetetrayltetrabenzaldehyde (238 mg, 0.550 mmol) was dissolved in 2.0 

mL CH2Cl2 and 3.0 mL MeOH. To this solution, N,N′-dimethyl-1,2-phenylenediamine 

(300 mg, 0.220 mmol) in 1.0 mL methanol was added. While stirring, a drop of glacial 

acetic acid was added. After 45 min, the precipitate was separated from the reaction mixture 

by filtration, and then washed with cold methanol. The yellow solid was dissolved in 
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CH2Cl2 and recrystallized from methanol to yield a yellow solid (200 mg, 0.220 mmol, 

40%). 1H NMR (400 MHz, CDCl3) δ 7.53-7.43 (m, 8H), 7.31–7.23 (m, 8H), 6.77-6.69 (m, 

8H), 6.47-6.49 (m, 8H), 4.91 (s, 4H), 2.64 (s, 24H). 

Synthesis of tetrakis[(4-formylphenoxy)methyl)]methane (2.9) 

As per the reported procedure,101 pentaerythrityl tetrabromide (5.0 g, 12.8 mmol), 4-

hydroxybenzaldehyde (7.9 g, 65 mmol), KOH (3.6 g, 65 mmol), and tetrabutylammonium 

iodide (40 mg, 0.11 mmol) were added to a two-neck flask. A reflux condenser was 

installed, and the flask evacuated, refilled with nitrogen three times. DMF (40 mL) was 

added and the mixture was stirred at 120 °C for 12 h. The reaction mixture was cooled to 

room temperature and poured into water. The crude product was extracted with EtOAc, 

and washed with saturated brine, dried over sodium sulfate, and the solvents were 

evaporated to afford a yellow to which methanol (30 mL) was added. The solids were 

filtered and rinsed with methanol again to get yellow shiny crystals (4.0 g, 7.23 mmol, 

56%). 1H NMR (500 MHz, CDCl3) δ 9.89 (s, 4H), 7.83 (d, J = 8.8 Hz, 8H), 7.05 (d, J = 

8.8 Hz, 8H), 4.48 (s, 8H). 13C{1H} NMR (176 MHz, CDCl3) δ 190.78, 163.27, 132.13, 

130.73, 114.98, 66.58, 44.82. HRMS (ESI) calcd for C33H29O8 (M+H+), 553.1856; found 

553.1850.  

Synthesis of tetrakis[(4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazol-2-

yl)phenoxy)methyl)]methane (tetrakis-O-DMBI-H, 2.10) 

In a glove box, Compound 2.9 (2.0 g, 3.6 mmol) was dissolved in anhydrous CH2Cl2 (20 

ml). N,N′-dimethyl-1,2-phenylenediamine (2.0 g, 14.68 mmol) was dissolved in 5.0 mL 

CH2Cl2 and added to reaction flask, which then was sealed with a septum and transferred 
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outside the glove box. Three drops of acetic acid were added by a syringe. The mixture 

was stirred at room temperature overnight. To the mixture, methanol was added, which 

results in white precipitate. The solid was filtered and dissolved in CH2Cl2 and precipitated 

with methanol to obtain off-white solid (this process was repeated three times) (500 mg, 

14%). 1H NMR (700 MHz, C6D6) δ 7.42 (d, J = 8.6 Hz, 8H), 6.93 – 6.84 (m, 16H), 6.41 

(dd, J = 5.4, 3.2 Hz, 8H), 4.60 (s, 4H), 4.37 (s, 8H), 2.31 (s, 24H). 13C{1H} NMR (176 

MHz, C6D6) δ 160.12, 142.62, 132.58, 130.63, 119.98, 114.92, 106.28, 94.11, 67.11, 45.16, 

33.05. ESI-MS = (1027.5 [M+3H]+, 4.0%), 1026.5 [M+2H]+, 7.9%, 1025.5 [M+H]+, 

0.2%), 1023.5 [M-H]+. HRMS (ESI) calcd for [M-H]+, 1023.5280; found 1023.5277. Anal 

Calcd. For C65H68N8O4: C, 76.14; H, 6.69; N, 10.93, Found C, 75.29; H, 6.63.43; N, 10.56. 

2.7.2 Characterizations: general procedures and experimental details  

Stock solutions with concentrations of 5 mg/ml for tetrakis-O-DMBI-H and TBDOPV-T 

were prepared under nitrogen atmosphere in an inert gas box using dried 1,2-

dichlorobenzene (o-DCB). The stock solutions were stirred overnight in order to enable 

complete dissolution of the materials. The reported dopant concentration of 9 mol% is 

given as 𝑐 =
𝑁D

𝑁D+𝑁P
, where 𝑁𝐷 is the number of dopant molecules and 𝑁𝑃 is the number of 

polymer monomer units as contained in the solutions. Thin films were prepared via spin-

coating. Therefore, a standard laboratory spin-coater was used at 1000 rpm for 1 min, 

followed by 2000 rpm for 20 sec. Thermal activation was performed by annealing the 9 

mol%-doped thin films at 140 °C for 2.5 h on a hot plate in the glovebox, if not otherwise 

stated. 
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Optical absorption spectroscopy was performed using a Lambda 950 UV-vis-NIR 

spectrophotometer (PerkinElmer, Inc.). Undoped and doped thin films were prepared on 

glass substrates with thickness between 5 and 20 nm.  

Conductivity measurements were performed inside a nitrogen-filled glovebox. The 

samples were prepared by spin-coating the undoped and tetrakis-O-DMBI-H-doped 

TBDOPV-T films on glass substrates. The sheet resistance was measured by using an in-

line four-point probe with 0.635 mm tip spacing, connected to a resistivity test unit 

(RM3000) from Jandel Engineering. Resistivity values were calculated by multiplying the 

film’s sheet resistance by the film thickness, which was measured with a Dektak 

profilometer. The conductivity was obtained by taking the inverse of the resistivity.  

Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy 

(XPS) measurements of thin films on ITO substrates were performed in an ultrahigh 

vacuum chamber with a base pressure of 10−9 mbar. UPS measurements were performed 

at a SPECS UHV system, equipped with a monochromated helium-gas-discharge lamp 

(21.22 eV). For XPS measurements, non-monochromated Al Kα (1486.7 eV) radiation was 

used for excitation. The spectra were collected in normal emission by using an Omicron 

EA125 hemisperical electron energy analyzer. A pass energy of 5 eV and 20 eV was used 

for UPS and XPS measurements, respectively. The secondary electron cutoff (SECO) 

spectra were measured with a bias of −10 V, which was applied to the sample in order to 

clear the analyzer work function. 

The film surface topography was characterized with a Bruker Dimension Icon scanning 

force system, operated in Peak Force Tapping TM mode using ScanAsyst-Air cantilevers. 
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Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were performed 

at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 11–3 with an X-ray 

wavelength of 0.9752 Å and sample-to-detector distance of 321 mm at an incident angle 

of 0.14°. Measurements were carried out using a helium-filled sample chamber to reduce 

air scattering background. The 2DGIWAXS patterns were collected with a 2D CCD X-ray 

detector (MX225, Rayonix, L.L.C) with a pixel size of 73.2 μm (3072 × 3072 pixels). 
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CHAPTER 3: IMMOBILIZATION VIA CHEMICAL 

BOND FORMATION: AN APPROACH TO RESTRICT THE 

DIFFUSION RATE OF N-TYPE DOPANTS 

This project was accomplished in collaboration with: 

• Marder group, Georgia Tech (Farzaneh Saeedifard, Stephen Barlow, Seth Marder), 

Synthesis and characterization of dopants 

The content of this chapter is unpublished. 
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3.1 Introduction 

As it was discussed in Chapter 2, creating multiple electrostatic interactions between DMBI 

cations and doped acceptors is a promising strategy for decreasing the diffusion rate of 

DMBI cation. Another approach to decrease diffusion of DMBI-H derivatives and the 

corresponding DMBI cations is using covalently crosslinkable materials. Advantages of 

applying crosslinkable materials are that: 1) covalent linking of molecular components to 

form polymer matrices and densification to reduce diffusion through free volume; 2) even 

moderate crosslinking densities are usually sufficient to render polymers highly insoluble. 

This second aspect could be useful for multilayer device fabrication from solution. 

Some of the well-developed methodologies involve using cross-linkable groups such as 

siloxanes, styrenes, acrylates, benzocyclobutenes, cinnamates, chalcones, oxetanes, or 

using “click chemistry” such as the reactions between alkynes and azides.102-105 Most of 

the aforementioned functional groups have been utilized successfully in the general field 

of polymer chemistry, but approaches have been less explored for  immobilizing electrical 

dopants. 

The focus of this chapter is on the exploration of the use of crosslinkable functional groups 

for DMBI-H n-dopants.  One important design consideration is the ease of synthesis, as it 

is desirable for the functional group to be easily incorporated into the dopants/cations, and 

not interfere with the dopant chemistry in the devices.  As benzocyclobutenes are not 

readily reducible, they are expected to be suitable for the crosslinking of DMBI-H dopants 

without to a first approximation interfering with dopant chemistry. Benzocyclobutene or 

bicycle[4.2.0]octa-1,3,5-triene (BCB),  has been widely studied in the field of polymer 
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science as a thermo-crosslinking agent, owing to its ability to crosslink by ring opening the 

strained cyclobutene ring.106-110  

Figure 3.1 shows the ring opening of the benzocyclobutene at elevated temperatures. The 

crosslinking reaction of BCB proceeds by application of thermal energy, which results in 

the strained cyclobutene moiety undergoing an electrocyclic ring opening rearrangement 

to form a highly reactive o-xylylene intermediate. This intermediate can then undergo a 

cycloaddition reaction with unsaturated functionalities, such as vinyl units to afford a 

tetrahydronaphthalene linkage, or with another o-xylylene unit by converting the π-bonds 

at the termini of the acyclic conjugated π-system to σ bonds, to yield the reactive spiro-

dimer intermediate that can rearrange to the energetically lower 1,2,5,6-

dibenzocyclooctadiene linkage.106, 110, 111 

 

Figure 3.1 Ring opening of benzocyclobutene to form the cross-linked product. 
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3.2 Design and Synthesis of the Thermo-crosslinkable DMBI-H 

One key drawback of BCBs linked to other moieties through alkyl bridges, however, is that 

their cross-linking reaction necessitates temperatures of over 240 °C,110, 112 which might be 

unsuitable for thermal stability of DMBI units and also potentially limits the compatibility 

of the approach with certain substrates. It has been reported that the introduction of electron 

donating alkoxy groups to the cyclobutene ring of the BCB moiety can significantly lower 

the temperature at which the electrocyclic ring opening reaction responsible for cross-

linking takes place.97, 113, 114 Therefore, it was decided to synthesize a DMBI cation unit 

attached to BCB with an oxygen bridge and test the thermal stability of the cation at the 

condition  required for crosslinking, Figure 3.2 represents the synthetic scheme that was 

employed. The dopant can then potentially be covalently bound to semiconductors matrices 

that contain the same BCB units, which may also lead to crosslinking of the matrices on 

heating. 

3.2.1 Synthesis of the cation 

The DMBI-containing benzocyclobutene derivative was synthesized from 

bicyclo[4.2.0]octa-1,3,5trien-7-ol, 3.1, which was synthesized according to the published 

procedure.115  

Compound 4-(bicyclo[4.2.0]octa-1,3,5-trien-7-yloxy)benzaldehyde, 3.2, was synthesized 

from 3.1 by a Mitsunobu reaction from 4-hydroxybenzaldehyde in 64% yield, as shown in 

Figure 3.2. In the next the step, 2-(4-(bicyclo[4.2.0]octa-1,3,5-trien-7-yloxy)phenyl)-1H-

benzo[d]imidazole was synthesized from the reaction of 3.2 and 1,2-phenylenediamine in 

the presence of Na2S2O5. Cation 3.4 was synthesized from the reaction of 3.3 and methyl 



 58 

iodide followed by anion exchange reaction with tetrabutylammonium 

hexafluorophosphate in MeOH to give the desired product as off-white solid.116 

 

Figure 3.2 Synthetic route for the synthesis of BCB-DMBI cation. 

3.2.2 Thermal stability experiments of 2-(4-(bicyclo[4.2.0]octa-1,3,5-trien-7-

yloxy)phenyl)-1,3-dimethyl-1H-3l4-benzo[d]imidazole (compound 3.4) 

To test the thermal stability DMBI-cation, 3.4, a solution containing 2.0 mg of 3.4 and 16.0 

mg of 3.2 was dissolved in CH3CN (1.0 mL) and drop-cast on a glass substrate. After 

drying in air, the film was heated at 205 °C for 15 min to initiate the crosslinking condition. 

The composition of the annealed film was investigated by mass spectrometry (MALDI-

TOF-MS), which identified a peak at 565 m/z, consistent with the expected asymmetric 

dimerization product. However, there are other peaks at 443 and 667.83 m/z that are as a 

result of decomposition of the desired product and further side reactions, Figure 3.3.117  
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It was speculated that thermal heating product of the alkoxy-substituted BCB-based moiety 

(Figure 3.4 compound A) underwent an elimination reaction to produce alkene-containing 

species as side product (compound B). Compound B reacted with another reactive 

intermediate and generated compound C, however, we can exclude the possibility that this 

side reaction occurs during acquisition of the mass spectral data. This analysis (Figure 3.4) 

is consistent with the signals appeared from MALDI-TOF-MS spectrum. 

 

Figure 3.3  MALDI-TOF-MS spectrum from the reaction products of compound 3.2 and 

3.3. 

 



 60 

 

Figure 3.4 Assignments of possible chemical structures to the signals observed in 

MALDI-TOF-MS spectrum. 

Although the above-mentioned work provides proof of principle for the compatibility of 

DMBI cations with the dimerization conditions for BCBs, the approach was modified in 

the light of recent findings. Specifically, Anthopoulos’s group has shown that the 

introduction of a butoxide substituent at the 7-position of the benzocyclobutene unit could 

decrease the crosslinking temperatures to 120 °C,118 somewhat lower than reported for 

aryloxy derivatives such as those used in the preceding section, 3.2. The crosslinking 

temperature of the butoxybenzocyclobutene (BBCB) could be suitable and compatible with 

thermal stability of DMBI units. Therefore, it was decided to synthesize a DMBI-H and a 
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fullerene derivative contains BBCB thermo-crosslinkable unit and characterize the doping 

products and the effect of crosslinking in solid state. 

3.3 Synthesis of Low-temperature Thermo-crosslinkable DMBI-H 

To synthesize a DMBI-H derivative that contains thermo-crosslinkable unit BBCB 

(BBCB-DMBI-H), compound 3.5 was synthesized in 6 steps, similar to the literature 

report.118 Treatment with n-BuLi at -78 °C, followed by addition of DMF, afforded 

butoxybicyclo[4.2.0]octa-1,3,5-triene-3-carbaldehyde 3.6. It is worth mentioning that 3.5 

and 3.6 are each obtained as mixtures of two regioisomers based on the position of butoxy 

group attached to four membered ring and based on 1H NMR, the ratio of two isomers was 

estimate as ~ 95:5. 

In the next step, 3.6 underwent reaction with N,N′-dimethyl-1,2-phenylenediamine in the 

presence of catalytic amount of acid to obtain the desired 2-(butoxybicyclo[4.2.0]octa-

1,3,5-trien-3-yl)-1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole in moderate yield as a 

mixture of two isomers, 3.7, Figure 3.5. 

 

Figure 3.5 Synthesis of DMBI-H contains BBCB thermo-crosslinkable functional group, 

3.7. 
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3.4 Synthesis and Characterization of the Thermo-crosslinkable BBCBPCB 

Synthesis of a PCBM-like fullerene with a BBCB thermal crosslinker was carried out as 

shown in Figure 3.5. The starting materials of [6,6]-phenyl-C60-butyric acid (PCBA), 

synthesized from commercially sourced PCBM.119 Alcohol 3.6 was synthesized from the 

reduction of 3.5 in the presence of NaBH4 in MeOH with 80% yield. The PCBA was 

subsequently reacted with 3.9 under N,N-dicyclohexylcarbodiimide (DCC)-assisted 

esterification conditions in o-DCB in order to obtain the desired product, phenyl-C61-

butyric acid butoxybenzocyclobutene ester 3.10 (BBCBPCB). BBCBPCB, which is readily 

soluble in common organic solvents (toluene, CH2Cl2, benzene), was purified though 

column chromatography with 50% yield. It is also worth mentioning that PCBM-like 

fullerene with a BCB thermal crosslinker are known to undergo dimerization reactions 

through BCB-BCB type reactions and BCB- fullerene cage type reactions.119 

 

Figure 3.6 Synthesis of related fullerene with a BBCB thermal crosslinker, BBCBPCB. 

3.4.1 Differential scanning calorimetry (DSC) 

DSC analysis of the BBCBPCB in hermetically sealed Al pans was carried out from a 

starting temperature of -50 °C with heating to 300 °C at a rate of 10 °C min. The heating 

and cooling cycles are shown in Figure 3.7 (a). The first cycle showed a feature, beginning 
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at 120 °C, indicative of an exothermic chemical reaction, attributed to the dimerization or 

oligomerization reactions of BBCB. 

 

Figure 3.7 a) DSC thermogram of cross-linking reaction of BBCBPCB moieties and b) 

UV-vis absorption spectra of BBCBPCB annealed at different temperatures. 

3.4.2 UV-vis spectra analysis 

To determine the effect of heating the BBCBPCB precursor on solubility, UV-vis 

spectroscopy was used. Drop-cast films from the PCBBCB precursor (1 mg) in CH2Cl2 (1 

ml) were deposited on glass substrates and annealed at different temperatures for 10 min. 

The films were subsequently washed with 1 ml of CH2Cl2 each and sonicated to remove 

any soluble parts of the film. These 1 ml solutions were diluted to 10 times their volume 

and the absorption spectra for those were then obtained. As it can be seen, by varying the 

annealing temperature from 90 °C to 120 °C, the percentage conversion increased; at 120 

°C no detectable soluble material was obtained, suggesting 98% of the film to be insoluble, 

Figure 3.7 (b). 
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Figure 3.8 Schematic representation of oligomeric fullerene formation ((PCBCB)n, n = 

2) via thermal cross-linking of BBCBPCB. 

Experimentally, in the related PCBCB system, which differs in the BCB attachment 

chemistry and, therefore, crosslinking temperature, it was found that dimers (i.e., n = 2) are 

the major product of the thermally activated ring-opening reaction.119 However, since the 

crosslinked films are insoluble in DMF and o-DCB, it is reasonable to assume that larger 

oligomers may be formed as well. Figure 3.8 represents thermally activated reaction 

pathways of BBCBPCB molecules, where two reactive o-xylylene intermediate groups can 

react together, and where a reactive o-xylylene intermediate group reacts with the fullerene 

cage. 

The thermal crosslinking condition was also measured when films of BBCBPCB were 

spin-coated (1000 rpm, 60 s). It was noticed that BBCBPCB film (with 30 nm thickness) 

would undergo full insolubilization at 150 °C for 10 min, as the concentration of materials 

is significantly less compared to drop-casting condition. 
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3.5 Doping Products 

3.5.1 Characterization of the reaction product(s) by MALDI-TOF-MS 

The doping product(s) of the reaction of BBCB-DMBI-H and BBCBPCB were 

characterized by mass spectrometry. BBCBPCB (13.0 mg) and BBCB-DMBI-H (3.7 mg, 

1.0 equivalent) were dissolved in o-DCB (1.0 ml) and heated at 120 °C for 90 min. The 

MALDI-TOF spectrum of the concentrated filtrate left from the precipitation reaction 

between BBCB-DMBI-H and BBCBPCB show a strong peak at 1405 m/z, which can be 

assigned to expected heterodimer, Figure 3.9.  

 

Figure 3.9 MALDI-TOF-MS spectra for the black precipitate formed from the reaction 

between BBCB-DMBI-H and BBCBPCB. Peak at 1405 m/z represents the mass of the 

heterodimer. 
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There was another signal at 1743 m/z that could be the decomposition product of the 

oligomer of BBCBPCB and BBCB-DMBI-H.  

To characterize the insolubilization efficiency in solid state, an UV-vis experiment was 

performed. A solution of BBCB-DMBI-H (2.0 mg, 0.5 equivalent) and BBCBPCB (13.0 

mg) was prepared in o-DCB in glove box. Films were spin-coated (1000 rpm, 60 s), 

annealed at 120 °C for 10 min and the UV-vis were obtained before and after rinsing the 

films with o-DCB, Figure 3.10. 

 

Figure 3.10 UV-vis experiment performed to measure the film retention of BBCB-

DMBI-H and BBCBPCB to o-DCB. 

No discernable reduction in the peak intensity at 360 nm was observed after rinsing the 

films with o-DCB, indicating high resistance (~100%) to o-DCB. Moreover, the peak 

corresponding to the fullerene radical anion (~ 900 nm) was not observed, even when the 

film was heated at 120 °C for 70 min. As it was observed in Chapter 2, section 2.3.2, the 
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fullerene radical anion signal in solid state is relatively weak and broad and may not be 

observed in all cases. 

3.5.2 Characterization of the reaction product by electron paramagnetic resonance 

(EPR) 

An EPR experiment was performed to get evidence of formation of fullerene radical anion. 

A solution of BBCB-DMBI-H (3.2 mg, 1.0 equivalent) and BBCBPCB (11.0 mg) was 

prepared in o-DCB, in 3 mm quartz EPR tubes and heated at 120 °C for 90 min. Solvent 

was evaporated under high vacuum overnight to obtain a thin film deposited on the wall of 

EPR tube. Undoped BBCBPCB films exhibited no appreciable radical signal by EPR 

spectroscopy. 

 However, co-deposition of BBCBPCB with BBCB-DMBI-H revealed two strong signals 

with g values of 2.001 and 2.003 indicating the presence of two radical species, suggesting 

the presence of two distinct types of fullerene radical anion, Figure 3.11. The signal with 

lower g-value (2.001) was assigned to radical anion species when BBCBPCB and BBCB-

DMBI-H undergo cycloaddition reaction with another o-xylylene intermediate while the 

other signal at higher g-value (2.003) was associated with the species when o-xylylene 

intermediate attacks the C60 cage (Figure 3.8). Kadish and co-workers also reported that 

the g-value of radical anion of C60 could appear at higher g-value when the C60 cage 

undergoes desymmetrization.120 
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Figure 3.11 a) EPR spectra of BBCB-DMBI-H doped BBCBPCB and b) calculated g-

values. 

 

3.6 Synthesis of BBCB-N-DMBI-H as a Stronger Hydride Donor Derivative 

BBCB-DMBI-H is a weak hydride donor. As it has been discussed in Chapter 2, the 

presence of a π-donor group such a nitrogen and oxygen in the para position a DMBI-H 

derivative has been found to increase the reaction rate;62 therefore, in the next step, another 

derivative of DMBI-H was synthesized. The designed strategy is based on N-DMBI-H that 

contains two thermo-crosslinkable BBCB units that increase the chances for crosslinking 

of dopant and potentially better immobilization, while the presence of nitrogen also would 

increase the rate for the hydride transfer reaction. Figure 3.12 represents the synthesis of 

BBCB-N-DMBI-H.  

First, aniline was used in a Buchwald-Hartwig amination reaction121 with 2.2 equivalent of 

compound 3.5 in the presence of XPhos to give compound 3.11 as a mixture of three 
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isomers that all were purified together though column chromatography with 83% yield. 

Next, 3.11 was reacted with POCl3 and DMF (Vilsmeier reaction) to produce aldehyde 

3.12 in 31% yield. The reaction of 3.12 with N,N′-dimethyl-1,2-phenylenediamine in acidic 

conditions yielded the BBCB-N-DMBI-H derivative that was purified though column 

chromatography to give a moderate yield (39%) of a yellow foam. 

 

Figure 3.12 Synthesis route for BBCB-N-DMBI-H. 

3.6.1 Characterization of the doping products by EPR and MALDI-TOF-MS 

An EPR experiment was performed on BBCB-N-DMBI-H doped BBCBPCB and the result 

was compared to BBCB-DMBI-H doped BBCBPCB, Figure 3.13. To do so, a solution of 

BBCB-N-DMBI-H (1.08 mg, 20 mol%) and BBCBPCB (10.0 mg) was prepared in o-DCB, 

in 3 mm quartz EPR tubes and heated at 120 °C for 90 min. Solvent was evaporated under 

high vacuum overnight to obtain a thin film deposited on the wall of EPR tube. As it can 

be observed from Figure 3.13, compared to BBCB -DMBI-H doped BBCBPCB, only one 

signal was observed at higher magnetic field for BBCB-N-DMBI-H doped BBCBPCB. 
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Since BBCB-N-DMBI-H has two cross-linkable units attached, there is a higher possibility 

to react with C60 cage and, therefore, the PCB radical anion with desymmetrized C60 cage 

might predominate. 

The same product was also analysed using MALDI-TOF-MS. The signal at 1671 m/z 

represents the mass of heterodimer (BBCB-N-DMBI-H:BBCBPCB) and the signal at 2755 

m/z the mass of heterotrimer when the BBCB-N-DMBI-H:BBCBPCB reacted with another 

BBCBPCB molecule, Figure 3.14. 

 

Figure 3.13 Comparison of normalized EPR spectra of BBCB-DMBI-H (red) and 

BBCB-N-DMBI-H doped BBCBPCB (gray). 
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Figure 3.14 MALDI-TOF-MS spectra from the reaction between BBCBPCB and BBCB-

N-DMBI-H. The signal at m/z 586 represents the mass of BBCB-N-DMBI-H after loss of 

a hydride, the signal at 1671 represents the mass of BBCB-N-DMBI-H:BBCBPCB 

dimer. 

3.7 Diffusion Studies on BBCB-NDMBI-H-doped BBCBPCB Films 

Diffusion of BBCB-N-DMBI-H into BBCBPCB was investigated using UV-vis-NIR 

method. A solution contains 80 mg of PPCBPCB and BBCB-N-DMBI-H (40 mol%) was 

prepared and stirred in the glove box overnight. The UV-vis-NIR of the solution was 

obtained to confirm that the doping reaction occurred (appearance of the signal for PCB 

radical anion around 900 nm). Films were spin-coated (1000 rpm, 60 s). One of the films 

was annealed at 150 ºC for 10 min to crosslink. 2CN-NDI (a very strong electron acceptor 

(with reduction potential of -0.54 eV vs. ferrocene)63 was evaporated (at 200 ºC) and 

deposited on the top of doped films to reach the thickness of 300 nm. The films were sealed 

and the UV-vis-NIR of films were obtained and the results are depicted in Figure 3.15. 
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Figure 3.15 Investigation of diffusion rate of thermo-crosslinkable BBCB-N-DMBI-H/ 

BBCB-N-DMBI cation into 2CN-NDI as a strong electron acceptor. 

As it can be seen, there is no sign or increase in the intensity  at wavelengths shorter than 

800 nm for doped cross-linked films while the non-crosslinked films showed some increase 

in absorbance and broadening at wavelengths shorter than 800 nm, suggesting the presence 

of 2CN-NDI•–.63 To examine whether moderate heating could lead to discernable dopant 

diffusion in 2CN-NDI, a crosslinked film was heated then at 70 ºC for 1 h and the UV-vis-

NIR was obtained; again no sign of diffusion was observed.  

A control experiment was performed on the solution processed doped BBCB-N-DMBI-H 

doped 2CN-NDI (20 mol%) and is shown in Figure 3.16. The doped film exhibited a broad 

signal between 480 – 800 nm, indicate of the formation of 2CN-NDI•−, consistent with a 

literature report  in solution for N-DMBI-H doped 2CN-NDI.63 
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Figure 3.16 Optical absorption of solution processed doped film of BBCB-N-DMBI-H 

doped 2CN-NDI (20 mol%). 

3.8 Summary and Conclusion 

Thermal crosslinking using benzocyclobutene was investigated as an approach for 

immobilization of DMBI-H derivatives. The introduction of a butoxy group on the four 

membered ring of benzocylobutane moiety can significantly lower the temperature at 

which the electrocyclic ring opening reaction responsible for cross-linking takes place (120 

°C). Therefore, two new derivatives of DMBI-H and a new fullerene derivative with 

pendant butoxybenzocyclobutene (BBCB) groups were synthesized, (BBCB-DMBI-H, 

BBCB-N-DMBI-H and BBCBPCB). BBCBPCB could thermally crosslink in the range of 

120 °C – 150 °C. DSC showed an exothermic peak attributed to the ring opening of 

cyclobutene. UV-vis experiment showed high retention of thermally annealed films on 

exposure solvents including o-DCB. 
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The doping products of the DMBI-H derivatives and BBCBPCB were characterized using 

MALDI-TOF-MS and EPR. Mass spectrometry confirmed the formation of heterodimer 

and EPR showed the signal for formation of PCB radical anion. UV-vis experiment also 

suggests that there was a high level of film retention upon exposure to o-DCB for BBCB-

DMBI-H doped BBCBPCB. This approach is currently being studied and, in the future, it 

paves the way for diffusion studies of the DMBI-H in the solid-state, as covalent tethering 

of the dopant with organic semiconductors, in principle, is a way of minimizing diffusion. 

3.9 Experimental Details 

3.9.1 Synthesis 

Chemicals were obtained from commercial sources and used as received unless stated 

otherwise. All operations involved in synthesis were performed under an atmosphere of 

nitrogen using standard Schlenk techniques or in a glove box. 1H-NMR and 13C-NMR 

spectra were recorded in CDCl3, C6D6, CD3OD or CD2Cl2, on Varian 500 or 700 MHz 

spectrometers. The chemical shifts (δ) are reported in parts per million (ppm). 

Synthesis of 4-(bicyclo[4.2.0]octa-1,3,5-trien-7-yloxy)benzaldehyde (3.2) 

 4-Hydroxybenzaldehyde (1.52 g, 12.4 mmol), triphenylphosphine (3.25 g, 12.3 mmol), 

and BCB-OH (1.5 g, 12.50 mmol) were dissolved in anhydrous THF (30 mL) and stirred 

under nitrogen in an ice bath. Disopropyl azodocarboxylate (2.52 g, 12.4 mmol) was added 

slowly and let the reaction to stir at room temperature for 4 h. The reaction mixture was 

poured in 50 mL hexane to remove the unreacted triphenylphosphine oxide byproduct. The 

solvent was removed under reduced pressure and the product was purified by column 
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chromatography (6:1 hexane/EtOAc) to yield product as a white solid (1.8 g, 64%). 1H 

NMR (500 MHz, CDCl3) δ 9.92 (s, 1H), 7.92 – 7.86 (m, 2H), 7.41 – 7.33 (m, 1H), 7.31-

7.27 (m, 2H), 7.22 (d, J = 7.2 Hz, 1H), 7.17 – 7.09 (m, 2H), 5.76 (dd, J = 4.3, 1.9 Hz, 1H), 

3.78 (dd, J = 14.2, 4.3 Hz, 1H), 3.37 – 3.30 (m, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ 

190.89, 163.17, 143.85, 142.47, 132.19, 130.39, 130.33, 127.74, 123.66, 123.13, 115.38, 

74.55, 39.45. HRMS (ESI) calcd for C15H13O2 (M+H+), 225.0910; found 225.0907. Anal 

Calcd. For C15H12O2: C, 80.34; H, 5.39, Found C, 80.11; H, 5.35. 

Synthesis of 2-(4-(bicyclo[4.2.0]octa-1,3,5-trien-7-yloxy)phenyl)-1H-

benzo[d]imidazole (3.3) 

 To a 20 mL vial with a Teflon septum, 4-(bicyclo[4.2.0]octa-1,3,5-trien-7-

yloxy)benzaldehyde (100 mg, 0.44 mmol), 1,2-phenylendiamine (48.0 mg, 0.44 mmol) and  

Na2S2O5 (84 mg, 0.44 mmol) were added. The vial was capped and evacuated and refilled 

with nitrogen 3 times. Anhydrous DMF (3.0 mL) was added, and the reaction mixture was 

heated at 100 °C overnight. The reaction mixture cooled down to room temperature, water 

(20 mL) added and extracted with DCM (3 × 30 mL). The combined organic layers were 

dried over Na2SO4 and solvent evaporated. The product was purified through column 

chromatography (1:1 hexanes/EtOAc) to yield a white solid (100 mg, 72 %). 1H NMR (700 

MHz, CD3OD) δ 8.04 – 8.01 (m, 2H), 7.57 – 7.50 (m, 2H), 7.32 – 7.27 (m, 1H), 7.24 – 

7.17 (m, 5H), 7.15 – 7.12 (m, 2H), 5.72 (dd, J = 14.1, 4.3 Hz, 1H), 3.71 (dd, J = 14.1, 4.3 

Hz, 1H), 3.18 (dd, J = 14.2, 1.9 Hz, 1H). 13C{1H} NMR (176 MHz, CD3OD) δ 161.28, 

153.46, 145.84, 143.84, 131.12, 129.55, 128.52, 124.43, 123.94, 123.93, 123.71, 116.64, 

75.59, 40.17. Two carbon signals are missing and most likely they are overlapped. HRMS 
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(ESI) calcd for C21H17N2O (M+H+), 313.1335; found 313.1329. Anal Calcd. For 

C21H16N2O: C, 80.75; H, 5.16; N, 8.97, Found C, 79.43; H, 5.07; N 8.76. 

Synthesis of 2 2-(4-(bicyclo[4.2.0]octa-1,3,5-trien-7-yloxy)phenyl)-1,3-dimethyl-1H-

benzo[d]imidazol-3-ium hexafluorophosphate (3.4) 

To a 20 mL vial with Teflon septum, 2-(4-(bicyclo[4.2.0]octa-1,3,5-trien-7-yloxy)phenyl)-

1H-benzo[d]imidazole (181 mg, 0.580 mmol), K2CO3 (800 mg, 5.79 mmol, 10.0 

equivalent) added follow by addition of DMSO. The vial was capped and flushed with 

nitrogen for 5 min. Iodomethane (658 mg, 4.63 mmol, 8.0 equivalent) was added by syringe 

and the reaction mixture stirred at 80 °C for 12 h. Water was added to the mixture, which 

was then extracted with CH2Cl2 two times. The organic phase was dried over Na2SO4 and 

the solvent evaporated to obtain a white solid, 80 mg, 0.170 mmol. The solid was dissolved 

in MeOH (3.0 mL and tetrabutylammonium hexafluorophosphate (58 mg, 0.180 mmol) 

was added. After stirring for 1 h, a white precipitate was formed, which was filtered and 

dried under high vacuum to obtain off-white solid (70 mg, 28%). 1H NMR (500 MHz, 

(CD3)2CO) δ 8.15 – 8.08 (m, 2H), 8.07 – 8.01 (m, 2H), 7.86 – 7.78 (m, 2H), 7.57 – 7.48 

(m, 2H), 7.44 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 7.5 Hz, 1H), 7.35 – 7.30 (m, 1H), 7.28 (d, J 

= 7.4 Hz, 1H), 6.00 (dd, J = 4.3, 1.9 Hz, 1H), 4.14 (s, 6H), 3.92 (dd, J = 14.2, 4.1 Hz, 1H), 

3.34 (d, J = 14.1 Hz, 1H). 13C{1H} NMR (126 MHz, (CD3)2CO) δ 162.67, 152.08, 144.93, 

143.44, 133.73, 133.13, 131.12, 128.40, 127.79, 124.39, 123.91, 117.06, 113.99, 113.96, 

75.44, 39.88, 33.46. HRMS (ESI) calcd for C23H21N2O (M–PF6
+), 341.1648; found 

341.1643. Anal Calcd. For C23H21F6N2OP: C, 56.80; H, 4.35; N, 5.76, Found C, 56.65; H, 

4.43; N, 5.78. 
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Synthesis of 7-butoxybicyclo[4.2.0]octa-1,3,5-triene-3-carbaldehyde (3.6) 

A solution of 3-bromo-7-butoxybenzocyclobutene (1.0 g, 3.91 mmol) in THF (25.0 mL) 

was stirred at –78 °C under dry N2 and treated dropwise with a solution of n-butyllithium 

(1.72 mL, 2.5 M in hexane, 4.30 mmol). The resulting mixture was kept at –78 °C for 60 

min, and then DMF (0.500 mL, 6.45 mmol) was added dropwise. The mixture was stirred 

overnight (12 h), while the temperature was allowed to rise to room temperature. To the 

solution water added and extracted with CH2Cl2 (3 × 30 mL). The combined organic layer 

was dried over Na2SO4 and solvent evaporated. The residue was purified over silica gel 

(10:1 hexane/EtOAc) to obtain the product as a mixture of two isomers (90:10) and pale-

yellow oil (517 mg, 64%). 1H NMR for the main isomer (500 MHz, CDCl3) δ 9.96 (s, 1H), 

7.83 (dd, J = 7.6, 1.3 Hz, 1H), 7.75 (s, 1H), 7.31 (dd, J = 7.6, 1.0 Hz, 1H), 5.07 (dd, J = 

4.5, 2.1 Hz, 1H), 3.71-3.66 (m, 1H), 3.53 (dd, J = 15.14.6 Hz, 1H), 3.55-3.51 (m, 1H), 3.20 

– 3.15 (m, 1H), 1.68 – 1.58 (m, 2H), 1.47 – 1.35 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C{1H} 

NMR (126 MHz, CDCl3) δ 192.43, 150.63, 147.46, 136.05, 132.51, 124.24, 123.60, 76.34, 

69.25, 39.22, 32.02, 19.49, 14.05. The observed signals for the other isomer, δ 192.51, 

153.52, 143.58, 137.78, 130.48, 124.40, 123.41, 78.51, 38.42. HRMS (ESI) calcd for 

C13H17O2 (M+H+), 205.1223; found 205.1221. 

Synthesis of (BBCB-DMBI-H) (3.7) 

In the glove box, to a 20 mL vial with Teflon septum, compound 3.6 (300 mg, 1.46 mmol) 

added and dissolved in 3.0 mL anhydrous CH2Cl2 followed by addition of N,N′-dimethyl-

1,2-phenylenediamine (217 mg, 1.59 mmol). The vial was capped and transferred outside 

the glove box. Two drops of acetic acid were added by a syringe and the mixture was stirred 
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at room temperature for two days. The solvent was evaporated, and the product was 

purified on silica gel (4:1 hexane/CH2Cl2) to get a yellow oil and a mixture of two 

regioisomers (160 mg, 0.496 mmol, 34%). 1H NMR (700 MHz, C6D6) δ 7.78 (s, 1H), 7.56 

(dd, J = 7.5, 1.3 Hz, 1H), 7.14 (dd, J = 7.5, 1.0 Hz, 1H), 7.12 – 7.02 (m, 2H), 6.63 – 6.49 

(m, 2H), 5.07-5.05 (m, 1H), 4.80 (s, 1H), 3.71-3.68 (m, 1H), 3.60-3.57 (m, 1H), 3.45 – 3.40 

(m, 1H), 3.32 – 3.29 (m, 1H), 2.47 (d, J = 9.9 Hz, 6H), 1.78-1.73 (m, 2H), 1.58 – 1.53 (m, 

2H), 1.04 (t, J = 7.4 Hz, 3H). 13C{1H} NMR (176 MHz, C6D6) δ 148.42, 147.58, 144.15, 

143.02, 141.16, 139.07, 130.67, 124.57, 123.47, 119.90, 119.89, 106.17, 106.14, 106.11, 

106.09, 95.02, 94.94, 76.93, 76.87, 68.99, 68.80, 38.74, 38.55, 33.04, 33.02, 32.44, 32.42, 

19.80, 19.57, 14.12, 14.11. HRMS (ESI) calcd for C21H26N2O (M+H+), 323.2117; found 

323.2117. 

Synthesis of (8-butoxybicyclo[4.2.0]octa-1,3,5-trien-3-yl)methanol (3.9) 

To a solution of 7-butoxybicyclo[4.2.0]octa-1,3,5-triene-3-carbaldehyde (1.0 g, 4.9 mmol) 

in dry THF (15 mL) at 0 °C was added sodium borohydride (223 mg, 5.86 mmol, 1.2 

equivalent) and stirring was continued for another 2 h at room temperature. Excess sodium 

borohydride was quenched by addition of water. The mixture was extracted with EtOAc 

and the organic layer was separated, dried over Na2SO4, filtered and concentrated. The 

crude product was purified through column chromatography (5:1 hexanes/EtOAc) to yield 

the desired product as a mixture of two isomers as a colorless oil (800 mg, 79%). 1H NMR 

for the main isomer (500 MHz, CDCl3) δ 7.30 – 7.27 (m, 1H), 7.26 (s, 1H), 7.13 (dd, J = 

7.5, 1.0 Hz, 1H), 5.02 (dd, J = 4.4, 2.0 Hz, 1H), 4.65 (s, 2H), 3.66 (m, 1H), 3.58 (m, 1H), 

3.44 (dd, J = 14.1, 4.3 Hz, 1H), 3.13 – 3.06 (m, 1H), 1.69 – 1.57 (m, 2H), 1.48 – 1.33 (m, 

2H), 0.94 (t, J = 7.4 Hz, 4H). 13C{1H} NMR (126 MHz, CDCl3) δ 146.71, 142.18, 140.01, 
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128.52, 123.70, 121.81, 76.55, 68.92, 66.02, 38.45, 32.07, 19.51, 14.06. Observed signals 

for the other isomer, δ 145.86, 143.02, 142.31, 126.16, 122.98, 122.45, 76.51, 68.79, 38.47. 

HRMS (ESI) calcd for C13H19O2 (M+H+), 207.1380; found 207.1378. Anal Calcd. For 

C13H18O2: C, 75.69; H, 8.80, Found C, 75.54; H, 8.68. 

Synthesis of PCBBCB (3.10) 

PCBA119 (200 mg, 0.222 mmol), 3.9 (65.0 mg, 0.31 mmol) and 4-dimethylaminopyridine 

(41 mg, 0.33 mmol) was degassed in a flask and then dissolved in 100 mL of 

dichlorobenzene. The solution was sonicated for 30 min to allow complete dissolution and 

then cooled to 0 °C (in an ice bath) and stirred for 5 min. N,N'-dicyclohexylcarbodiimide, 

DCC, (46.0 mg, 0.22 mmol) was added to the solution and the mixture was stirred in ice 

bath for 3 h before warming it to room temperature. It was then allowed to stir at room 

temperature for 48 h. The crude product collected was purified through column 

chromatography (2:1 CH2Cl2/hexanes or toluene) to yield BBCBPCB (120 mg, 49%). 1H 

NMR (700 MHz, CD2Cl2) δ 7.96 (m, 2H), 7.55 (t, J = 7.6 Hz, 2H), 7.49 (m, 1H), 7.28 – 

7.10 (m, 3H), 5.07 (s, 2H), 5.03 – 4.94 (m, 1H), 3.62 (q, J = 7.3 Hz, 1H), 3.55 (d, J = 7.3 

Hz, 1H), 3.42 (dd, J = 14.1, 4.3 Hz, 1H), 3.04 (d, J = 14.1 Hz, 1H), 2.98 – 2.87 (m, 2H), 

2.55 (t, J = 7.4 Hz, 2H), 2.21-2.12 (m, 2H), 1.59 (p, J = 7.0 Hz, 2H), 1.40 (q, J = 7.5 Hz, 

2H), 0.93 (t, J = 7.5 Hz, 3H). 13C{1H} NMR (176 MHz, CD2Cl2) δ 172.73, 149.11, 147.99, 

146.93, 145.98, 145.29, 145.20, 145.16, 145.06, 144.88, 144.79, 144.75, 144.69, 144.51, 

144.39, 144.05, 143.78, 143.09, 143.02, 143.01, 142.99, 142.96, 142.94, 142.88, 142.27, 

142.15, 140.95, 140.72, 138.18, 138.01, 137.47, 137.29, 136.91, 135.03, 132.24, 129.57, 

129.01, 128.40, 128.22, 128.20, 127.19, 125.27, 123.64, 123.49, 122.77, 122.74, 80.07, 

76.46, 68.84, 66.82, 53.86, 53.81, 53.70, 53.65, 53.50, 53.34, 53.26, 53.19, 52.12, 38.45, 
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34.03, 33.64, 32.05, 22.44, 22.43, 21.20, 19.46, 19.45, 13.79, 13.76. HRMS (MALDI) 

calcd for C84H28O3 (M+), 1084.2038; found 1084.2056. Anal Calcd. For C84H28O3: C, 

92.97; H, 2.60, Found C, 91.56; H, 2.71. 

Synthesis of compound (3.11) 

To a 250 mL two neck flask with a reflux condenser, Pd(OAc)2 (224 mg, 1.0 mmol) and 

2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (XPhos) (0.086 g, 1.05 mmol), 

aniline (1.8 g, 10.4 mmol), compound 3.5 (6.0 g, 23.5 mmol), and NaOtBu (3.4 g, 35.3 

mmol) were added. The flask was sealed and evacuated refilled with nitrogen three times. 

Anhydrous toluene (100 mL) added, and the mixture was heated at 80 °C for two days. The 

reaction mixture was cooled down to room temperature. Water (30 mL) added, and the 

organic layer was extracted with CH2Cl2 (3 × 100 mL). The combined organic layer was 

dried over Na2SO4 and filtered. The solvent was evaporated under reduced pressure and 

the crude product collected was purified through column chromatography (8:1 hexane: 

EtOAc) to yield the desired product, as a mixture of isomers (3.86 g, 83%). 1H NMR (700 

MHz, CDCl3) δ [7.22-7.18 (m), 7.11 – 7.09 (m), 7.04 – 7.01 (m), 6.96 – 6.92 (m), 6.87 (s), 

11 H], [5.00 – 4.98 (m), 4.97 – 4.95 (m), 2H], [3.66 – 3.63 (m), 3.62 – 3.58 (m), 3.57 – 

3.53 (m), 4H]. [3.41 (dd, J = 13.9, 4.4 Hz), 3.37 (d, J = 14.0), 2H], [3.07 (dd, J = 14.0, 2.0 

Hz), 3.03 (d, J = 14.0 Hz), 2H], 1.69 – 1.57 (m, 4H), 1.49 – 1.37 (m, 4H), [0.96 (t, J = 7.4 

Hz), 0.93 (t, J = 7.5 Hz), 6H]. For 13C NMR, all observed signals for isomers are reported; 

13C{1H} NMR (176 MHz, CDCl3) δ 149.66, 148.72, 148.57, 147.63, 147.53, 147.10, 

147.08, 147.06, 143.41, 143.37, 140.35, 137.30, 137.18, 137.00, 136.97, 129.17, 129.15, 

127.13, 126.90, 126.89, 124.59, 124.57, 124.56, 124.04, 124.02, 123.86, 123.84, 123.46, 

123.03, 122.07, 121.77, 120.07, 120.05, 119.83, 119.80, 119.78, 76.40, 76.39, 76.34, 
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76.32, 68.99, 68.98, 68.86, 38.44, 38.42, 38.24, 38.19, 32.10, 32.04, 32.02, 19.54, 19.47, 

19.46, 14.08, 14.03. HRMS (ESI) calcd for C30H36NO2 (M+H+), 442.2740; found 

442.2734. Anal Calcd. For C30H35NO2: C, 81.59; H, 7.99; N, 3.17, Found C, 81.42; H, 

8.18; N, 3.17. 

Synthesis of aldehyde (3.12) 

Phosphorus oxychloride (2.53 g, 16.5 mmol) was added into DMF (1.2 g, 16.4 mmol) at 0 

℃ under nitrogen.  After stirred at 0 ℃ for 30 min, compound 3.11 (4.86 g, 11.0 mmol) in 

1.2-dichloroethane (20 mL) was added into reaction mixture at 0 ℃. The reaction mixture 

was stirred at 60 °C for 15 h. The resulting mixture was poured into an iced water (150 

mL), neutralized with sodium Na2CO3. The product was extracted with dichloromethane 

(2 × 100 mL). After removal of solvents, the crude product was purified through column 

chromatography on silica gel (5:1 hexane: EtOAc), as a mixture of isomers, yellow oil (1.6 

g, 31%). 1H NMR for the major isomer (700 MHz, CDCl3) δ 9.76 (s, 1H), 7.63 (d, J = 8.8 

Hz, 2H), 7.13 – 7.10 (m, 4H), 7.10 – 7.07 (m, 2H), 6.92 (dd, J = 8.9, 2.5 Hz, 2H), 4.97 (m, 

2H), 3.62-3.58 (m, 2H), 3.57-3.53 (m, 2H), 3.44 (dd, J = 14.2, 4.4 Hz, 2H), 3.09 (dd, J = 

14.2, 2.1 Hz, 2H), 1.63 – 1.57 (m, 4H), 1.43 – 1.35 (m, 4H), 0.91 (t, J = 7.5 Hz, 6H). For 

13C NMR, all observed signals for isomers were reported; 13C{1H} NMR (176 MHz, 

CDCl3) δ 190.31, 153.94, 147.56, 147.56, 145.35, 145.34, 139.65, 139.60, 128.60, 128.56, 

128.40, 128.38, 125.11, 125.08, 121.62, 121.60, 118.25, 118.20, 76.16, 76.14, 69.07, 

38.36, 38.34, 31.90, 31.89, 19.35, 13.91. HRMS (ESI) calcd for C31H36NO3 (M+H+), 

470.2690; found 470.2686. Anal Calcd. For C31H35NO3: C, 79.28; H, 7.51; N, 2.98, Found 

C, 79.57; H, 7.79; N, 2.98. 
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Synthesis of BBCB-N-DMBI-H (3.13) 

In the glove box, to a 20 mL vial with Teflon septum compound 3.12 (1.4 g, 2.98 mmol) 

was added and dissolved in 12.0 mL anhydrous CH2Cl2 followed by addition of N,N′-

dimethyl-1,2-phenylenediamine (490 mg, 3.59 mmol, 1.2 equivalent). The vial was capped 

and transferred outside the glove box. Two drops of acetic acid were added by a syringe 

and the mixture was stirred at room temperature for 5 days. The solvent was evaporated 

and the product was purified on silica gel (10:1 hexane/EtOAc) to obtain a yellow foam 

(700 mg, 1.19 mmol, 39%). 1H NMR for the main isomer: 1H NMR (700 MHz, CD2Cl2) δ 

7.42 – 7.38 (m, 2H), 7.12 – 7.08 (bro, 4H), 7.06 – 7.01  (m, 4H), 6.70 – 6.68 (dd, J = 5.4, 

3.1 Hz, 2H), 6.44 – 6.41 (dd, J = 5.4, 3.2 Hz, 2H), 4.98 (dd, J = 4.4, 1.9 Hz, 2H), 4.81 (s, 

1H), 3.63 – 3.59 (m, 2H), 3.58 – 3.55 (m, 2H), 3.44 (dd, J = 14.0, 4.4 Hz, 2H),  3.05 (dd, J 

= 14.0, 1.9 Hz, 2H), 2.59 (s, 6H), 1.63 – 1.58 (m, 4H), 1.45 – 1.39 (m, 4H), 0.94 (t, J = 7.4 

Hz, 6H). 13C NMR for all isomers and, 13C{1H} NMR (176 MHz, C6D6) δ 150.12, 148.26, 

147.90, 147.88, 142.75, 137.97, 137.90, 132.39, 130.18, 127.64, 127.60, 125.06, 125.03, 

122.06, 120.63, 120.61, 119.85, 119.84, 106.21, 94.20, 76.69, 76.66, 68.80, 38.38, 38.34, 

33.22, 32.42, 32.40, 19.74, 14.10, 14.08. ESI-MS 586.3433 (M-H+), Anal Calcd. For 

C39H45N3O2: C, 79.69; H, 7.72; N, 7.15, Found C, 79.14; H, 7.93; N, 7.21. 

3.9.2 Selected 1HNMR and 13CNMR spectra 
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3.9.3 Characterizations: general procedures and experimental details 

All stock solutions were prepared under nitrogen atmosphere in an inert gas box using dried 

1,2-dichlorobenzene (o-DCB). The stock solutions were stirred overnight in order to enable 

complete dissolution of the materials. 

 Optical absorption spectroscopy was performed using a Cary 5000 UV−vis-NIR 

spectrometer. Undoped and doped thin films were prepared on glass substrates with 

thickness between 20 and 80 nm.  

The EPR measurements were performed on an X-band Bruker EMX operating 9.44 GHz 

with a Bruker SHQ cavity. 
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CHAPTER 4: INVESTIGATION OF THE EFFECT OF A 

POLAR SIDE CHAIN ON THE DOPING BEHAVIOR OF A DMBI-H 

DERIVATIVE 

This project is a collaboration among: 

• Marder group, Georgia Tech (Farzaneh Saeedifard, Stephen Barlow, Seth Marder): 

Synthesis and characterization of dopants 

• Jurchescu group, Wake Forest University (Colin Tyznik, Oana Jurchescu): 

Electrical conductivity and transistor measurements 

• Toney group, CU Boulder (Thomas Chaney, Mike Toney): GIWAXS 

measurements 

 The content of this chapter is unpublished. 
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4.1 Introduction 

The development of n-type doping of organic semiconductors still lags behind that of their 

p-type counterparts. One of the key factors is the relatively low doping efficiency (the 

stoichiometric ratio of free carrier density to dopant density), especially with DMBI-H 

derivatives.97 For example, N-DMBI-H has been used as a dopant to dope PCBM and 

achieved an electrical conductivity of 1.9 × 10−3 S cm−1, which (as discussed in the 

following paragraph is thought to partly represent poor doping efficiency).97  A maximum 

conductivity of ≈ 10−3 S cm−1 and doping efficiency of ≈ 1% for the benchmark electron-

transporting polymer (N2200) n-doped with N-DMBI-H were reported and the low doping 

efficiency was attributed to poor host/dopant miscibility.84 

 

Figure 4.1 Structures of some of the compounds in Chapter 5. 

By functionalizing the fullerene derivatives with polar glycol ether side chains, higher 

electrical conductivity of over 2 S cm−1 and doping efficiency of 18% was obtained when 

using 30 mol% of N-DMBI-H.122 By tailoring the side chains of N2200 polymer, using 

polar triethylene glycol type side chains instead of the traditional alkyl side chains (TEG-
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N2200, Figure 4.1), a doping efficiency of 20% was obtained using 20 mol% of N-DMBI-

H.123  The insertion of polar side chains increases the polarity of the host, which improves 

the miscibility of the polar dopant molecules and the resulting dopant ions in the doped 

films and thus encourages higher doping efficiency, as it has been investigated using 

coarse-grained molecular dynamics simulations that indicated a rather strong tendency for 

the apolar alkyl environment to induce clustering of the dopant molecules, as opposed to 

the polar TEG phase, which instead favors the molecular dispersion of N-DMBI-H. 

 Moreover, increasing the length or the steric hindrance of the alkyl substituents on DMBI-

H derivatives has been used as an effective strategy to improve the miscibility between 

dopant and host, leading to optimized electrical conductivity.124 

All the mentioned work focused on n-doped systems with a high doping concentration. 

Recently, the Koster group investigated the effect of polar side chains on the doping 

mechanism at a molecular level.125 By inclusion of a triethylene glycol type side chain on 

a fullerene derivative (PTEG-1, Figure 4.1), very high doping efficiency (approaching 

100%) was obtained using N-DMBI-H. 

Molecular doping consists of two distinct processes: Firstly, the n-dopant is ionized, 

transferring a charge to (or accepting a charge from in the case of a p-dopant) the host 

material to form tight ion pairs (or integer charge transfer complexes (CTCs), although, as 

it has been mentioned in Chapter 2, in the case of DMBI-H derivatives, this process itself 

involves several steps, hydride transfer reaction, followed by an ET reaction. 62 Secondly, 

the tight ion pairs dissociate to generate free charge carriers. Thus, achieving a high doping 

efficiency depends on both achieving a high-yielding reaction between the dopant and the 
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semiconductor and on minimizing electrostatic interactions between the dopant ions and 

the semiconductor ions, thus leading to low dissociation energies of CTCs. 

The enhanced molecular n-doping for PTEG-1 is attributed to the effects of the polar 

environment offered by the triethylene glycol diether side chain on the electrostatic binding 

energy of the CTC: a higher dielectric constant medium will lower the energy of the CTCs 

and isolated dopant ion by a greater margin.126 

Inspired by this work, in this chapter a DMBI-H derivative with a triethylene glycol type 

side chain was synthesized. The idea was to investigate the impact of the polar side chain 

attached to the dopant rather than to the polymer on doping behavior at the molecular level. 

To that end, TEG-DMBI-H and MeO-DMBI-H were identified as target dopants that are 

expected to be electronically similar (with similar abilities as hydride donors), while 

differing in the polarity of their side chain, Figure 4.2. 

 

Figure 4.2 Structures of the dopants discussed in Chapter 5. 

4.2 Synthesis of Dopants 

Figure 4.3 shows the synthesis of the two dopants. MeO-DMBI-H was synthesized 

following a literature report from the reaction of 4-methoxybenzaldehyde and N,N′-

dimethyl-1,2-phenylenediamine with 37% yield.55 For synthesis of TEG-DMBI-H, 1-

bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane was reacted with  4-hydroxybenzaldehyde 
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in the presence of K2CO3 as a base to afford 4-(2-(2-(2 

methoxyethoxy)ethoxy)ethoxy)benzaldehyde 4.1.127 

4.1 was reacted with 1,2-phenylenediamine in the presence of Na2S2O5 to obtain 2-(4-(2-

(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-1H-benzo[d]imidazole 4.2.  

 

Figure 4.3 Synthesis routes for MeO-DMBI-H and TEG-DMBI-H. 

Cation 4.3 was synthesized from the reaction of 4.2 and methyl iodide followed by anion 

exchange reaction with tetrabutylammonium hexafluorophosphate in MeOH to give the 

desired product 4.3 as off-white solid. TEG-DMBI-H was synthesized from the reaction of 

4.3 and sodium borohydride in MeOH and was purified by column chromatography to give 

a pale-yellow oil with 48% yield. 
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Figure 4.4 The UV–vis–NIR absorption spectra of pristine and doped N2200 with 30 and 

70 mol% of MeO-DMBI-H and TEG-DMBI-H.  

 

4.2.1 Characterization of doped N2200 using MeO-DMBI-H or TEG-DMBI-H using 

UV-vis-NIR 

Figure 4.4 displays the UV–vis–NIR absorption spectra of thin films of pristine N2200 and 

doped N2200 using different mol ratios of TEG-DMBI-H or MeO-DMBI-H. Doped films 

were prepared by co-deposition of a solution of the polymer and each dopant by spin-

coating (1000 rpm, 60 s) and annealing at 120 °C for 2 h. The main signal of neutral N2200 

polymer at 690 nm was bleached to a greater extent using TEG-DMBI-H and more 

broadening and increasing of the absorbance around 500 nm was observed, suggesting 
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more generation of N2200 polarons, and thus, all things being equal, more carriers, than 

when using MeO-DMBI-H.  

4.2.2 Characterization of doped N2200 using MeO-DMBI-H or TEG-DMBI-H using 

electrical conductivity measurements.  

To characterize the electrical conductivities of the doped films, mixed solutions of N2200 

and dopants (either MeO-DMBI-H or TEG-DMBI-H) were spin-coated on substrates 

(1000 rpm, 45 s), followed by deposition of narrow and parallel strip Au electrodes as the 

top contacts. The resultant devices were subjected to thermal annealing at 120 °C for 2 h.  

The electrical conductivities of doped N2200 films were measured and the results are 

shown in Figure 4.5. It is worth mentioning that at least 5 devices were measured for each 

dopant level and the results shown here are the averages of those measurements. 

The N2200 film exhibited an electrical conductivity of 7.5 × 10−7 S cm−1, which, as 

expected is low, and broadly consistent with a reported value (2.0 × 10−7 S cm−1).128 With 

1 mol%) of dopants a slight increase in the conductivities for N2200 films were observed 

(8.0 × 10-6 for MeO-DMBI-H doped-N2200 and 1.2 × 10-6 S cm-1 for TEG-DMBI-H 

doped-N2200). However, by adding 5 mol% of the dopant, the conductivity values 

decreased (1.08 × 10-6 S cm-1 for polymer doped-MeO-DMBI-H and 8.9 × 10-7 S cm-1 for 

polymer doped-TEG-DMBI-H), while adding 10 and 20 mol% of each dopant led to 

additional increases in conductivity.  
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Table 4-1 conductivity values for doped N2200 polymer using MeO-DMBI-H and TEG-

DMBI-H 

Dopant mol ratio (%) MeO-DMBI-H 

 (S cm-1) 

TEG-DMBI-H  

(S cm-1) 

0 (Pristine N2200) 7.5 × 10−7 7.5 × 10−7 

1 8.0 × 10-6 1.2 × 10-6 

5 
1.08 × 10-6 8.9 × 10-7 

10 
 4.8 × 10-6 7.9 × 10-6 

20 

2.7 ×10
-5

 7.4 × 10-5 

 

 

Figure 4.5 a) The architecture of the devices used for conductivity measurements and (b) 

The electrical conductivities for N2200 doped MeO-DMBI-H and TEG-DMBI-H at 

different mol ratios of the dopants. 
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4.2.3 Characterization of doped N2200 using MeO-DMBI-H or TEG-DMBI-H using 

charge density and mobility measurements 

In the next step, charge carrier densities were measured with the architecture shown in 

Figure 4.5 (a). 

A DC bias is applied across the device and causes the charge carriers to move towards or 

away from the SiO2/polymer interface. This change is measured using an applied AC 

voltage.  In fact, the charge carriers are gradually depleted by modulating DC voltage bias 

(V) from negative to positive. As a result, capacitance (Cp) starts to drop due to additional 

capacitance from the depleted active layer. 

By plotting the reciprocal of Cp-2 vs. voltage and fitting the linear regime, the charge 

density can be calculated using equation (4.1):  

𝑛 =
2

ε0ε𝑟A2 𝜕𝐶𝑃
−2

𝜕𝑉

                                                                                                               (4.1) 

where e, ε0, εr, and A are an elementary charge, the dielectric constant of vacuum, the 

relative dielectric constant of the active layer and the active layer area.125 For N2200, the 

relative dielectric constant was obtained from literature report (εr = 3).129 For all doped 

samples, the relative dielectric constant was assumed to be that previously reported for 

undoped N2200, i.e. the dopant ions were anticipated to have a relatively small effect on 

relative dielectric constant of the active layer. 



 99 

 

Figure 4.6 a) The architecture of the devices used for charge-carrier density 

measurements and b) The charge-carrier densities for N2200 doped with MeO-DMBI-H 

and with TEG-DMBI-H at different molar ratios of the dopants. 

At it can be seen from Figure 4.6 (b), TEG-DMBI-H doped N2200 films showed higher 

carrier densities compared to MeO-DMBI-H doped N2200 and with increasing the dopant 

ratios, more charge carriers are generated.  

The doping efficiency then was calculated as follows:130 

The doping concentration C is expressed in terms of molar ratio (MR) being the ratio of 

the number of dopant (nD) to host (nH) molecules: 

𝐶 =
n𝐷

𝑛𝐻
                                                                                                                                   (4.2) 

The sum of host and dopant number densities gives the total number density of molecules 

nMol. 

𝑛𝑀𝑜𝑙 = 𝑛𝐷 + 𝑛𝐻                                                                                                                (4.3) 
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From equations (4.2) and (4.3) follows: 

𝑛𝐷 = 𝑛𝑀𝑜𝑙 ×
𝐶

1+𝐶
                                                                                                             (4.4) 

In an intrinsic compound, nMol can be derived from the material’s mass density ρ and molar 

mass M, together with Avogadro’s constant NAvo. 

𝑛𝑀𝑜𝑙 =
𝑁𝐴𝑣𝑜×ρ

𝑀
                                                                                                                   (4.5) 

For N2200, assuming a density of 1 g cm–3 and M = 989.5 g mol-1 yields a molecular density 

of nMol, N2200 = 6.08 × 1020 cm−3. In the following, the common assumption is that each 

dopant molecule substitutes one unit of the host polymer and hence nMol is unaltered upon 

doping. 

In doped layers, n (charge carrier densities) is proportional to the number density of dopant 

molecules nD and the doping efficiency ηdop: 

η𝑑𝑜𝑝 = n ×  
1+𝐶

𝑛𝑀𝑜𝑙 ×𝐶
                                                                                                       (4.6) 

Table 4-2 Doping efficiency values for doped N2200 polymer using MeO-DMBI-H and 

TEG-DMBI-H. 

Dopant mol ratio (%) MeO-DMBI-H 

  

TEG-DMBI-H   

1 7% 22% 

15 4% 19% 

10 3% 12% 

20  1% 1% 
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Therefore, based on equation (4.6), at 1 mol%, doping efficiencies of 7% and 22% were 

obtained for MeO-DMBI-H and TEG-DMBI-H, respectively. By increasing the doping 

ratio to 5 mol%, the doping efficiency stayed relatively the same, 4% and 19% for MeO-

DMBI-H and TEG-DMBI-H but then it started decreasing for 10 and 20 mol% dopant 

level. One reason for doping efficiency to be low at 10 and 20 mol% doping levels could 

be the miscibility issues between dopant and host (N2200) that could lead to disruption of 

π-π stacking of N2200 polymer or aggregation of the dopant with itself. Furthermore, TEG-

DMBI-H offered better doping efficiency compared to MeO-DMBI-H. A higher doping 

efficiency at lower doping level could be due to a higher charge transfer efficiency, 

presumably due to better miscibility of the dopant and polymer leading to more CTC 

formation. The second reason for the enhanced doping efficiency with the polar side chain 

may be related to the polar oligoethylene side chains that possess permanent dipoles. As 

the ionized dopant molecules are charged, the main barrier for creating a free charge carrier 

is the Coulomb force from the positive charge DMBI cation. The polar oligoethylene side 

chains contain permanent dipoles and those dipoles can potentially screen the electrostatic 

field of DMBI cation. Therefore, the ionized DMBI cation is stabilized by such a 

polarizable environment, which lets free charge carriers more easily be created.131  

In the next step, field-effect mobility values were obtained for N2200 doped films; the 

results are summarized in Table 4.3. Pristine N2200 exhibited a field-effect mobility of 7 

× 10-3 cm2 V-1 s-1
, consistent with a reported literature value.123 By increasing the molar 

ratio of dopants, the field-effect mobility decreases such that for 5 mol% of dopant, it 

decreased to 8 × 10-4 cm2 V-1 s-1 for MeO-DMBI-H and 2 × 10-4 cm2 V-1 s-1 for TEG-DMBI-

H; for dopant levels of 5 - 20 mol%  the mobility remains fairly constant. 



 102 

Table 4-3 Field-effect mobility measurements on N2200 doped using MeO-DMBI-H or 

TEG-DMBI-H. 

Dopant mol ratio (%) MeO-DMBI-H 

 (cm
2
 V

-1
 s

-1
) 

TEG-DMBI-H  

(cm
2
 V

-1
 s

-1
) 

0 (Pristine N2200) 7 × 10
-3

  7 × 10
-3 

 

1 4 ×10
-3

 3 × 10
-3

 

5 
8 ×10

-4
  2 ×10

-4 
 

10 
 7 × 10

-4 
 2 × 10

-4 
 

20 

6 ×10
-4

 - 

4.2.4 Temperature dependence of the electrical conductivity of doped N2200 using 

MeO-DMBI-H or TEG-DMBI-H  

Figure 4.7 (a) and (b) displays the temperature dependence of the electrical conductivity σ 

(T) in the doped layers. The temperature dependence of the conductivity in doped N2200 

films can be well described by the classic Arrhenius equation, allowing determination of 

the hopping transport activation energy EA simply by: 

𝜎 = 𝜎0  × exp  [−
𝐸𝐴

𝑘𝑏𝑇
]                                                                                                   (4.7) 

where σ0 is a pre-exponential, kb is the Boltzmann constant, and T is the temperature. The 

activation energies were obtained, giving values of 0.39 eV for 1 mol% of MeO-DMBI-H 

and 0.27 eV for 1 mol% of TEG-DMBI-H. By increasing the mol ratio to 5 mol%, the EA 

underwent a sudden decrease to 0.15 eV for MeO-DMBI-H and 0.14 eV for TEG-DMBI-

H. As it has been discussed in Section 4.3.2, the electrical conductivity of doped N2200 
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also decreased using 5 mol% of each dopant. A low activation barrier implies a higher 

conductivity, however, given the obtained value for the conductivity at this doping level, 

this might suggest that the electronic coupling for in-plane charge hopping is relatively 

poor in this dopant level (5 mol%) compared to 1 mol%. By increasing the dopant ratio to 

10 mol%, the EA increased to 0.25 eV for MeO-DMBI-H and 0.27 eV for TEG-DMBI-H, 

while conductivity values also increased, perhaps suggesting that the electronic coupling 

associated with in-plane charge hopping increases again at these doping levels.  

The slightly lower EA value obtained for the dopant with a polar side chain (TEG-DMBI-

H) at 1 mol% may potentially be attributable to the stabilization of the separated charges 

offered by the triethylene glycol diether side chain, consistent with the doping efficiency, 

which was estimated to be higher for this dopant than for MeO-DMBI-H. 

Similar trends of EA vs. doping were reported for electron transporting C60 n-doped with 

[RuCp*(mes)]2 and N2200 doped [RuCp*(mes)]2.132, 133 However, the doping ratio at 

which the EA was minimized was reported to be less than 1 mol% in both of these studies. 

A decrease in EA is observed with doping attributed to reduced trapping of charge carriers 

brought about by trap filling and the shift of the Fermi energy closer to the transport level, 

with concomitant increase in carrier density. However, in the case of doped N2200, 5 mol% 

dopant ratio is high to be considered as the concentration of dopant needed for trap filling. 

Moreover, the conductivity value is higher at 1 mol% compared to 5 mol%, that is not 

consistent with purely trap-filling effects. 
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Figure 4.7 The plots of electrical conductivities of a) MeO-DMBI-H doped N2200, b) 

TEG-DMBI-H doped N2200 as a function of the inverse temperature, c) the plot of 

activation energy as a function of dopant mol ratios for Me-ODMBI-H and d) TEG-

DMBI-H. 

 

4.3 Grazing-incidence Wide-angle X-ray Scattering (GIWAXS) 

Determination of the texture or the crystallographic lattice orientation distribution is crucial 

for understanding the correlation between the microstructure of OSCs and optoelectronic 

properties. Therefore, 2D-GIWAXS was applied to probe the morphology of the polymer 

as a function of dopant concentration in the present systems to examine whether the above-
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mentioned variations in electrical characteristics could be correlated to structural changes, 

Figure 4.8. 

 

Figure 4.8 2D-GIWAXS patterns of pristine N2200 and doped N2200 with different mol 

ratios (0, 1, 5, 10, 20 mol%) of a) TEG-DMBI-H and b) MeO-DMBI-H. 

 

1D-GIWAX linecuts of N2200 at different mol ratios of dopants are plotted in Figure 4.9 

and 4.10. Upon doping of N2200 using MeO-DMBI-H or TEG-DMBI-H, no significant 

changes in the in-plane (IP) and out-of-plane (OOP) directions were observed for the π-π 

stacking. In the case of the lamellar stacking, no changes observed comparing the in-plane 

directions for TEG-DMBI-H and MeO-DMBI-H. Although a sudden increase [d-spacing] 

for dopant level of 20 mol% to 29 Å was observed, this was assumed to be an experimental 

artifact.  

 Furthermore, only minor changes were observed for the out-of-plane direction for TEG-

DMBI-H, Figure 4.10, indicating no significant change in π-π stacking and lamellar 
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spacing and suggesting that the majority of dopants are located in the amorphous region of 

the polymer rather the crystalline region. Small change in the long-range organization with 

the introduction of the N-DMBI-H dopant is consistent with previous reports suggesting 

the dopants were located in the aggregated region.84 

 

Figure 4.9 1D-GIWAXS linecuts of MeO-DMBI-H doped-N2200 at different dopant 

ratios, in-plane (IP) and out-of-plane (OOP) for lamellar distances. 
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Figure 4.10 1D-GIWAXS linecuts of TEG-DMBI-H doped-N2200 at different dopant 

ratios, in-plane (IP) and out-of-plane (OOP) for lamellar distances. 

 

To determine the texture orientations, the GIWAXS can be represented as a sector plot, 

where the scattering intensity is mapped as a function of the radial scattering vector and 

the polar angle (χ) (i.e. the angle between the scattering vector and the film surface). 

The background corrected and normalized scattering intensities of the lamellar stacking 

peaks were integrated over χ = [0°, 90°], and total integrated areas are compared between 

samples of N2200 with different ratios of dopants, Figure 4.11. 
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Figure 4.11 Relative degree of crystallinity (rDOC) from the integrated (lamella) pole 

figure. 

 

MeO-DMBI-H doped N2200 (5 mol% doping ratio) showed a significant increase in out 

of plane lamellar scattering, implying more preferred face-on orientation compared with 

pristine N2200 and 10 mol% doped polymers. For 20 mol%, more edge-on orientation was 

observed. 

 In the case of TEG-DMBI-H, 1 mol% showed more face-on orientation compared to 5 

mol%. In general, GIWAXS data suggests that in low dopant ratios (1 and 5 mol%), face-

on orientation is dominant and with increasing dopant ratios, the edge-on orientation 

become to increase. This observation is consistent with field-effect mobility measurements, 

as the mobility values decreased for 1 and 5 mol% of dopants, Table 4.1, as well as with 

the low conductivity for N2200 doped with MeO-DMBI-H at 5 mol% ratio.  
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Moreover, as it can be seen from GIWAXS raw data, Figure 4.8, the π-π scattering 

intensity, suffers from a large background scattering (scattering from the glass substrate) 

and therefore, additional measurements on silicon substrate may yield higher quality data 

and permit a more detailed analysis. 

It is also worth mentioning that morphological changes and rearrangement from face- to 

edge-on orientation upon doping for N-DMBI-H doped N2200 has been recently 

reported.134 

4.4 Summary and Conclusion 

To study the effect of a polar triethylene glycol diether side chain on doping behavior of 

DMBI-H derivatives, two dopants, MeO-DMBI-H and TEG-DMBI-H were synthesized. 

Electrical conductivity measurements on MeO-DMBI-H doped N2200 at different mol 

ratios of dopant showed higher values while the TEG-DMBI-H doped N2200 showed 

higher charge carrier densities. The increased charge density for TEG-DMBI-H values may 

be attributable to the effect of the polar environment offered by the triethylene glycol 

diether side chain, as it could help to overcome the electrostatic interaction between the 

DMBI cation species and the NDI radical anions (NDI•−) to facilitate transport. The 

conductivity values decrease for both dopants (but to a greater extent for MeO-DMBI-H) 

at 5 mol% ratio and field-effect mobility was also found to be lower at 5 mol% as well. 

GIWAXS data also showed rearrangement from edge- to face-on orientation at low doping 

concentration that could explain the decrease in measured mobility for doped N2200. The 

activation energies for charge transport conductivities were extracted from the temperature 
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dependence of the electrical conductivity at different loading ratios of dopants, suggesting 

a lower activation energy when N2200 was doped using 5 mol% of each dopant. 

At this stage, there is no clear explanation for drop of activation energy at 5 mol% doping 

ratios. The smaller activation energy at 5 mol% indicated a larger population of charge 

carriers filling the tail of the density of states.122 Further investigation is required and will 

be discussed in Chapter 5.  

In general, in-plane conductivity measurements is potentially a complex quantity to 

understand as the mobility depends on many factors including the crystallinity of the 

polymer. The presence of dopants and dopant ions might affect the crystallinity and the 

order. Moreover, the mobility is anisotropic and so different orientational preferences (face 

or edge-on) for different dopant:polymer blends can impact electrical measurements. 

4.5 Experimental Details 

4.5.1 Synthesis 

Chemicals were obtained from commercial sources and used as received unless stated 

otherwise. N2200 polymer was purchased from Polyera (Lot: CZH-XV-77-22). All 

operations involved in synthesis were performed under an atmosphere of nitrogen using 

standard Schlenk techniques or in a glove box. 1H-NMR and 13C-NMR spectra were 

recorded in CDCl3 or C6D6, spectrometers. The chemical shifts (δ) are reported in parts per 

million (ppm). 
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Synthesis of 4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzaldehyde (4.1) 

 As per the reported procedure,127 1-bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane (9.66 g, 

42.5 mmol), K2CO3 (6.8 g, 49.3 mmol), KI (200 mg, 1.2 mmol) and 4-

hydroxybenzaldehyde (4.0 g, 32.73 mmol) was suspended in 150 mL acetone. A reflux 

condenser was installed, and the mixture was bubbled with nitrogen for 10 min. The 

mixture was stirred and refluxed for 24 h. After the mixture was cooled to room 

temperature, it was filtered, concentrated under reduced pressure, and loaded onto column 

chromatography (1:1 hexanes/EtOAc) to yield the desired product as pale-yellow oil (8.0 

g, 91%). 1H NMR (500 MHz, CDCl3) δ 9.87 (s, 1H), 7.84 (d, J = 7.5 Hz, 2H), 7.03 (d, J = 

7.5 Hz, 2H), 4.24 – 4.17 (m, 2H), 3.90 – 3.85 (m, 2H), 3.76 – 3.72 (m, 2H), 3.70 – 3.66 

(m, 2H), 3.66 – 3.61 (m, 2H), 3.56 – 3.52 (m, 2H), 3.36 (s, 3H). 13C{1H} NMR (126 MHz, 

CDCl3) δ 190.97, 163.96, 132.07, 130.14, 114.99, 72.02, 71.00, 70.75, 70.68, 69.58, 67.85, 

59.16. HRMS (ESI) calcd for C14H21O5 (M+H+), 269.1384; found 269.1381. 

Synthesis of 2-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-1H-

benzo[d]imidazole (4.2) 

 To a two neck 100 ml round bottom flask with stir bar, 4-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)benzaldehyde (5.18 g, 19.3 mmol), 1,2-phenylenediamine 

(2.10 g, 19.41 mmol) and sodium metabisulfite (3.67 g, 19.3 mmol) were added and a 

reflux condenser was installed. DMF (50 mL) was added, and the solution was bubbled 

with nitrogen for 10 min and then heated at 100 °C overnight.  Water was added and the 

organic phase extracted with CH2Cl2 (2 × 100 mL). The combined organic phase was 

washed with brine two times and solvent evaporated to obtain solid. The solid was 
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dissolved in 100 mL boiling EtOAc and precipitated by adding hexane.  The product was 

isolated by filtration and dried under high vacuum to obtain a yellow solid (4.5 g, 52%). 

1H NMR (500 MHz, CDCl3) δ 8.07 – 7.96 (m, 2H), 7.60 – 7.48 (m, 2H), 7.15 (m, 2H), 

6.81 – 6.69 (m, 2H), 3.95 (m, 2H), 3.76 – 3.71 (m, 2H), 3.69 – 3.63 (m, 4H), 3.63 – 3.58 

(m, 2H), 3.51 – 3.47 (m, 2H), 3.27 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 160.40, 

139.25 – 138.59 (bro), 128.50, 122.73, 115.00,114.92, 71.92, 70.87, 70.73, 70.62, 69.67, 

67.42, 59.00. HRMS (ESI) calcd for C20H25N2O4 (M+H+), 357.1809; found 357.1796. Anal 

Calcd. For C20H24N2O4: C, 67.40; H, 6.79; N, 7.87, Found C, 67.40; H, 6.73; N, 7.93. 

Synthesis of 2-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-1,3-dimethyl-1H-

benzo[d]imidazol-3-ium hexafluorophosphate (4.3) 

 To a 100 mL two-neck flask with a reflux condenser under nitrogen, 2-(4-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)phenyl)-1H-benzo[d]imidazole (4.50 g, 12.3 mmol), 

K2CO3 (17.0 g, 123 mmol, 10.0 equivalent) added follow by addition of acetone (50.0 mL). 

The flask was capped with a septum and flushed with nitrogen gas for 5 min. Iodomethane 

(15.0 mL, 240.8 mmol) added by a syringe and the reaction mixture stirred at 60 °C for 12 

h. After cooling down the reaction mixture to room temperature, the solid was filtered and 

rinsed with acetone. The solvent evaporated to yield a yellow solid (6.6 g, 12.8 mmol). The 

solid was dissolved in anhydrous MeOH (70.0 mL) and ammonium hexafluorophosphate 

(2.10, 12.8 mmol) was added. After stirring for 30 min, a white precipitate was formed, 

which was filtered and dried over high vacuum to yield an off-white solid (5.0 g, 76%). 1H 

NMR (500 MHz, CD3OD) δ 7.98 (m, 2H), 7.84 – 7.79 (m, 2H), 7.75-7.67 (m, 2H), 7.38 – 

7.32 (m, 2H), 4.37 – 4.26 (m, 2H), 3.98 (s, 6H), 3.97 – 3.90 (m, 2H), 3.78 – 3.72 (m, 2H), 

3.59 – 3.52 (m, 2H), 3.37 (s, 3H). 13C{1H} NMR (126 MHz, CD3OD δ 164.07, 152.26, 
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133.81, 133.53, 128.08, 116.95, 114.12, 113.80, 72.92, 71.75, 71.52, 71.34, 70.55, 69.27, 

59.11, 33.57. HRMS (ESI) calcd for C22H29N2O4 (M-PF6
+), 385.2121; found 385.2107. 

Synthesis of 2-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-1,3-dimethyl-2,3-

dihydro-1H-benzo[d]imidazole (TEG-DMBI-H, 4.5) 

2-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-1,3-dimethyl-1H-benzo[d]imidazol-

3-ium hexafluorophosphate (2.0 g, 3.77 mmol) was dissolved in 20 mL anhydrous CH2Cl2 

and 20 mL anhydrous methanol added. Sodium borohydride (837 mg, 22.0 mmol, 5.84 

equivalent) was added in 10 portions. The reaction mixture was stirred at room temperature 

for 12 h. To the reaction mixture, water was added, and the mixture was extracted with 

CH2Cl2 two times. The organic phase was dried over MgSO4, filtered, and evaporated to 

afford a viscus oil, which was purified using silica-gel column chromatography (5:1 

CH2Cl2/EtOAc) to yield a pale-yellow oil (700 mg, 48%). 1H NMR (700 MHz, C6D6) δ 

7.41 – 7.36 (m, 2H), 6.89 – 6.85 (m, 2H), 6.85 – 6.81 (m, 2H), 6.41 – 6.38 (m 2H), 4.59 (s, 

1H), 3.77 – 3.74 (m, 2H), 3.57 – 3.52 (m, 2H), 3.49 – 3.45 (m, 6H), 3.37 – 3.32 (m, 2H), 

3.12 (s, 3H), 2.30 (s, 6H).13C{1H} NMR (176 MHz, C6D6) δ 160.37, 142.69, 131.75, 

130.50, 119.85, 114.74, 106.14, 94.11, 72.40, 71.19, 71.09, 70.95, 69.90, 67.71, 58.70, 

32.98. HRMS (ESI) calcd for C22H30N2O4 (M+H+), 387.2278; found 387.2269. Anal 

Calcd. For C22H30N2O4: C, 68.37; H, 7.82; N, 7.25, Found C, 68.67; H, 7.86; N, 7.29. 

Synthesis of 2-(4-methoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 

(MeO-DMBI-H, 4.4) 

As per the reported procedure,55 two drops of acetic acid were added to a mixture of the 4-

methoxybenzaldehyde (1.0 g, 7.34 mmol), N,N′-dimethyl-1,2-phenylenediamine (1.0 g, 
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7.3 mmol), and methanol (6.0 mL) and the mixture was stirred vigorously. Precipitation 

was observed within 1 h. The crude product was collected by filtration. The solids were 

then recrystallized twice from methanol to obtain white crystals (700 mg, 37%).  NMR 

spectra were consistent with what was reported in the literature. 1H NMR (500 MHz, 

CDCl3) δ 7.58 – 7.47 (m, 2H), 7.02 – 6.92 (m, 2H), 6.76-6.73 (m, 2H), 6.48-6.46 (m, 2H), 

4.86 (s, 1H), 3.87 (s, 3H), 2.58 (s, 6H). 13C{1H} NMR (126 MHz, CDCl3) δ 160.59, 142.23, 

131.14, 130.14, 119.37, 113.96, 105.80, 93.72, 55.47, 33.19. 

4.5.2 Characterizations: general procedures and experimental details 

All stock solutions were prepared under nitrogen atmosphere in an inert gas box using dried 

chlorobenzene (CB). The stock solutions were stirred overnight in order to enable complete 

dissolution of the materials. 

The reported dopant concentration of 5 mol% is given as 𝑐 =
𝑁D

𝑁D+𝑁P
, where 𝑁𝐷 is the 

number of dopant molecules and 𝑁𝑃 is the number of polymer monomer units as contained 

in the solutions. Thin films were prepared via spin-coating. Therefore, a standard 

laboratory spin-coater was used at 1000 rpm for 45 s. Thermal activation was performed 

by annealing the doped thin films at 120 °C for 2 h on a hot plate in the glovebox, if not 

otherwise stated. 

Optical absorption spectroscopy was performed using a Cary 5000 UV−vis-NIR 

spectrometer. Undoped and doped thin films were prepared on glass substrates with 

thickness between 20 and 80 nm.  
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The conductivity measurements were conducted in LakeShore TTPX probe station using 

an Agilent 4155C parameter analyzer. Capacitance measurements (used to evaluate the 

charge density) were performed in the same LakeShore TTPX probe station using an 

Agilent E4980A Precision LCR Meter. 

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

at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 11–3 with an X-ray 

wavelength of 0.9752 Å and sample-to-detector distance of 321 mm at an incident angle 

of 0.14°. Measurements were carried out using a helium-filled sample chamber to reduce 

air scattering background. The 2DGIWAXS patterns were collected with a 2D CCD X-ray 

detector (MX225, Rayonix, L.L.C) with a pixel size of 73.2 μm (3072 × 3072 pixels). 
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CHAPTER 5: EFFECTS OF CROSSLINKING AND DOPANT 

SUSBTITUENTS:  CONCLUSIONS, FUTURE WORK AND 

CONTRIBUTIONS  

5.1 Overview 

This thesis focused on developing new strategies to minimize the diffusion of n-type 

dopants in semiconductors by modification of some of the well-studied dopants in the 

literature, as well as improving the charge-carrier densities obtained upon doping of 

organic semiconductors. 

As discussed multiple times in this thesis, DMBI-H derivatives have been extensively used 

for the n-doping of numerous organic semiconductors for various applications.57-61 

However, there are few studies and investigations that address the immobilization in order 

to minimize their diffusion rate and migration in the device stacks.82 

In Chapter 2 of this thesis an oligomeric DMBI-H derivative in which 4 units of DMBI-H 

units are linked together via an sp3 carbon was synthesized. This dopant (tetrakis-O-DMBI-

H) was found to n-dope the electron-transporting polymers N2200 and TBDOPV-T as well 

as small molecule electron acceptor, PCBM. PCBM doped-tetrakis-O-DMBI-H (10 mol%) 

showed a conductivity value of 0.14 S cm-1 but exhibited low film resistance to o-DCB. 

 Regarding doping of polymers using (tetrakis-O-DMBI-H), although, the doped N2200 

films showed very low resistance toward solvent, a heated tetrakis-O-DMBI-H-doped-

TBDOPV-T film exhibited good resistance to o-DCB. The solvent resistance of the doped 
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TBDOPV-T film is ascribed to strong electrostatic interactions between multiply charged 

cations and the negatively charged polymer chains. 

 The electrical conductivity of 9 mol% tetrakis-O-DMBI-H-doped-TBDOPV-T was 

obtained to be 15 S cm-1. The doped films were also characterized using UPS and a 

significant decrease in sample work function was observed. Furthermore, the valence band 

shifts to higher binding energy after doping, which is related to an increase in electron 

density near the Fermi level. The diffusion of dopant molecules/ions and the associated 

charge carriers in doped films have also been examined; no evidence was found for the 

diffusion from a tetrakis-O-DMBI-H-doped-TBDOPV-T film into a N2200, an observation 

that may be due both to the same strong dopant ion:polymer interactions responsible for 

increased solvent-exposure resistance and to the large size of the dopant ions. 

Chapter 3 discussed thermal crosslinking as a second approach for immobilization of 

DMBI-H derivatives. The introduction of a butoxy group on the four membered ring of 

benzocylobutane moiety is known to significantly lower the temperature at which the 

electrocyclic ring opening reaction responsible for cross-linking takes place (120 °C). Two 

new derivatives of DMBI-H and a new fullerene derivative with pendant 

butoxybenzocyclobutene (BBCB) groups were synthesized and characterized, (BBCB-

DMBI-H, BBCB-N-DMBI-H and BBCBPCB). BBCBPCB could thermally crosslink in 

the range of 120 °C – 150 °C. DSC showed an exothermic peak attributed to the ring 

opening of cyclobutene moiety. UV-vis experiments showed high retention of thermally 

annealed films on exposure solvents including o-DCB. 
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The doping products of the DMBI-H derivatives and BBCBPCB were characterized using 

MALDI-TOF-MS and EPR. Mass spectrometry established the formation of heterodimer 

and EPR showed the signal for formation of PCB radical anion. UV-vis experiment also 

represented the high film retention to o-DCB for BBCB-DMBI-H doped BBCBPCB. 

Diffusion of dopant molecules was investigated by evaporation of 2CN-NDI on the top of 

BBCB-N-DMBI-H doped BBCBPCB. No evidence was found for the diffusion from a 

thermally treated BBCB-N-DMBI-H-doped-BBCBPCB film into 2CN-NDI layer – in 

contrast to what is seen in a non-crosslinked film, an observation that may be due to the 

covalent crosslinking of dopant to the host (in this case PCB) that prevents movement and 

diffusion of the dopants and dopant ions. 

Chapter 4 investigated modification of DMBI-H derivatives and the impact of the polar 

side chain attached to the dopant rather than to the polymer on doping behavior in 

molecular level. For that purpose, TEG-DMBI-H and a non-TEG compound MeO-DMBI-

H were identified and synthesized. Both dopants were expected to be electronically similar 

while differing in the polarity of their side chain.  

In-plane electrical conductivity measurements on N2200 doped films at different mol ratios 

of each dopants showed that MeO-DMBI-H affords slightly higher conductivity values 

than TEG-DMBI-H. Interestingly, the conductivity values with incorporation of 5 mol% 

dopant (for both dopants) were recorded to be lower compared to 1 and 10 mol% of the 

dopant ratios. Moreover, field-effect mobility measurements represented lower mobility 

values for 5 mol% of each dopant. 
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Temperature dependence of the electrical conductivity demonstrated lower activation 

energy when N2200 was doped using 5 mol% dopant. Taking this date into account and 

the fact that the electrical conductivity values were established to be lower at this ratio (for 

both dopants), weak electrical coupling for in-plane charge transport, perhaps due to 

changes in the orientation, could potentially explain this observed behavior. To investigate 

this hypothesis, GIWAXS measurements established morphological changes to face-on 

orientations at low doping ratios that are consistent with the observation of a low mobility 

obtained for TEG-DMBI-H-doped-N2200 at 5 mol% ratio. However, it is unclear why the 

activation energy is decreasing for 5 mol% of dopant ratios. 

5.2 Future Work 

Chapter 2 suggests a possible means of fabricating multilayer structures from solution and 

to restrict diffusion of dopants ions from intentionally doped regions of devices to other 

portions where doping is not needed. More dopant:polymer combinations should be 

investigated to establish the generality and limitations of the approach.  

This approach, on the other hand, has failed for insolubilization of doped films of small 

molecule acceptors such as PCBM without impeding the charge transport behavior.  

One approach that can be taken in future, is studying the diffusion behavior of tetrakis-O-

DMBI-H doped thermo-crosslinkable BBCBPCB; this combination might take advantages 

of both electrostatic interactions and crosslinking and formation of a dense matrix that 

prevents the diffusion of dopant and dopant ions into small molecule acceptors. This 

approach might offer insolubilization of dopant with acceptable charge-transport behavior 
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(even at lower mole ratio of dopants (less than 10 mol%)), as large and 3D size of dopant 

had shown to negatively impact the film morphology. 

Furthermore, the concept of electrostatic crosslinking may not be favored for OSCs with 

high crystallinity as a large multiple cation species might lead to more structural disruption. 

In fact, these heavily charged species may serve as deeper traps for carrier densities.  

Chapter 3 also suggests another approach (using thermo-crosslinkable units on DMBI-H 

and PCB derivatives) for the purpose of fabricating multilayer structures from solution and 

to restrict diffusion of both dopants and dopant ions.  

Currently, there is no information available regarding the impact of crosslinking on charge 

transport behavior of doped systems. Conductivity measurement on BBCBPCB and 

BBCB-N-DMBI-H could offer valuable information to compare it with values already 

reported for N-DMBI-H doped- PCBM. The crosslinking might interfere with the 

intermolecular packing and thus negatively affect the charge carrier transport.135 

Moreover, the diffusion of dopant and dopant ions can be studied under applied field as 

there are literature reports on diffusion of dopants under applied field.34, 82 In fact, upon 

application  of sufficiently high electric fields, the dopant positive ions start to drift toward 

the negative electrode, in opposite direction to the polaron current. Consequently, a 

dedoped region is generated, which exhibits a much larger resistivity compared to the 

doped region. Hence, the voltage drop no longer occurs linearly over the whole channel, 

but mostly over the dedoped region and at the dedoped electrode contact. If the diffusion 

of dopant ions is minimized by thermal crosslinking, then for the crosslinked doped film, 

the I-V curve is linear (or close to linear), compared to non-crosslinked doped films.  
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It also worth mentioning that the BBCB functional group that is capable of crosslinking at 

120 ºC, requires multi-step synthesis procedures with moderate yields118 that will increase 

the cost of modified dopant for practical applications. More synthetic investigation could 

be done to access the BBCB in fewer steps and higher yields. 

To compare the approaches presented in Chapter 2 and 3, the immobilization via 

electrostatic interactions just limits the diffusion of dopant ions while the immobilization 

via covalent interactions, immobilize both the dopants and dopant ions that could 

potentially be more beneficial to increase the device stability. 

Chapter 4 was intended to get some insight into charge transport behavior by application 

of a triethylene glycol type side chain on a DMBI-H derivative. Doping of N2200 with 

these two dopants provided some new insights into charge transport behavior, orientations 

and morphology of doped films. As it was mentioned, 5 mol% dopant ratios, offered low 

activation energy, low conductivity value, and low mobility.  

The temperature dependence of the charge carrier density and mobility could offer some 

more insights into doping process and  how the activation energy of charge hopping differ 

in different doping levels.123, 125 Moreover, a closer look into morphological changes 

including the changes in π-π stacking and aggregation could be helpful, using AFM. 

5.3 Broader Impact of the Work Discussed in This Thesis 

Based on the data presented in this thesis, it appears that both crosslinking using covalent 

bond formations and electrostatic interactions seems to be promising strategies to minimize 

the diffusion of DMBI-H derivatives in solid state films. These materials can be applied in 
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solar cell devices to investigate their impacts on stability and durability of solar cells.  

Furthermore, solution fabrication of multilayer devices is often challenging, in that 

deposition of a second layer can lead to partial dissolution of the first layer. Combinations 

of BBCBPCB and BBCB-N-DMBI-H can potentially be used as electron transport layers 

for efficient charge extraction in perovskite solar cells (PSCs). Insolubilization of the 

electron transport layer subsequent to deposition is an effective approach that have been 

used to increase the mechanical and thermal stability of the material, and to permit solution 

deposition of additional layers in perovskite solar cells.136 However, the insolubilization 

processed required high temperature (200 ºC and higher) that is not optimal for stability of 

solar cells. 

Moreover, the concept of the crosslinking using BBCB functional groups can be applied 

to hole transport materials in perovskite solar cells to decrease the diffusion rate of p- 

dopants and insolubilization for  solution fabrication of multilayer devices.137 
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