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SUMMARY 

This Ph.D. thesis will improve our understanding of how to design and develop 

organometallic n-dopants for organic electronics and interface modification, in particular 

our understanding of how to control the thermodynamic dopant strength and kinetic 

reactivity of these species. A major portion of the thesis will address challenges in the 

synthesis of n-dopants based on the dimers of nineteen-electron sandwich compounds, in 

particular, the applicability of the reductive dimerization methods, optimization of 

conditions, and establishment of guidelines for the development of similar materials in 

future. New examples of dimers incorporating either bulky substituents or ring strain are 

described. Another part of the thesis will investigate the electrical doping strength and 

doping kinetics of several existing and new dimers by studying their reaction with various 

acceptors in solution and in the solid state, as it is imperative to recognize the strengths and 

limitations of existing dimers to inform future dopant design. Electrochemical studies that 

further our understanding of dopant kinetics and thermodynamics will be described.  

The incorporation of benzocyclobutene groups into the dimers, as a means of 

potentially limiting the diffusion of dopant ions by allowing their covalent tethering to 

surfaces, organic semiconductors, or themselves, will be demonstrated, which paves the 

way for future diffusion studies of dopant cations in the solid state. The dimer dopant 

chemistry will also be compared to that of related n-dopants that react through hydride-

transfer reactions and manganese benzene carbonyl dimers. The latter in particular offer a 

potential route to dopants that can be processed in air with high-electron affinity organic 

semiconductors with subsequent thermal or photochemical activation under inert 

atmosphere.
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CHAPTER 1  INTRODUCTION  

 The purpose of this chapter is to inform a reader about the basics of organic 

electronics and electrical doping of organic semiconductors. Thus, various approaches for 

n-doping that has been previously reported, will be discussed. The advantages and 

disadvantages of each approach will be described. It is imperative to understand the 

electrical doping mechanism, limitations, and efficiency of various n-dopants to inform 

future dopant design. Hence the experimental techniques that have been used to determine 

whether the materials has been doped and to characterize the electrical doping products, 

and to investigate the mechanism operating with different n-dopants will be discussed in 

this chapter.   

1.1 ORGANIC ELECTRONICS 

 In this century, electronic devices are a pervasive feature of life as majority of 

modern day-to-day activities depends on devices such as televisions, cell phones, 

computers, portable readers, medical equipment, and displays for various applications. As 

far as the materials that make up these devices are concerned, inorganic materials 

especially crystalline silicon has been dominating the field for the past 50 years.1-7 

However, the first reports of metallic conductivity in doped polyacetylene, collaboratively 

by MacDiarmid, Heeger and Shirakawa, and in the charge-transfer complex of 

tetrathiofulvalene (TTF) and tetracyano-quinodimethane, (TCNQ), 1.1, (shown in Figure 

1.1) by Cowan and co-workers in 1970s paved the way for applications of organic small 

molecules and polymers in electronics.8-22 While the initial studies of the electrical 

properties of organics were focused on achieving metallic conductivity, more recently their 

semiconducting properties have attracted more interest. Organic semiconductors have 

certain advantages over inorganic materials for applications in modern day electronics. The 

solubility of variety of conjugated polymers and small molecules in common organic 

solvents leads to potentially easier and less expensive processing using methods such as 

spin coating, and inkjet printing of films,23-29 which can be contrasted to the high-

temperature processing required for silicon and other inorganic semiconductors.  
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 More than three decades of collaborative research in this area with an in-depth 

structure-property analysis of the materials, is finally resulting in their commercial 

application in the area of organic light emitting diodes (OLEDs), which are being used in 

cellphones and televisions. Samsung Electronics Co. Ltd. has been the pioneer in the 

development of active-matrix OLED (AMOLED) for cellphones with many other major 

companies following the similar technology.30 It was estimated that the AMOLED sales in 

the first half of 2015 was $4.7 billion, increasing by ca 47% from the previous year.31  It is 

estimated that the total AMOLED market will grow over $23 billion in 2022.32 The use of 

OLEDs in larger markets such as televisions was limited due to problems in developing 

large-area, defect free films on a large scale.30 However, significant advancements have 

been made in this area as well, which is due to the combined effort of the scientific 

community working in the area of organic electronics and companies like Samsung, LG 

Electronics and others with LG display selling more than 400,000 OLED televisions in 

2015.33 The scientific community collaboratively has been working on to further improve 

the performances of similar devices based on organic materials, where organic 

semiconductors have another advantage of greater flexibility in designing and redesigning 

of materials as a large series of organic small molecules and polymers can be synthesized. 

Depending on the application,15,16,21,22,34-36 a cycle to tune the electronic and the optical 

properties of an organic semiconductor can be repeated to obtain the desired properties. 

Replacing silicon or other inorganic materials with organic semiconductors for all 

electronic applications seems unlikely; nevertheless their incorporation for large area 

fabrication20 in applications such as photovoltaics (OPVs),21,35,36 light emitting diodes 

(OLEDs),37,38 thermoelectric generators,39,40 field effect transistors (OFETs),15,16,22,34 

sensors,41,42 and possibly other applications is plausible.  

 

Figure 1.1 Structures of tetrathiofulvalene (TTF) and tetracyano-quinodimethane (TCNQ). 

The charge-transfer complex of 1:1 (TTF:TCNQ), 1.1, was studied by Cowan and co-

workers.8 
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Figure 1.2 Structures of the materials that have been n-doped in the literature and discussed 

in this chapter. 
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Figure 1.3 Structures of various n-dopants reported in literature, which are discussed in the 

chapter. 
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1.1.1 Conductivity, mobility and charge injection efficiency 

 Electronic materials can be classified into three categories on the basis of their 

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

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

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

than 102 S cm-1.43 The conductivity of a material can be represented in terms of current 

density and applied electric field as shown in equation 1, which is another form of Ohm’s 

law 

E

J
σ =                                         (1)  

where J is the current density (A cm-2), E is the applied electric field (V cm-1), σ (S cm-1) 

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

is the drift velocity per unit electric field as shown in equation 2.30,43 

E

ν
μ =                     (2) 

where µ is the mobility (cm2V-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 3. 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). 

 = qμnσ                                                                                                                              (3) 

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 is also critical. For this, a close 
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match of the ionization energy or the electron affinity of a material with the Fermi level 

energy (EF) of the electrodes is important.44,45 The ionization energy is defined as the 

energy required to remove an electron from an organic semiconductor to a level where the 

electron is at rest at a distance from the surface that it is beyond the influence of any 

significant electrostatic interactions with the surface (vacuum level (Evac)), whereas the 

electron affinity is the energy released when an electron is added from the vacuum level to 

the semiconductor.46 The Fermi level energy for a semiconductor is a hypothetical energy 

level for which the Fermi-Dirac distribution function has a value of 0.5.43 Another term 

that will be used in this thesis will be 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.43,47 The difference in the ionization energy and the electron 

affinity is referred to as the transport gap.47 

 Depending on the applications, different criteria are required for an ideal organic 

semiconductor in terms of conductivity, mobility, and transport gap. However, when a 

semiconductor is used as an electron-transport material or a hole-transport material, for 

example in OLEDs, high conductivity (usually above 10-5 S cm-1)48and efficient 

injection/extraction of charges is desired.48,49 Compared to the inorganic counterparts, 

organic semiconductors have typically low intrinsic carrier density; the intrinsic carrier 

density in silicon at room temperature is estimated as 9 × 109 cm-3, whereas for relatively 

pure organic material, it is typically less than 1 cm-3.43,50 Thus to increase the charge carrier 

density, either charges have to be injected from the electrodes or additionally by addition 

of oxidants or reductants.50 For these reasons, the stable and controllable increase in charge 

carrier density in organic semiconductors used as an electron-transport material or a hole-

transport material is desirable, which in principle can be achieved by addition of reductants 

or oxidants into the organic material.48,49 Similar to the inorganic semiconductors, addition 

of guests into the semiconductor to alter the electrical properties is defined as electrical 

doping but in the case of organics, it is a redox process unlike inorganic semiconductor 

where silicon atoms in the lattice are substituted with boron, aluminum, phosphorous, 

arsenic atom and other related atom of other elements.43 As noted above, the field of using 

conjugated polymers or small molecules as semiconductors originated after the reports of 

increase in the conductivity of polyacetylene by doping with bromine, iodine or arsenic 
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pentafluoride.9 Figure 1.4 shows a general description of the processes involved on 

addition of oxidants (p-dopants) or reductants (n-dopant) into an organic semiconductor. 

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.  

 

Figure 1.4 General diagram to demonstrate a simplistic picture involved in doping of 

organic semiconductors. a) depicts the transfer of electrons on n-doping, whereas b) shows 

the transfer of electrons on p-doping. The actual process in many of the systems discussed 

below will be more complicated than the one described above. 

 With both p- or n-doping, the conductivity of the organic semiconductor, in 

principle should increase due to addition of charge carriers. As discussed above, apart from 

the conductivity, charge injection/ extraction efficiency is also very critical, 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 1.5, which leads to a decrease in the electron injection barrier in the case of n-doping 

that facilitates easier charge injection. Hence, electrical doping can greatly 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.48  
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Figure 1.5 Energy diagrams of a) undoped electron transport material (ETM) and b) doped 

ETM depicting the lower electron injection barrier (ΔEinj) on n-doping. In both cases, the 

left side depicts the situation when the electrode is not in contact with the organic 

semiconductor and the right side depicts when the electrode is in contact with the organic 

semiconductor, and the Fermi level energies align. 

 In the case of doping of surfaces such as indium tin oxide (ITO), due to net dipole 

present at the interface created by the charges donated by the dopant and the dopants ions, 

the ease of charges to be injected or extracted from the surface changes, leading to a shift 

in the work function of the material accordingly as shown in Figure 1.6.51-53 When the two 

materials are in contact, the Fermi level energies align with one another. On modifying the 

surface, by n-doping in this example, decreases the work function of the electrode and as a 
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consequent of which, the barrier for electron injection is also greatly diminished as 

described in Figure 1.6. 

 

Figure 1.6 Image showing the shift in the work function of an electrode before and after n-

doping. 

 Another term, which will be used in this thesis, is trap filling by n-doping. The 

presence of impurities and defects in organic semiconductors lead to the formation of states 

that lie deeper in the gap than the effective transport level (conducting states). These low 

lying states acts as traps and hinder charge transport, which leads to low charge mobility.54-

58 In the case of n-type transport, Figure 1.7 shows the presence of trap states, passivation 

of which can be achieved by n-doping at very low concentrations. This, in principle should 

improve the effective charge mobility and various reports of trap filling in the literature 

will be discussed later in this chapter.  
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Figure 1.7 General diagram to depict trap-filling upon n-doping. 

 Before delving further into the use of p- or n-dopants in organic electronics, brief 

discussion about various analytical techniques, which are used frequently to study the 

doping process, is presented in the next section. 

1.1.2 Analytical methods commonly used for doping studies 

1.1.2.1 UV/vis/ NIR absorption spectroscopy 

 Absorption spectroscopy is one of the most widely used tools for the 

characterization of organic materials. The organic materials used in OPVs, OFETs, and 

OLEDs have a characteristic absorption features that generally lie in the visible or infrared 

region. In the case of p-doping, generally but not necessarily the radical cations of the 

semiconductor are formed whereas the radical anions in the case of n-doping are typically 

formed. Both the radical cations and the radical anions of organic materials will generally 

have different absorption features than the neutral molecule, which enables one to 

distinguish between them. An example is shown in Figure 1.8 of the neutral and the radical 



11 

 

anion of 6,13-bis(triisopropylsilylethynyl)pentacene (1.3). Thus, n-doping of 1.3 can be 

studied by monitoring the growth of the absorption feature around 720 nm and the 

disappearance of the neutral features. Similar studies of doping of various semiconductors 

using vis/NIR absorption spectroscopy will be discussed in detail in chapter 3, 4 and 6. It 

must be noted that the radical anions of a majority of the organic materials are highly 

sensitive to presence of oxygen and moisture, hence most doping studies are conducted 

under inert atmosphere with minimum exposure of the doped solutions or films to ambient 

atmosphere. Also, UV/vis/NIR spectroscopy is not always practical due to low levels of 

doping concentrations in thin films and the technique is also problematic for the systems 

with significant aggregation in the solid-state.  

 

Figure 1.8 Vis/NIR absorption spectra of neutral 1.3 and the radical anion of 1.3 generated 

using sodium-potassium alloy in THF. 

1.1.2.2 Ultraviolet photoelectron spectroscopy (UPS) 

 UPS is widely used to study the valence region and for estimation of ionization 

energy of organic semiconductors. A thin film of organic semiconductor on a conductive 

substrate is excited using a UV source, typically He(I) or He(II) excitation source, whose 

energies are 21.2 eV and 40.8 eV respectively. Depending on the density of states in a 
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material and the ease of photo-exciting electrons, the kinetic energy of the emitted electrons 

can be measured and the features are obtained in the spectrum as shown in Figure 1.9. 

Important features are noted in the example spectrum shown in Figure 1.9, where the work 

function (Φ) of the material can be obtained from the secondary electron edge and the 

energy of the excitation source.  The ionization energy of a material can be obtained as it 

is the sum of work function (Φ) and the position of valence band maximum (EVBM) as 

shown in Figure 1.9. Thus it is possible to determine position of the Fermi level energy 

relative to filled states using UPS. As discussed above, on p-doping the Fermi level energy 

of the material shifts towards filled states and towards empty states on n-doping, doping of 

organic semiconductors is studied by determining the position of Fermi level energy 

relative to filled states before and after electrical doping. Similar to UPS, inverse photo-

emission spectroscopy (IPES) is used to probe empty states. The electron affinity and the 

position of Fermi level energy relative to the unfilled states can be obtained from IPES. 

However, majority of the systems for electrical doping of organic semiconductors are 

studied with UPS, with only few reports of use of IPES in the literature.  
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Figure 1.9 Sample UPS spectrum of a naphthalene diimide bithiophene conjugated 

polymer. As there are lot of inelastically scattered electron that lose energy before escaping, 

there is a sharp cut off edge known secondary electron edge.  
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1.1.2.3 X-ray photoelectron spectroscopy (XPS) 

 In XPS, the sample surface is bombarded with high energy X-rays to probe core 

orbital energies. The binding energy of a core level is specific for each element and depends 

on its chemical state and environment; XPS gives the information about the chemical 

composition. Al-Kα, 1486.6 eV or Mg-Kα, 1253.6 eV are commonly used as the source 

lines. The binding energy of the core orbital can be determined by subtracting the kinetic 

energy of the emitted electrons from the energy of the X-ray source. Generally the binding 

energies are measured relative to the Fermi level energy of the material, thus on electrical 

doping, the shift in the Fermi level energy should also be reflected in the shift in the energy 

of the core orbitals although it is less sensitive than UPS for determination of the shift in 

the Fermi level energy. As noted above, the binding energy of a core level is dependent on 

the chemical state, thus significant differences are expected for the materials when the 

chemical environment changes upon electrical doping, and also when they change their 

oxidation state on accepting or giving electrons that is potentially useful where the dopant 

involves a change of the oxidation state. XPS along with UPS is also used to probe 

electrical doping of organic semiconductors. As UPS and XPS are both ultra-high vacuum 

techniques, exposure of doped films to air is not a concern during measurements. 

1.1.2.4 Conductivity measurements 

 Electrical doping should, in principle increase the conductivity of an organic 

semiconductor. The electrical conductivity of an organic film can be measured by 

measuring the current between two electrodes sandwiching the organic film for different 

applied bias. The relation of conductivity and the resistance of the sample is shown in 

equation 4. 

RA

l
σ =                                                                                                                               (4) 

where R is the resistance, which can be obtained from the IV characteristic in the Ohmic 

region,59 A is the area of cross-section of the organic film and l is the channel length for 

different device structures for IV measurements.  
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Figure 1.10 Different device structures for IV measurements. a) shows the diode structure 

where the organic film is sandwich between the electrodes, here l is the thickness of the 

organic film, b) shows the finger structure where organic film is deposited on metal fingers 

separated by length l. 

 As shown in Figure 1.10, in the case of finger structure where multiple connected 

channels are present, the electrical conductivity can be determined by 

dwnR

l
σ

***
=                                                                                                                 (5) 

where, n is the number of channels, d is the thickness of the film and w is the width of 

section where the organic film overlaps with the electrodes (shown in Figure 1.10). 

 More generally the differences in the current-density at a given applied potential 

for doped and undoped samples obtained from current-density vs. applied potential plots 

are used as characteristic signatures of electrical doping even if it is not in the Ohmic 

region.60 Often the conductivity measurements are performed under inert atmosphere for 

doped samples, which are generally expected to be sensitive to the ambient conditions.  

1.1.2.5 Cyclic voltammetry 

 Cyclic voltammetry is not used directly for electrical doping studies but is the most 

common technique to measure the oxidation and the reduction potentials of organic 

semiconductors or dopants especially when estimation of the ionization energy (from UPS) 

or the electron affinity (from inverse photoelectron spectroscopy) is not possible. Thus in 

the case of n-doping, the reduction potential of the semiconductor and the oxidation 

potential of the dopant in an electrolyte solution enables the user to determine the relative 
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energy levels and the feasibility of an electron transfer assuming it is a simple one-electron 

redox process. Similarly for p-doping, the oxidation potential of the semiconductor and the 

reduction potential of the dopant can be used to have preliminary information about the 

dopant strength and the electrical doping process. However, extrapolation of feasibility of 

a reaction in solution to solid-state does not necessarily give an accurate information as it 

involves number of assumptions ignoring the effect of electrolyte and the solution. An 

example of an electrochemical cell is shown in Figure 1.11 and a model cyclic 

voltammogram in Figure 1.12. A change in the magnitude of the current is observed when 

a redox process occurs on ramping the potential linearly with the time as shown in Figure 

1.12. On reversing the direction of the potential ramp, reversibility of the redox reaction 

can be observed by the reverse peak. The overall potential of any redox process is measured 

as E1/2, which is the average of the peak potentials observed during the forward and the 

reverse sweep and if the diffusion coefficients for the oxidation species and the reduction 

species are same, it is the thermodynamic potential Eo. The peak potentials are always 

referenced to a standard, typically ferrocene, which has a well-defined redox process. 

However, in the literature, the potentials have been reported against other reference 

electrodes so in this chapter all reported potentials are converted vs. ferrocene by using the 

conversion reported in the literature.61 It must be noted that the peak potentials are 

dependent on the solvent/electrolyte system and must be kept in mind when comparing 

different samples in different solvent/ electrolyte systems.62 In some cases, the redox 

process is not reversible as shown by the oxidation peak in Figure 1.12, where no reversible 

peak is observed. For such systems only the peak potential is reported at a specific scan 

rate. As solid-state IE and EA is not obtained from cyclic voltammetry, it is less useful if 

the electrical doping does not involve a simple electron-transfer as will be discussed in this 

chapter is the case for various dopants. 
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Figure 1.11 Example of an electrochemical cell, where the sample being probed is in an 

electrolyte solution. Desired potential is applied through working electrode, counter 

electrode balances the charges by passing the current required and reference electrode is 

used to measure and control the potential of working electrode. 
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Figure 1.12 Model cyclic voltammogram showing the change in the current on reduction 

or oxidation of the sample under investigation. The estimation of the oxidation potential 

and the reduction potential can be determined by measuring the peak potentials as marked 

in the figure.  
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1.2 ELECTRICAL DOPING OF ORGANIC SEMICONDUCTORS 

 As discussed, the performances of organic electronic devices can be enhanced by 

stable and controlled electrical doping; extensive research has been done and is ongoing in 

this field especially in the case of p-doping.  As this thesis is focused on the development 

of n-dopants, various approaches for n-doping reported will only be discussed, numerous 

reports of p-doping of organic semiconductors can be obtained in the literature.48,49,63-71  

1.2.1 Different approaches for n-doping of organic semiconductors 

 For efficient electron transfer from a dopant to a host, as shown in Figure 1.4 the 

magnitude of the ionization energy of the dopant should be less than the electron affinity 

of the organic semiconductor. In the literature, reports of suitable n-dopants are scarce, 

which is due to the challenges in meeting the balance between low ionization energy 

required for strong n-dopants and the air stability (E1/2 for O2/O2
·- is ca -1.2 to -1.4 V vs. 

ferrocene in a variety of aprotic solvents).48,72,73 Apart from the air stability and the low 

ionization energy, it is expected that an ideal n-dopant will involve only in one-electron 

redox process with no side reactions. The cation that is formed after transferring an electron 

should itself be stable and in most cases should not diffuse in the solid state to other layers 

in a device, which could be detrimental to the device performance. Although the electron-

transport materials, which are frequently used in OPVs and OFETs such as fullerene 

derivatives have high electron affinity (estimated to be EA ≥ 3.5 - 4 eV, roughly equivalent 

to E0/- ca -1.5 V to -1 V vs. ferrocene),74 n-doping of fullerene derivatives or similar 

materials can theoretically be achieved with relatively air stable n-dopants. However, the 

electron transport materials used in OLEDs have relatively low electron affinity (roughly 

close to 1.7 – 2.6 eV or E0/- < ca -2.2 V vs. ferrocene),48 which means any n-dopant 

sufficiently reducing to reduce such materials will be itself be air sensitive. In this chapter 

we will discuss various approaches (both using highly air sensitive materials, as well as 

attempts to design stable n-dopants) reported in the literature for n-doping of organic 

semiconductors.  
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1.2.1.1 n-Doping with alkali metals 

 Electrical doping of organic semiconductors with alkali metals (sodium and 

potassium) was first reported in 1970s and has been widely investigated since then.75-77 

Ivory and co-workers observed an increase in the conductivity from 10-12 S cm-1 to 7.2 S 

cm-1 on exposure of poly(p-phenylene) with potassium.75 Lithium has been most widely 

used either as a thin layer of pristine Li or lithium fluoride (LiF). UPS studies by Mori and 

others of the interface of Alq3/LiF/Al revealed reduced electron injection barrier by the 

shift of 0.4 eV in the Fermi level energy as compared to Alq3/Al interface.78 Several studies 

were conducted in order to probe the electrical doping mechanism of using LiF as the n-

dopant, where it was observed that LiF remains intact upon sublimation and the electrical 

doping is observed only after the deposition of metal cathode onto such LiF interlayer.79,80 

The mechanism is still not fully established but Grozea and co-workers observed formation 

of C-F bonds in the organic layer after lifting of the metal, suggesting possible dissociation 

of LiF on deposition of aluminum and formation of the side products, which is highly 

undesirable in the devices.81 Kido and Matsumoto reported the first OLED with a doped 

electron injection layer using lithium metal as the dopant, where luminance of 31000 cd m-

2 was observed for doped devices at 10.5 V whereas 3400 cd m-2 at 14 V for undoped 

devices.82 The OLED device current efficacy increased from 1 cd A-1 to 4.5 cd A-1 upon 

electrical doping.82 12,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 1.4, has been 

widely used as an electron-transport material in OLEDs.82-84 Parthasarthy et al. reported 

doping of BCP, 1.4, (electron affinity = 1.7 eV and reduction potential onset = ca -2.54 V 

vs. ferrocene in THF)85,86 with lithium metal and also investigated the diffusion of lithium 

metal into the organic material.83 The authors observed a shift of 0.6 eV in the Fermi level 

energy of BCP on electrical doping and the conductivity of electrically doped films 

reaching 3 x 10-5 S cm-1. Similar to the electrical doping of electron-transport materials 

with lithium, Oyamada and co-workers have reported electrical doping of 

phenyldipyrenylphosphine oxide, 1.5 (reduction potential = -2.24 V vs. ferrocene in THF), 

with cesium, and demonstrated the doped layer as an efficient electron injection layer.87 

 However, the drawback of electrical doping with alkali metal is the diffusion of the 

cations in the solid state. Parthasarthy and co-workers, in the study discussed above, 
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observed lithium diffusion up to 80 nm into the organic material using secondary ion mass 

spectrometry (SIMS).83 Diffusion of lithium upto 17.5 nm in a neat 4, 7-diphenyl-1,10-

phenanthroline (Bphen), 1.6, layer was observed by D’Andrade.88 Diffusion of lithium 

cation into the emissive layer has been shown to lead to luminescence quenching and 

formation of electrostatic traps.83  

1.2.1.2 Molecular dopants with low ionization energy 

 

Figure 1.13 Schematic of the range of the reduction potentials of materials used in organic 

electronics and the oxidation potentials of one-electron reductants. 

 Karl Leo’s group first reported electrical doping of organic semiconductors using 

organic molecules. They reported a modest shift of about 0.2 eV in the Fermi level energy 

and more than 2 orders-of-magnitude increase in the conductivity of 

naphthalenetetracarboxylic acid dianhydride, 1.7 (E0/- = - 0.75 V vs. ferrocene),61,89 when 

doped with bis(ethylenedithio) tetrathiafulvalene (oxidation potential ca 0.02 V vs. 

ferrocene)90, 1.18.91 Similarly tetrathianaphthacene (1.19) with its solid-state ionization 

energy close to 4.7 eV was demonstrated as a weak n-dopant capable of electrically doping 

hexadecafluoro-zincphthalocyanine, 1.8.92 As a direct electron-transfer is not expected in 

both of the cases discussed above, which could be the reason for the modest shifts in the 

Fermi level energy. Harada and co-workers investigated bis(2,2’:6’,2”-

terpyridine)ruthenium, Ru(terpy)2 (1.20) as a n-dopant, which acts as a reducing agent for 

the electron-transport materials used in OPVs but not for OLEDs (as shown in Figure 1.13), 
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consistent with its oxidation potential, which in acetonitrile is around – 1.89 V vs. 

ferrocene.93,94 Harada et al. used 1.20 for doping of pentacene and demonstrated its 

application in organic p-i-n homojunctions, where authors reported conductivity of 7.5 × 

10-5 S cm-1 for n-doped pentacene and 6.3 × 10-4 S cm-1 for p-doped pentacene using F4-

TCNQ.95 Cobalt bis(cyclopentadienyl) complexes (1.21 and 1.22) were demonstrated as 

much stronger molecular n-dopants than bis(ethylenedithio) tetrathiafulvalene and 

tetrathianaphthacene.96,97 A shift of 0.56 eV in the Fermi level energy and an increase in 

the conductivity by three orders-of-magnitude was reported by Chan and others on 

electrical doping of tris(thieno)hexaazatriphenylene derivative (electron affinity of 3.08 

eV),98 1.9, with cobaltocene (1.21), the solid-state ionization energy of which is ca 4.1 eV 

(oxidation potential of - 1.33 V vs. ferrocene in CH2Cl2).
61,96 Decamethylcobaltocene, 1.22, 

has an ionization energy of 3.3 eV (oxidation potential of - 1.94 V vs. ferrocene in CH2Cl2), 

making it a very strong reducing agent.61,97 Chan et al. reported electrical doping of copper 

phthalocyanine, 1.10 (electron affinity of 3.1 eV), with decamethylcobaltocene (IE = 3.3 

eV) and observed a shift of 1.4 eV in the Fermi level energy and an increase by 106 in the 

current density.97 The same group later reported electrical doping of TIPS-pentacene, 1.3, 

with decamethylcobaltocene and observed a shift of 1.28 eV in the Fermi level energy.99
 

Blom’s group used decamethylcobaltocene as a n-dopant to fill the trap states in poly[2-

methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), 1.11, which enabled 

them to observe electron mobility (1.7 × 10-8 cm2 V-1 s-1) in the polymer.100  

  Cotton and co-workers reported very low gas-phase ionization energy of the 

dimetal complexes of chromium and tungsten with the anion of 1.3.4.6,7,8-hexahydro-2H-

pyrimidol[1,2-a]pyrimidine (Cr2(hpp)4 (1.23) and W2(hpp)4) (1.24).101 It was observed that 

the ionization energy of W2(hpp)4 is 2.68 eV (oxidation potential of – 2.37 V vs. 

ferrocene)102 and Cr2(hpp)4 is 3.95 eV.103 Menke et al. reported efficient electrical doping 

of fullerene C60 1.12, with either of the two dopants, with conductivity reaching 4 S cm-

1.103,104 However, these two most powerful molecular n-dopants studied to date as well as 

cobalt bis(cyclopentadienyl) complexes and presumably Ru(terpy)2 (1.20) are highly air-

sensitive, making their synthesis, and handling very difficult. 
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1.2.1.3 Indirect air-stable n-dopants 

 The materials discussed in this section include materials where electrical doping is 

not directly related to the ionization energy of the dopant and the electron affinity of the 

hosts as the electrical doping is preceded by processes to obtain highly reducing species. 

Although the anion radicals formed after the reduction of the electron-transport materials 

will generally be air-sensitive, development of air stable dopants is still advantageous as it 

leads to ease of synthesis, handling prior to the fabrication of the devices. An exergonic 

electron-transfer to oxygen from the anion-radicals of various electron-transport materials 

used in OPVs/ OFETs such as fullerenes might not occur, however an endergonic electron-

transfer might follow chemical reactions leading to the decomposition of the 

materials.105,106 Hence, the doped films/ solutions need to be kept under inert atmosphere 

with any class of n-dopants.  

 Various air-stable precursors, which could be converted to highly reducing dopants 

during or subsequent to deposition of the active layer of the device, have been investigated. 

Werner and others reported the use of pyronin B chloride, 1.25, which on heating under 

high vacuum leads to the formation of reducing species.107,108 Conductivities up to 2 × 10-

4 S cm-1 were obtained when naphthalenetetracarboxylic acid dianhydride, 1.7, was doped 

with 1.25. Investigations by Werner and co-workers and Chan et al. pointed to the 

formation of the hydride-reduced form (leuco-form) of 1.25 along with the small amount 

of the neutral radicals of 1.25 (oxidation potential of -1.3 V vs. ferrocene) on 

sublimation.109 Wei and others reported use of 2-(2-methoxyphenyl)-1,3-dimethyl-1H-

benzoimidazol-3-ium iodide (DMBI-I), 1.26, as a n-dopant (oxidation potential of the 

neutral radical is -2.2 V vs. ferrocene) for C60, 1.12.110 The authors reported conductivity 

of 5 S cm-1 at 8% doping by weight, which is 108 times the conductivity of undoped sample. 

Again the mechanism is not very well established in this case but Wei et al. postulated the 

formation of the hydride-reduced complex of 1.26, which reduces C60, 1.12.110 Bin and co-

workers recently investigated 1.26, for electrical doping of Bphen, 1.6, and reported 

improvement in the performance of the OLEDs and the electron-only devices when using 

doped 1.6 as an efficient charge injection layer.  The authors hypothesized formation of the 

neutral 1.26 radical during sublimation, which leads to the electrical doping of Bphen, 1.6. 
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The two reports are contradictory to each other and if the hydride-reduced form of 1.26 is 

indeed formed on sublimation, electrical doping of Bphen, 1.6 is surprising as will be 

discussed later in this chapter, unless 1.26 fills only low-lying trap states in Bphen, 1.6 on 

evaporation. However, no UPS data was reported to further validate electrical doping with 

the shift in the Fermi level energy.  

 Li and co-workers investigated tetrabutylammonium salts (F-, Br-, I-, OH-, AcO-  as 

the counter anions) as n-dopants for TCNQ, C60 and PCBM.111 The authors reported the 

growth of the anion radicals of TCNQ, C60 in vis/NIR absorption spectroscopy and EPR 

signals for the anion radicals. Conductivity of 0.56 × 10-2 S cm-1 for PCBM was reported 

at 20% doping by molar ratio. Weber et al. probed into the mechanism of electrical doping 

of C60 and PCBM with tetrabutylammonium fluoride and demonstrated that the formation 

of radical anions of C60 was result of initial chemical reactions between C60 and fluoride or 

hydroxide acting as the nucleophile followed by electron transfer to another fullerene 

molecule.112 The authors observed formation of new species in the cyclic voltammetry that 

oxidized at ca 0.5 V vs. ferrocene in ortho-dichlorobenzene and the authors attributed it to 

the formation of (C60-F)-. In the case of electrical doping of PCBM, 19F NMR further 

suggested chemical reaction between fluoride and PCBM during the electrical doping 

process. n-Doping using tetrabutylammonium salts is advantageous as they are inexpensive 

and very air-stable however, electrical doping leads to the formation of side products and 

it might be limited to electrical doping of fullerenes.  

Bao and co-workers investigated using the hydride-reduced 1.26, 2-(2-

methoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole (DMBI-H), 1.27, and 

derivative 1.28 as n-dopants. Several groups incorporated this class of n-dopants in order 

to improve the performances of various electron-transport materials in OFETs, OPVs, 

“perovskite” solar cells, and thermoelectrics.113-117 The Bao group in collaboration with the 

Marder group probed the mechanism of doping of PCBM, 1.13 (reduction potential = -1.08 

V vs. ferrocene in 4:1 ortho-dichlorobenzene:acetonitrile),118 with the DMBI-H compound 

1.27. It was reported that the mechanism involves a hydride transfer from the dopant to the 

acceptor (PCBM in this case, which in general is a good hydride acceptor) as shown in 

Scheme 1.1.119 Thus, the electrical doping leads to the formation of side-products in the 
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active layer, which at best represents species that dilute the active semiconductor 

molecules. As the mechanism involved with DMBI-H compounds is a hydride-transfer, no 

observation of the anion radicals of TIPS-pentacene, 1.3, when electrical doping was 

attempted with 1.27 was not surprising as TIPS-pentacene, 1.3 unlike fullerenes, is not a 

good hydride acceptor. The authors attributed the improvements in the electron-mobility 

of 1.3 to the filling of the low-lying traps in 1.3 with 1.27. As discussed above, if DMBI-

H is formed on the evaporation of the salt 1.26, electrical doping of Bphen, 1.6 will be 

highly unlikely as it is also not a good hydride acceptor. Similar to DMBI-H compounds, 

tris(4-dimethylaminophenyl)methane (leuco-CV), 1.29, was investigated by Li and co-

workers.120 Conductivity up to 8 × 10-3 S cm-1 were observed for doped C60, but was 

accompanied by the formation of C60Hx side products. 

 

Scheme 1.1 Mechanism of doping of PCBM, 1.13 with DMBI-H compounds.119 

 All the strategies discussed above have some advantages as well as disadvantages. 

Easier synthesis and handling of these air-stable precursors makes them attractive 

candidates as n-dopants for various applications such as trap-filling. However, formation 

of side products in the active layer is highly undesirable for majority of applications in the 

field of organic electronics. In the case of electrical doping with the salts, the approach is 

presumably limited to vapor deposition.   

1.2.1.4 Dimers of highly reducing monomers 

Apart from salts or hydride-reduced species, another strategy to develop 

moderately air-stable precursors is to investigate dimers of highly reducing monomers. As 

discussed above, cobaltocene, 1.21, and decamethylcobaltocene, 1.22, are strong reducing 

agents but in the absence of oxidants (including air) exist as stable nineteen-electron 

monomers. On the other hand, various examples of nineteen-electron monomers of heavier 

analogues have been reported in the literature to dimerize by changing the hapticity of one 

of the ligands and achieve the eighteen-electron configuration as reported for rhodocenes 

(1.32, 1.33)121-123, iridocenes (1.34)121,124 and some mixed cyclopentadienyl/ arene 
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sandwich compounds of iron (1.30)125-127 and ruthenium (1.31).128,129 The oxidation 

potential for the rhodocene dimer - 0.75 V vs. ferrocene in THF (scan rate of 50 mVs-1) is 

associated with an irreversible process, and the oxidation potential of the monomer is - 

1.85 V vs. ferrocene in THF.130 The oxidation potential of the monomer suggests that it 

will be a strong reducing agent and the rhodocene dimer was reported to be moderately air 

stable.131,132 Similarly, the oxidation potential for ruthenium 

mesitylene/pentamethylcyclopentadienyl dimer, 1.31, is - 1.09 V vs. ferrocene in THF 

(scan rate of 50 mVs-1) and the oxidation potential of the monomer is - 2.70 V vs. ferrocene 

in THF.130 Thus, the monomer of 1.31 if formed by the homolytic cleavage of the C-C 

bond in the dimer will be one of the most reducing n-dopant. The Marder group 

investigated rhodium bis(cyclopentadienyl) dimers and related iron/ ruthenium mixed 

cyclopentadienyl arene dimers as n-dopants. As the thesis will focus on development of 

related dimers as n-dopants, previous studies of using the dimers of nineteen-electron 

sandwich compounds will be discussed in greater detail in next section. 

Other than the dimers of nineteen-electron sandwich complexes, organic dimers of 

highly reducing organic radicals have also been investigated. In collaboration with the 

Marder group, Bao’s group published dimers of benzimidazoline radicals (DMBI), 1.35 – 

1.37, as n-dopants.133 The oxidation potentials of the dimers are - 0.64 V, - 0.89 V, and - 

0.59 V vs. ferrocene in THF for 1.35, 1.36, and 1.37 respectively and the oxidation 

potentials of the corresponding monomers are - 2.45 V, - 2.24 V, and - 2.29 V vs. ferrocene 

in THF respectively.133 The authors reported improvement in the conductivity of various 

electron-transport materials with the conductivity of C60 reaching up to 12 S cm-1. Unlike 

DMBI-H compounds, the anion radicals of acceptors such as TIPS-pentacene, 1.3, were 

observed when mixed with the DMBI dimers. A shift of ca 0.4 eV in the Fermi level energy 

was observed for doped naphthalene diimide bithiophene polymer, 1.14, with the DMBI 

dimer, 1.36 with the Fermi level energy approaching electron affinity, with pinning at 0.1 

eV from the electron affinity.133 

Novaled patented various organic dimers as n-dopants for organic 

semiconductors.134,135 The dimer 1.38, was reported to dope zinc phthalocyanine, 1.16, and 

a conductivity of 3 ×10-4 S cm-1 was observed. The conductivity of zinc phthalocyanine, 
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1.16, reached 10-3 S cm-1 when doped with 1.39. The resulting conductivity of 10-4 S cm-1 

was obtained on electrical doping of zinc porphyrin, 1.17, with 1.40.134 The dimers of 

nineteen-electron sandwich compounds and the dimers of organic radicals as n-dopants 

will be compared later in the chapter. 

1.3 DOPING STUDIES WITH THE DIMERS OF NINETEEN-ELECTRON 

SANDWICH COMPOUNDS 

1.3.1 Rhodium bis(cyclopentadienyl) dimer, 1.32 

 Guo and co-workers reported electrical doping of copper phthalocyanine, 1.10, 

TIPS-pentacene 1.3, and naphthalene diimide bithiophene polymer 1.14 with the 

rhodocene dimer, 1.32. For copper phthalocyanine, 1.10 (the electron affinity of which is 

3.1 eV), a shift of 0.7 eV in the Fermi level energy towards the unfilled states of 1.10 was 

observed on vacuum deposition with Fermi level energy at 0.15 eV from the electron 

affinity.60 The current density measured in a diode structure (as discussed above) increased 

by 106 times for 3.5% (by weight) doped sample. Similarly a shift of 0.4 eV (- EA- EF = 

0.1 eV) and 1.1 eV (- EA- EF = 0.43 eV) in the Fermi level energy was observed for 

solution-processed films of 1.32 with polymer 1.14, and TIPS-pentacene, 1.3, respectively, 

which is a characteristic signature of n-doping. Again the current density increased by 104 

and 102 for the two hosts, respectively.60 It is worth noting that some of these host materials 

are typically regarded as a hole-transport materials as the ionization energy and the electron 

affinity favors hole injection from the typical electrode materials, however on n-doping 

due to the shift in the Fermi level energy, TIPS-pentacene, 1.3 and copper phthalocyanine, 

1.10 change from hole-transporting materials to electron-transporting materials. However, 

electrical doping of polymer, 1.15, led to a shift of only 0.2 eV in the Fermi level energy 

with the current density increasing by only 10, with Fermi level energy at 0.58 eV from the 

electron affinity, suggesting that the dopant 1.32, is not sufficiently reducing to dope the 

polymer, 1.15, the electron affinity of which is 2.6 eV. The filling of deep trap states in the 

polymer could be the reason for the shift in the Fermi level energy and increase in the 

conductivity. Solution doping studies to probe into the electrical doping products with the 
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dimer, 1.32 were conducted by Guo et al. where the anion radical of TIPS-pentacene was 

observed in the vis/NIR absorption spectroscopy as discussed in earlier in section 1.1.2.2. 

 Qi and others investigated solution doping of naphthalene diimide bithiophene 

polymer, 1.14, with the dimer 1.32 using variable temperature IV measurements (VTIV).136 

The conductivity of the doped sample reached 5.1 × 10-4 S cm-1. The conductivity for both, 

undoped as well as doped sample followed a simple Arrhenius dependence on the 

temperature and for the hopping transport, an activation energy (Ea) of 1.19 eV for the 

undoped sample and 0.23 eV for the doped sample was calculated.136 The authors attributed 

the immediate decrease in the activation energy to filling of the trap states by the electrons 

donated by the dimer. Singh and co-workers reported using the dimer, 1.32, for contact-

doping in n-channel C60, 1.12, OFETs to reduce the contact resistance and the average 

mobility of contact-doped devices with a channel length of 25 μm increased from 0.48 cm2 

V-1 s-1 to 1.65 cm2 V-1 s-1.137  

1.3.2 Rhodium cyclopentadienyl pentamethylcyclopentadienyl dimer, 1.33 

 Guo and others investigated the product obtained on mixing TIPS-pentacene, 1.3, 

with the rhodium dimer, 1.33, using vis/NIR spectroscopy and X-ray crystal structure 

determination.130 Similarly in the case of dimer 1.33, the absorption of the anion radical of 

1.3 was observed in the vis/NIR spectroscopy. The authors reported X-ray structure of 

asingle crystal of the salt of the anion radical of 1.3 and the monomer cation of 1.33.130 

Mechanistic studies of doping of 1.3 with the dimer, 1.33, were probed by the authors and 

will be discussed later in the chapter. Higgins et al. studied trap-filling in naphthalene 

diimide polymer, 1.14, using the dimer, 1.33, and observed an increase in the current 

density by 105 with a 7.8 × 10-3 molar ratio of dopant:polymer.138 The activation energy 

of the hopping transport was calculated using VTIV measurements as discussed above and 

decreased from 0.37 eV to 0.20 eV for doping concentration from 0 to 7.8 ×10-4 molar 

ratio, consistent with the filling of deep electron-traps in the polymer.138 Other than 

electrical doping of the active layer, Paniagua and others reported surface n-doping of CVD 

graphene using the dimer, 1.33, where the work function decreased by 1.3 eV.139 The 

authors attributed the shift in the work function to a combination of the effect of filling of 
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conduction band of graphene by the dimer as well as due to the formation of the surface 

dipole on the surface by the charges generated as discussed above. 

1.3.3 Ruthenium mixed mesitylene/ pentamethylcyclopentadienyl dimer, 1.31 

 The ruthenium dimer, 1.31, has been most widely studied within its class of dimers. 

Electrical doping of copper phthalocyanine, 1.10, with the ruthenium dimer also led to a 

shift of 0.7 eV in the Fermi level energy, similar to the result of electrical doping with the 

rhodium dimer, 1.32.60 Similarly, doping of TIPS-pentacene, 1.3, with the dimer 1.31 led 

to a shift of 1.3 eV in the Fermi level energy and the current density increased by 102 times 

with 3.6% doping by weight. Olthof et al. reported passivation of the trap states in C60 by 

the addition of electrons donated by the ruthenium dimer, 1.31.55 At a doping ratio of 10-3 

(molar ratio), a decrease of 0.4 eV in the work function was observed, with conductivity 

reaching 10-3 S cm-1. As expected, the activation energy decreased on doping with the 

lowest value of 0.039 eV observed at a doping ratio of 7.2 × 10-2 molar ratio, which is the 

lowest value reported for C60.
55,103,140 On passivation of the traps, the electron-mobility in 

C60 increased by more than 3 orders-of-magnitude and reached 0.21 cm2 V-1 s-1.55 Giordano 

and others used the ruthenium dimer, 1.31, to tune the work function of ITO by surface n-

doping.141 A shift of 1.07 eV in the work function (shifting from 4.53 eV to 3.46 eV) was 

obtained after treating the surface of ITO with a solution of the dimer. An electron-only 

device, constructed with the modified ITO as the electrode and vapor depositing C60 on 

top, showed better charge injection than an analogous device based on the unmodified 

ITO.141 Schlesinger et al. further utilized the method of work function modification using 

the dimer, 1.31, for alignment of energy levels at hybrid inorganic/organic semiconductor 

structures (HIOS).142 The authors demonstrated lowering of the work function of zinc oxide 

(ZnO) to a record value of 2.2 eV by depositing ruthenium dimer, 1.31, on ZnO, which 

enabled efficient energy transfer and radiative recombination in an HIOS by aligning ZnO 

and the organic semiconductor energy levels to minimize competitive electron-transfer 

processes.142 
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1.3.4 Iridium cyclopentadienyl pentamethylcyclopentadienyl dimer, 1.34 

 Giordano et al. also investigated iridium dimer, 1.34, for surface doping of ITO.141 

Similar results on doping with the iridium dimer, 1.34, were obtained as discussed above 

in the case of electrical doping with the ruthenium dimer, 1.31. A shift of 1.34 eV in the 

work function was obtained on electrical doping (shifting from 4.63 eV to 3.29 eV), with 

improvement in electron-only device performance similar to the case discussed above with 

the ruthenium dimer 1.31. The authors investigated the electrical doping products on the 

surface using XPS, which showed the presence of iridium cation formed on doping, 

consistent with electron transfer from the dimer to ITO. 

1.3.5 Mechanism of doping with the dimers of nineteen-electron sandwich 

compounds 

 Guo and co-workers investigated the mechanism of doping TIPS-pentacene, 1.3, 

with the rhodium dimer, 1.32, and ruthenium dimer, 1.31.130 Considering the oxidation 

potentials of the dimers and the reduction potential of 1.3, an exergonic electron transfer 

from the dimer to the acceptor can be ruled out, although this mechanism may be operative 

with more easily reduced acceptors and more easily oxidized dimers as in the case of 

ruthenium mesitylene/pentamethylcyclopentadienyl dimer and PCBM. The authors probed 

the two most probable mechanisms as shown in Figure 1.14.  

 

Figure 1.14 Two possible mechanisms of doping with the dimers of highly reducing 

monomers, which were probed by the authors for the dimers of nineteen-electron sandwich 

compounds. 

 The first step in the mechanism I is the homolytic dissociation of the C-C bond in 

the dimer to form the monomeric nineteen-electron species, which transfer the electrons to 
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the acceptor. The mechanism II involves an endergonic electron-transfer from the dimer to 

the acceptor, forming the anion radical of the acceptor and the dimer cation. The dimer 

cation formed, is quickly dissociated into the monomer cation and the nineteen-electron 

monomer, given the irreversibility of the dimer oxidation as observed in cyclic 

voltammetry leading to formation of the monomer cation. The authors synthesized partially 

deutrated versions of the dimer 1.31 and 1.32 as shown in Scheme 1.2 and Scheme 1.3, 

which allowed the authors to perform the crossover experiments to probe whether the 

dimers are in equilibrium with the corresponding nineteen-electron monomers. In the case 

of ruthenium dimer, 1.43 and 1.44, no formation of the mixed dimer was detected in the 

NMR spectroscopy, even over seven days at 100 °C.130 However, co-sublimation of the 

rhodium dimers 1.41 and 1.42 (120-125 °C, ca. 25 – 30 mTorr) led to the formation of 

mixed dimer, suggesting dissociation of the dimer on sublimation. Similar experiments for 

the ruthenium dimers did not lead to the formation of the mixed dimer. The crossover 

experiments indicated that the activation energy for the bond dissociation (ΔG‡
diss) for the 

rhodium dimer is lower than for the ruthenium dimer, which was further validated by 

quantum-mechanical estimates of the enthalpies and free energies of cleavage obtained 

using density functional theory (DFT) with the M06 functional. The calculations also 

showed that the radical cations of the dimer readily cleave as shown in Table 1.1.73,130 
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Scheme 1.2 Synthesis of selectively deuterated rhodium dimers, 1.41 and 1.42.130 

 

Scheme 1.3 Synthesis of selectively deuterated ruthenium dimer, 1.43 and 1.44.130 
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 In order to study the doping mechanism in the solution, kinetic experiments were 

performed using vis/NIR absorption spectroscopy. As discussed in section 1.1.2.1 and 

Figure 1.8, monitoring the signals for the neutral TIPS-pentacene, 1.3, and the anion radical 

enabled the authors to determine the rate laws and the rate constants. Using pseudo first-

order conditions (that is using a large excess of one of the reagents such that the 

concentration throughout the reaction effectively remains the same), the following rate law 

(equation 6) was established for the reaction of the ruthenium dimer, 1.32 and TIPS-

pentacene, 1.3, with the rate constant of 2.0 ×10-1 M-1s-1 in chlorobenzene at room 

temperature.  

]1.3][1.32[
]1.3[

)(
1.32[

k
dt

d

dt

d
=

2

1
- =

]
-                                                                                (6) 

 The rate law was fully consistent with the mechanism II. Similar experiments for 

the iron dimer, 1.31, also followed the same rate law with a rate constant of 4.1 ×10-2 M-

1s-1. Experiments to establish the rate law of iridium dimer, 1.35, with TIPS-pentacene, 1.3, 

were not performed, however solution doping studies with 1.3 and the dimer, 1.35, showed 

no formation of the anion radicals in the dark and the electron transfer was observed only 

with ambient light exposure. This suggested that iridium dimer also operates via the 

endergonic electron-transfer mechanism, consistent with the greater bond dissociation 

energy comparable to the ruthenium dimer. A detailed discussion about doping with the 

iridium dimer will be presented in chapter 3. The rate law for the rhodium dimer was 

different than ruthenium and iron dimers. The rate law for the rhodium dimer, 1.34, was 

consistent with both mechanisms (I and II) being in competition as shown in equation 7.  

- ]][[ + ][=
2

1
-(=

][
 -  II I 1.31.21.34

]1.3[
)

1.34
kk

dt

d

dt

d
            (7) 

 Further investigations by obtaining the rate constants at variable temperature 

allowed the authors to obtain various activation parameters using Eyring plots. The 

negative entropy of activation for ruthenium dimer, 1.32, is consistent with the conclusion 

of dimer reacting with 1.3 by means of mechanism II. Irrespective of the mechanism, the 

overall reducing strength (thermodynamic feasibility of an electron transfer) of the dimers 
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of nineteen-electron sandwich compounds at room temperature is governed by the redox 

potentials as well as the strength of the C-C bond in the dimer as described in equation 8, 

where ΔGdiss is the free energy of the dissociation of the dimer into monomers and E(M+/M) 

is the oxidation potential of the 19-electron monomer. 

F

G
EE

2

MΔ
+MM=M50M

2  diss+
2

+ )]([
)/()./(             (8) 

 The DFT-estimated values of the bond dissociation free energy, shown in Table 

1.1, in combination with the reduction potentials obtained from cyclic voltammetry can be 

substituted in equation 7 to estimate the relevant quantity for the estimation of the overall 

reducing strength of the dimers. The effective reducing potential with the reduction 

potential of the monomeric cations and the oxidation potential of the dimers is also 

presented in Table 1.1. In chapter 5, the experimental estimation of ΔGdiss for certain dimers 

will be discussed. As shown in Table 1.1, the overall reducing strength for the three dimers, 

1.32, 1.34 and 1.35, are very similar but is slightly greater than the organic based DMBI-

dimers.143 The potential (E(M+/0.5M2)) suggests that the dimers will be effective reducing 

agents for a variety of organic semiconductors, which are used as electron-transport 

materials in OPVs and OFETs, however electron-transfer to many OLEDs electron-

transport materials might not be thermodynamically feasible.48,74,82,144-147  

 In order to increase the effective reducing strength of similar dimers, either the 

reduction potential of the monomeric cations can be cathodically shifted or the C-C bond 

in the dimers is weakened, in other words decreasing the ΔGdiss(M2). Introduction of 

electron donating groups on the nineteen-electron sandwich compounds should 

cathodically shift the oxidation potential of the monomer and introduction of steric- or ring-

strain is a possible approach to fine tune the strength of the C-C bond in the dimers. The 

cathodic shift of the monomer potential with increased alkylation for rhodium species is 

evidently accompanied by a comparable shift in the oxidation potential of the dimer.73 

Also, the homolytic cleavage of the dimer to the corresponding monomers is possible for 

the rhodium based dimers. Thus, further shift in the redox potentials for rhodium species 

will inevitably make the corresponding dimers air-sensitive, as the reduction potential of 

oxygen is ca -1.2 to -1.4 V vs. ferrocene.73 But both these approaches of weakening the C-
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C bond in the dimer or cathodically shifting the redox potentials of the nineteen-electron 

monomer can still be advantageous for ruthenium- and iridium-based dimers as the 

dissociation energies for ruthenium and iridium species is large compared to the rhodium 

species, with the homolytic cleavage mechanism not observed for ruthenium dimers and 

much larger DFT values of ΔGdiss.
130,148 However, for electrical doping of materials with 

higher electron affinity, as discussed above, organic based dimers might be advantageous 

as they do not involve expensive metals such as ruthenium, rhodium and iridium. 

1.4 STRUCTURE OF THE THESIS 

 This chapter was intended to inform the reader about the efforts of scientific 

community working in the area of organic electronics to develop n-dopants. The focus of 

this thesis as mentioned above, is to further tune the properties of the dimers of nineteen-

electron sandwich compounds to develop more useful n-dopants, with different chapters 

focusing on various methods and studies conducted in this area. 

 As discussed above, one approach to strong dopants involves minimizing the gap 

between the overall reducing potential of the dimer and the oxidation potential for the 

nineteen-electron monomer for ruthenium and iridium dimers by weakening the C-C bond 

in the dimers. Chapter 2 of the thesis will focus on the attempts to introduce ring- or steric-

strain in the dimers to fine tune the C-C bond strength in the dimers to cathodically shift 

the effective reducing strength of the dimers. The challenges in the synthesis of the dimers 

will be discussed in detail and an investigation of the reductive dimerization of the 

eighteen-electron sandwich compounds based on ruthenium and iridium using multi-

dimensional NMR spectroscopy and electrochemistry will be presented.  

 Chapter 3 will discuss the results of using previously synthesized and new dimers 

synthesized during the course of this thesis as reducing agents for various organic 

semiconductors. In particular, the effects of bulky substituents and ring strain described 

above are explored. Based on the results, recommendations to improve the properties of 

the dimers will be made. A discussion about utilization of the dimers with low kinetic 

reactivity, despite retaining high thermodynamic reducing power will be made in order to 
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facilitate easier processing of the doped solutions in air with subsequent activation in later 

steps.  

 Chapter 4 will describe the issues associated with the diffusion of the dopant ions 

formed after electrical doping in the solid state with the discussion about the attempts to 

minimize the diffusion by incorporation of benzocyclobutene groups on the dimers, as a 

means of potentially limiting the diffusion of dopant ions by allowing their covalent 

tethering to the surfaces, organic semiconductors, or themselves. This study will pave the 

way for future diffusion studies of dopant cations in the solid state.  

 Chapter 5 will delve into the estimation of the rates of dimerization and the 

activation parameters associated with the dimerization of nineteen-electron sandwich 

compounds using cyclic voltammetry, which can potentially improve our understanding of 

the energetic landscape for dimers and monomers, therefore, help in future dopant design.  

 Chapter 6 will compare the dimer dopant chemistry to that of related n-dopants that 

react through hydride-transfer reactions. Such dopants are generally more stable than 

dimers, but most to date are poor dopants for semiconductors other than fullerenes. 

Significantly, a newly identified stable organometallic hydride donor will be presented, 

which is capable of reducing a wider range of semiconductors, including examples with 

significantly lower electron affinities.  Lastly to improve our understanding about other 

possible n-dopants, synthesis, characterization and properties of a manganese benzene 

tricarbonyl dimer will be discussed. 

 Finally, chapter 7 will summarize the results reported throughout this thesis. This 

chapter will inform the reader about the attempts made in this thesis to design and develop 

n-dopants for various applications in organic electronics. Also this chapter will comment 

on future directions of this research in order to develop more useful n-dopants. 
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CHAPTER 2  INVESTIGATION OF REDUCTIVE 

DIMERIZATION OF RUTHENIUM AND IRIDIUM BASED 

EIGHTEEN-ELECTRON SANDWICH COMPOUNDS 

2.1 INTRODUCTION 

The applicability of the 18-electron rule for organometallic compounds of the 

transition metals, particularly for compounds of the 4d and 5d elements has been widely 

documented. There are examples of first-row transition metal sandwich compounds that 

sometimes violate the rule such as cobalt(II) bis(cyclopentadienyl) compounds,1-4 and 

iron(I) mixed cyclopentadienyl / arene sandwich compounds.5-8 Whereas their heavier 

analogues rhodium(II),9-11 iridium(II),12 and ruthenium(I) compounds,13,14 as well as a few 

other iron(I),5,15,16 are examples of classes of materials, which strictly adhere to the rule. 

Violation of the 18-electron rule for the first-row transition metal sandwich compounds is 

attributed to predominantly metal based SOMOs due to relatively low metal-ligand 

covalency.17 Cobalt(II) and two examples of rhodium (II) bis(cyclopentadienyl) 

compounds (2.1 - 2.4) and few iron(I) mixed cyclopentadienyl / arene sandwich 

compounds (2.5 – 2.7, shown in Figure 2.1) have been reported which are isolable as 19-

electron monomers, however they are extremely air-sensitive.18-20  

 

Figure 2.1 Structures of 19-electron monomers of cobalt(II)bis(cyclopentadienyl) and 

iron(I) mixed cyclopentadienyl/ arene sandwich compounds isolable on reductions their 

18-electron cationic precursors. 

 On the other hand, 19-electron monomers of the heavier analogues are not isolable 

at room temperature as the reduction is followed by chemical reactions to regain the stable 

18-electron configuration. Dimerization of the 19-electron monomers by changing the 

hapticity of one of the ligands is one of the ways of achieving the 18-electron configuration 
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as reported for rhodocenes9-11, iridocenes9,12 and some mixed cyclopentadienyl/ arene 

sandwich compounds of iron5,15,16 and ruthenium13,14 and bis(hexamethylbenzene) 

technetium21 and rhenium (shown in Figure 2.2).22  

 

Figure 2.2 Structures of some of the dimers of rhodocenes, iridocenes, mixed iron and 

ruthenium cyclopentadienyl/ arene and bis(arene) rhenium and technetium sandwich 

compounds isolated on reduction of the corresponding 18-electron cations. 

 

 However not all 4d and 5d transition metal 18-electron sandwich cations dimerize 

upon 1-electron reduction, as shown in Scheme 2.1and Scheme 2.2. Chemical and 

electrochemical reductions to the corresponding 19-electron neutral species of the cationic 
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ruthenium (II) mixed cyclopentadienyl/ arene sandwich complexes and 

bis(cyclopentadienyl) iridium complexes in some cases are followed by reactions, that give 

rise to a variety of products, including dimers, hydrogen reduced species, ligand 

redistribution products, or two electron reduction accompanied by shifts from η6- to η4- 

arene coordination.9,12,23,24 Depending on the arene and cylopentadienyl substitution 

various products are formed which have been attributed to the competition between steric 

and the spin-density distribution on the bridging ligand. 19-electron complexes formed on 

reduction of the cations can be considered as radical species, which combine together to 

form the dimer.  

 

Scheme 2.1 Chemical reactions upon reduction of some of the 18-electron cations of 

rhodium and iridium bis(cyclopentadienyl) cations. 
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Scheme 2.2 Chemical reactions on reduction of some of the 18-electron cations of mixed 

ruthenium cyclopentadienyl/ arene cations. 

 As discussed in chapter 1, ruthenium mixed arene/ pentamethylcyclopentadienyl 

dimer (2.16), rhodium (2.8, 2.9) and iridium (2.11) mixed cyclopentadienyl sandwich 

dimer are examples of powerful reducing agents, which are moderately air stable. The 

dimers in solid state showed no decomposition over period of two weeks whereas in 

deuterated benzene, about 30% loss in the dimer signal in 1H NMR spectroscopy was 

observed after a period of a day. The overall reducing strength (thermodynamic feasibility 

of an electron transfer) of these metallocene dimers at room temperature as discussed in 

detail in the previous chapter is governed by the redox potential as well as the strength of 

the C-C bond in the dimer as described in equation 1, where ΔGdiss is the free energy of the 
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dissociation of the dimer into monomers and E(M+/M) is the oxidation potential of the 19-

electron monomer. 
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)]([
)/()./(                                         (1) 

 In order to increase the effective reducing strength of similar metallocene dimers, 

two strategies in principle can be adopted: 

i) Cathodically shifting the reduction potential of the cations 

ii) Making the C-C bond weaker in the dimers 

 Introduction of electron donating groups on the cations should cathodically shift 

the oxidation potential of the 19-electron monomer and introduction of steric- or ring-strain 

is a possible approach to fine tune the strength of the C-C bond in the dimers. As noted in 

chapter 1, dissociation energies for ruthenium and iridium species is large compared to the 

rhodium species. Homolytic cleavage of the dimer to the corresponding monomers is 

possible for the rhodium based dimers 2.8 and 2.9 when reacting with various acceptors, 

whereas due to strong C-C bond in the case of ruthenium and iridium species, the homolytic 

cleavage mechanism is not observed.25,26 The cathodic shift of the monomer potential with 

increased alkylation for rhodium species is evidently accompanied by a comparable shift 

in the oxidation potential of the dimer.27 Thus, further shift in the redox potentials for 

rhodium species will inevitably make the corresponding dimers air-sensitive. But both 

these approaches of weakening the C-C bond in the dimer or cathodically shifting the redox 

potentials of the 19-electron monomer can still be advantageous for ruthenium and iridium 

based dimers. However, while it has been almost half a century since first these dimers 

were first reported, the understanding of the factors that control formation of the dimer 

over other possible side reactions is still limited.28 Here, we present an investigation of the 

reductive dimerization of the 18-electron sandwich compounds based on ruthenium and 

iridium using multi-dimensional NMR spectroscopy and electrochemistry with a focus on 

the introduction of steric- or ring-strain to weaken the C-C bond in the dimers or tuning the 

redox potential of the 19-electron monomers. The synthesis and characterization of the new 

cations is reported with the discussion on the effect of various reducing conditions on the 
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dimerization as well as our initial experiments of alternate method for synthesis of the 

dimers using hydride/ alkyl reduction. 

2.2 SYNTHESIS OF THE CATIONS 

2.2.1  Synthesis of ruthenium cations 

 Gill and co-workers had reported synthesis of the ruthenium mixed 

cyclopentadienyl/ arene complexes using ruthenium cyclopentadienyl acetonitrile complex 

(RuCp(CH3CN)3).
29 Similar conditions have been reported for the synthesis of ruthenium 

mixed arene/ pentamethylcyclopentadienyl cations (2.20 – 2.21).30,31 The synthesis of 

ruthenium salts 2.22 – 2.30 was achieved using a similar procedure as shown in Scheme 

2.3.  All arenes were purchased from commercial sources except 3,3',5,5'-tetra-tert-butyl-

1,1'-biphenyl used for synthesis of 2.26, which was synthesized following the procedure 

reported in literature (Scheme 2.4).32 

 

Figure 2.3 Structures of the ruthenium cations synthesized and characterized for 

examination of products obtained on reductions. 

 

Scheme 2.3 Synthesis of mixed ruthenium pentamethylcyclopentadienyl/arene cations. 
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Scheme 2.4 Synthesis of 3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl for synthesis of cation 2.26. 

2.2.2 Synthesis of iridium cations 

Though there are numerous reports of the synthesis of mixed rhodocenium 

sandwich cations,18,33-35 reports of mixed iridocenium sandwich cations are limited.36,37 

Attempts to synthesize 1,2,3,4,1’,2’,3’,4’ octaphenylcyclopentadienyliridocenium cation 

were unsuccessful.18 Here we report synthesis of three new iridium salts 2.31 – 2.33 shown 

in Figure 2.4. Di-tert-butylcyclopentadiene (2.34) was synthesized according to the 

published procedures as a mixture of isomers shown in Scheme 2.5.38 The synthesis of the 

salt 2.31 was attempted following procedures similar to the synthesis of iridium 

pentamethylcyclopentadienyl cyclopentadienyl salt, however the reaction led to the loss of 

one tert-butyl group as shown in Scheme 2.6. An alternative methodology as reported 

previously by Mohapatra and co-workers,34 was employed to synthesize the desired cation 

by reacting iridium pentamethylcyclopentadienyl dichloride dimer with lithio di-tert-

butylcyclopentadienide as shown in Scheme 2.7. Iridium pentamethylcyclopentadienyl 

dichloride dimer was synthesized according to published procedures.30 

 

Figure 2.4 Structures of the iridium cations synthesized and characterized. 
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Scheme 2.5 Synthesis of di-tert-butyl cyclopentadiene. 

 

Scheme 2.6 Attempted synthesis of cation 2.31. 

 

Scheme 2.7 Synthesis of iridium cation 2.31. 

A possible mechanism for the loss of tert-butyl- group in this case is shown in 

Scheme 2.8. As the conditions for the synthesis of the cations is basic, there is a possibility 

of deprotonation of the pentamethylcyclopentadienyl ligand to form η4- η5- neutral 

complex I1 which could convert into a η4- η6- complex I2 from which tert-butyl group can 

be lost to form η4- η5- neutral complex I3, which can lead to the formation of the cation 

2.35. However, in order to understand the mechanism, further studies are required which 

are beyond the scope of this thesis. 

Scheme 2.8 Possible mechanism of loss of a tert-butyl group from iridium cation. 
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The loss of tert-butyl- group was again observed during the attempts to synthesize 

iridium bis(di-tert-butylcyclopentadienyl) salt 2.36. The synthesis of iridium di-tert-

butylcyclopentadienyl dichloride dimer following procedure similar to the synthesis of 

iridium pentamethylcyclopentadienyl dichloride dimer was unsuccessful (loss of tert-butyl 

groups). However, following the same procedure for rhodium, gave rhodium di-tert-

butylcyclopentadienyl dichloride dimer consistent with the previous reports of using an 

alternative synthesis for rhodium.30,39 Following the reported procedure for the synthesis 

of rhodium di-tert-butylcyclopentadienyl dichloride in the case of iridium was 

unsuccessful as shown in Scheme 2.9 and Scheme 2.10. Thus loss of a tert-butyl- group 

was only observed in the case of iridium.  

 

Scheme 2.9 Attempted synthesis of iridium bis(di-tert-butylcyclopentadienyl) salt. 

 

Scheme 2.10 Attempted synthesis of iridium di-tert-butylcyclopentadienyl dichloride 

dimer. 

Heeg and co-workers had reported synthesis of rhodium cyclopentadienyl 

dichloride dimers using trimethylsilylcyclopentadiene and rhodium trichloride.40 Similar 

conditions were attempted but a mixture of sandwich compounds were obtained (shown in 

Scheme 2.11). 
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Scheme 2.11 Attempted synthesis of iridium ditert-butylcyclopentadienyl dichloride 

dimer. 

 As the attempts to synthesize clean salt 2.36 failed, the synthesis of iridium 

pentamethylcyclopentadienyl tetraphenylcyclopentadienyl salt 2.32 and iridium 

cyclopentadienyl pentaethylcyclopentadienyl salt 2.33 were attempted as alternative bulky 

iridocenium species. The synthesis of 2.32 was achieved using commercially available 

tetraphenylcyclopentadiene and the procedure discussed above as shown in Scheme 2.12. 

 

Scheme 2.12 Synthesis of iridium pentamethylcyclopentadienyl 

tetraphenylcyclopentadienyl cation 2.32. 

 The synthesis of iridium pentaethylcyclopentadienyl cyclopentadienyl salt 2.33 

was achieved using a procedure similar to the synthesis of iridium 

pentamethylcyclopentadienyl cyclopentadienyl salt as shown in Scheme 2.14.30 

Pentaethylcyclopentadiene 2.40 was synthesized following published procedure for 

synthesis of tetraethylcyclopentadiene, where the authors reported 

pentaethylcyclopentadiene as the minor product as shown in Scheme 2.13.41 Iridium 

pentaethylcyclopentadiene dichloride dimer was not isolated and used without further 

purification.  
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Scheme 2.13 Synthesis of pentaethylcyclopentadiene 2.40. 

Scheme 2.14 Synthesis of 1,2,3,4,5 pentaethylcyclopentadienyl cyclopentadienyl 

iridocenium salt 2.33. 

2.3 ELECTROCHEMISTRY OF THE CATIONS 

2.3.1 Electrochemistry of ruthenium mixed pentamethylcyclopentadienyl/ arene 

sandwich cations 

As noted above, the overall reducing strength of the dimers is related to the 

reduction potential of the cation and the bond dissociation energy in the dimer.27 The 

reduction potentials of the cations were measured using cyclic voltammetry in 

THF/nBu4N
+PF6

- and referenced to ferrocenium/ ferrocene. Gusev and co-workers have 

attributed the reduction of similar ruthenium cations to a one-electron process.8 The 

reduction potentials of the cations are summarized in Table 2.1.  
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Table 2.1 Reduction potentials of the ruthenium mixed pentamethylcyclopentadienyl/ 

arene species measured vs. ferrocene. 

 

Cation                         THF/0.1 M 

                                    nBu4N
+PF6

- 

 E1/2 (V) Epc (V)a 

2.20  -2.67b  

2.21  -2.70b 

2.22  -2.77 

2.23 -2.55 -2.71 

2.24  -2.91 

2.25  -2.00c 

2.26  -2.08 

2.27  -2.60 

2.28  -2.63c 

2.29  -2.30, -2.70 

2.30 

 

 

 

-2.44, -2.67 

2.30  -2.44, -2.67 

 aPeak potentials at 50 mV s-1 

bFrom ref [42] cPeak potential at 100 mV s-1  
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Figure 2.5 CV of the ruthenium cations, recorded in THF/0.1M nBu4N
+PF6

-with ferrocene 

as internal standard. The potentials are relative to the silver wire pseudo reference electrode 

and the ferrocenium/ ferrocene couple is seen as reversible peak at ca 0.5 V. 
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Figure 2.5 Continued. 

Consistent with the expected chemical reactivity of the 19-electron complexes, all 

salts except 2.23 show irreversible reduction peaks as shown in Figure 2.5. An observable 

re-oxidation peak in the case of 2.23 implies that the 19-electron complex formed on 

reduction is significantly more stable than all of the other cations that have been previously 

studied or used in this study.13,14,27,42 Dimer formation following the electrochemical 

reduction of the 18-electron sandwich cations has been reported in literature based on the 

observation of the oxidation peak of the dimer.43,44 Interestingly, oxidation peaks around - 

1 V vs. ferrocene subsequent to cycling through the reduction of the cation were only 

observed in the case of 2.22 and 2.29, which might imply dimer formation on 

electrochemical reduction or formation of some other complex with a similar oxidation 
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potential. The reduction potential of 2.24 was cathodically shifted by 0.2 V relative to the 

other cations, consistent with the Hammett coefficients, σp(Me) ~ σp(Et)  > σp(NMe2).
45    

Reduction of 2.25 and 2.26 containing electronically delocalized bi-phenyl 

bridging ligands is anodically shifted by about 0.8 V compared to ruthenium mixed 

benzene/pentamethylcyclopentadienyl cation,8 which is consistent with the trend observed 

for corresponding cation and dication of iron.19, 46 Similar to the reduction of iron dications, 

it is possible that the electrochemical reduction of 2.25 and 2.26 also leads to an 

intramolecular coupling between the two phenyl rings forming bicyclohexadienylidene 

ligands as shown in Scheme 2.15. However, it is expected that the reduction of 2.25 and 

2.26 in cyclic voltammetry to be reversible, absence of which in these two cases suggest a 

possible side reaction on reductions of 2.25 and 2.26. 

 

Scheme 2.15 Reported chemical reduction for bis(iron mixed 

pentamethylcyclopentadienyl) biphenyl salt.46 

Rabaâ and others have reported two reduction peaks for bis(iron 

pentamethylcyclopentadienyl)diphenylmethane salt, which are separated by 60 mV in 

DMF at - 35 °C at a scan rate of 300 mV s-1.46 However, electrochemical reduction of 2.27 

and 2.28 showed only one irreversible reduction peak at room temperature but it must be 

noted that the peak separation in cyclic voltammetry has strong dependence on solvent/ 

electrolyte system. Interestingly, the reduction of bis(ruthenium 

pentamethylcyclopentadienyl) cyclophane salt 2.29 showed  two irreversible reduction 

peaks with ΔEpc = 0.40 V. Reduction of the similar iron analogue of 2.29, was reported to 

have only one peak in DMF at - 35 °C, however the reduction of bis(iron cyclopentadienyl) 

cyclophane salt was reported with ΔEpc = 0.14 V in DCM at 100 mV s-1.46,47 Various cyclic 
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voltammograms of 2.29 are shown in Figure 2.6, which shows that both the first and the 

second reduction are irreversible and the two peaks are observed in DMF as well with 

similar separation. The first reduction of the cation is a one-electron process as estimated 

using cyclic voltammetry. To estimate the number of electrons involved in the first 

reduction of 2.29, cyclic voltammetry was used with ferrocene and 1-(Ferrocenylmethyl)-

1’,2’,3’,4’,5’-pentamethylcobaltocenium hexafluorophosphate (Figure 2.7) as references 

in separate experiments.48 Both ferrocene and 1-(Ferrocenylmethyl)-1’,2’,3’,4’,5’-

pentamethylcobaltocenium hexafluorophosphate involves one electron redox processes 

and we assumed that the diffusion coefficient of 2.29 in DMF/0.1 M nBu4N+PF6 to be 

similar to 1-(Ferrocenylmethyl)-1’,2’,3’,4’,5’-pentamethylcobaltocenium 

hexafluorophosphate as both are di-nuclear sandwich compounds. Cyclic voltammograms 

are shown in Figure 2.8 and Figure 2.9 with the current ratios at different scan rates in 

Table 2.2. It can be concluded that the first reduction of the ruthenium salt 2.29 is a one-

electron process. 

 

Figure 2.6 CV of the 2.29, a) and b) are recorded in THF/0.1M nBu4N
+PF6

-, c) is recorded 

in DMF/0.1M nBu4N
+PF6

-. The potentials are relative to the silver wire pseudo reference 

electrode and the ferrocenium/ ferrocene couple is seen as reversible peak at ca 0.5 V. 

1 0 -1 -2 -3
-6.0x10

-5

-4.0x10
-5

-2.0x10
-5

0.0

2.0x10
-5

4.0x10
-5

C
u

rr
e

n
t 

(A
)

Potential (V)

a

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

-5.0x10
-5

0.0

5.0x10
-5

C
u

rr
e
n

t 
(A

)

Potential (V)

b

1 0 -1 -2

-5.0x10
-5

0.0

5.0x10
-5

C
u

rr
e

n
t 

(A
)

Potential (V)

c



 

61 

 

 

Figure 2.7 Structures of 2.29 and references used for electron count estimation. 

Table 2.2 Ratio of cathodic current of 1st reduction of 2.29 with respect to the reduction of 

cobaltocenium in 1-(Ferrocenylmethyl)-1’,2’,3’,4’,5’-pentamethylcobaltocenium 

hexafluorophosphate or ferrocene in DMF/0.1 M nBu4N
+PF6. 

 

Scan Rate (mV s-1) ipc (2.29)/ ipc (Co+/Co - SB-I-73x) ipc (2.29)/ ipc (Ferrocene) 

50 1.1 0.7 

100 1.2 0.6 

200 1.2 0.7 

500 1.0 0.7 

 

Figure 2.8 Cyclic voltammetry of the ruthenium cation 2.29, recorded in DMF/0.1M 
nBu4N

+PF6
-with ferrocene as internal standard. Concentration of 2.29 and ferrocene was 

18.5 mmol. 
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Figure 2.9 Cyclic voltammetry of the ruthenium cation 2.29, recorded in DMF/0.1M 
nBu4N

+PF6
- with 1-(Ferrocenylmethyl)-1’,2’,3’,4’,5’-pentamethylcobaltocenium 

hexafluorophosphate as internal standard. Concentration of 2.29 was 9.1 mmol and of the 

reference was 11.9 mmol. 

The oxidation peak observed at ca 0.9 V following scanning of only the first 

reduction of 2.29 as well as subsequent to the scanning of second reduction, suggests that 

it is possible that the first reduction also leads to the formation of the internal dimer 2.41 

by disproportionation reaction as depicted in Scheme 2.16. It has been reported that the 

bulk electrolysis of [(FeCp)2cyclophane]2+ leads to the formation of ferrocene with the loss 

of cyclophane, whereas the chemical reduction of [(FeCp*)2cyclophane]2+ leads to the 

formation of the internal dimer 2.14, analogous to 2.41.46,47 Thus, side reactions on first or 

second electron reductions cannot be ruled out solely based on cyclic voltammetry. 

Reduction of 2.30 also showed multiple irreversible reduction peaks with ΔEpc = 0.23 V. 

No oxidation peak was observed in the case of cation 2.30, which suggests that it might 

not dimerize on electrochemical reduction. Based on our previous understanding of the 

dimer formation on electrochemical reductions,43,44 cyclic voltammetry of 2.22 and 2.29 

looked most promising for the synthesis of dimer on reductions. 
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Scheme 2.16 Possible disproportionation reaction on 1 electron reduction of 2.29. 

2.3.2 Electrochemistry of iridium bis(cyclopentadienyl) sandwich cations  

 The reduction potentials of the synthesized iridocenium cations were measured 

using cyclic voltammetry in THF/nBu4N
+PF6

- and referenced to ferrocenium/ ferrocene. 

Gusev and co-workers reported cyclic voltammetry of various iridium 

bis(cyclopentadienyl) derivatives and estimated the reduction of cations to a one electron 

process using ferrocene as the reference.13 Reduction potentials of the cations is 

cathodically shifted by ca 0.5 V compared to the corresponding rhodium analogues and the 

reductions follow an EC mechanism, suggesting a higher reactivity of the 19-electron 

monomers of iridium species.  

Table 2.3 summarizes the reduction potentials of the new iridium cations. 

Previously reported cations13, 34   (shown in Figure 2.10 ) have been added to the table for 

comparison. Cyclic voltammograms are shown in Figure 2.11. 

 

Figure 2.10 Structures of previously reported iridium bis(cyclopentadienyl) complexes 

used for comparison with the new salts.13, 34 
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Table 2.3 Reduction potentials of the iridium bis(cyclopentadienyl) cations. 

 

Cation THF/0.1 M 

nBu4N+PF6
- 

 Epc (V)a 

2.31 - 2.64  

2.32 - 2.43 

2.33 - 2.64 

2.42 - 2.62b 

2.43 - 2.81b 

 

aPeak potentials at 50 mV s-1 

bFrom ref [34] 

 
 

 

 

 

Figure 2.11 CV of new iridium bis(cyclopentadienyl) cations, recorded in THF/0.1M 
nBu4N

+PF6
-with ferrocene as internal standard. The potentials are relative to the silver wire 

pseudo reference electrode and the ferrocenium/ ferrocene couple is seen as reversible peak 

at ca 0.5 V. 
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 As expected, replacing pentamethylcylopentadienyl ligand (2.42) with 

pentaethylcyclopentadienyl (2.33) does not change the reduction potential considerably. 

However, addition of two tert-butyl- groups in the case of 2.31 also has no major effect on 

the reduction potential. Consistent with the literature, when substituting both 

cyclopentadienyl in cobaltocenium or rhodocenium to tetraphenylcyclopentadienyl leads 

to an anodic shift of ca 0.3 V and 0.4 V respectively (potentials reported in different 

solvents), 18,49 complex 2.32 is also easier to reduce than the cyclopentadienyl analogue by 

0.19 V. Unlike rhodium bis(cyclopentadienyl) sandwich compounds which have partially 

reversible reduction peaks (ipa/ipc close to unity), all studied iridium analogues reductions 

is accompanied by chemical reactions as highlighted by relatively very low anodic current 

to cathodic current ratios. This is consistent with the previous reports of reduction being an 

EC process for iridium bis(cyclopentadienyl) sandwich compounds.12, 43 The cathodic shift 

in the reduction potential of the cations when shifting from rhodium to iridium is consistent 

with the expected increased preference for the higher oxidation states in the heavier 

transition metals. 

2.4 MOLECULAR STRUCTURE OF THE CATIONS 

2.4.1 Molecular structure of ruthenium mixed pentamethylcyclopentadienyl/ arene 

sandwich cations  

 Single crystals of 2.22, 2.24 and 2.29 were obtained by slow evaporation of CH2Cl2 

solutions at room temperature. Evgheni Jucov and Dr. Victor N. Khrustalev in the group 

of Dr. Tatiana Timofeeva at New Mexico Highland University did the crystal structure 

determination of all the complexes. The crystal structure of (2.29)2+ with 7,7,8,8-

tetracyano-p-quinodimethane (TCNQ) as the counter ion had earlier been reported,32 here 

for comparison with the other cations we report the crystal structure with PF6
- as the counter 

ion. ORTEP representations of the cations are shown in Figure 2.12 - Figure 2.14 with cell 

parameters and details of the data collection in the appendix A. A comparison of the 

selected bond lengths and the angles with other reported structures of similar cations is 

given in Table 2.4. In all three cations, the arene is essentially parallel to the Cp* ring and 

centroid – metal – centroid angle very close to 180°, consistent with the reports of other 
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ruthenium mixed arene/cyclopentadienyl cations.42,50 As for the other reported ruthenium 

mixed arene/ cyclopentadienyl cations, the Ru-CCp* bonds are shorter than the Ru-Carene 

bonds. It has been reported in the literature that the arene alkylation leads to a slight 

increase in the Ru-Carene bond lengths.26 We observe a similar trend when replacing ethyl- 

groups with the isopropyl- groups. Interestingly, the Ru-Carene bonds are longest in the case 

of cyclophane salt 2.29 and in the case when one of the methyl groups in mesitylene is 

replaced with a dimethylamino-  group 2.24.  In the case of complex 2.24, the bond length 

for Ru-C11 (Carene bonded to the dimethyamino- group in Figure 2.13) is significantly longer 

than all the other Ru–Carene bonds with Ru-C11 bond length of 2.324 (3) Å, whereas other 

Ru-Carene bonds range from 2.216 (3) to 2.227 (3) Å. Also the arene in the case of 2.24 is 

slightly arched with the plane (C11, C12, C16 in Figure 2.13) at an angle of 7.12° with the 

plane containing the other five arene carbons (C12 – C16).  This can possibly be attributed 

to some contribution of the resonance form of 2.24 as shown in Figure 2.17. Similarly, in 

the case of bis (ruthenium pentamethylcyclopentadienyl) cyclophane hexafluorophosphate 

salt 2.29, as shown in Figure 2.14, bonds for ruthenium and carbons, which are bonded to 

the ethylene bridge in the cyclophane (C13, C16, C19, C22, C49, C52, C57, and C60) are longer 

than the other Ru-Carene bonds with the plane containing bridging carbons arched at an angle 

of 13.4° with the plane containing remaining five arene carbons. This is consistent with the 

previous reports of the crystal structure of (2.29)2+ with tetracyanoquinodimethane 

(TCNQ) as the counter ion.32 

 

Scheme 2.17 Possible equilibrium between the two structures for ruthenium complex 2.24. 
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Figure 2.12 ORTEP view (50% ellipsoid) of the cation in the crystal structure of 2.22. 

Hydrogen atoms and counter ion PF6
- are omitted for clarity.  

 

Figure 2.13 ORTEP view (50% ellipsoid) of the cation in the crystal structure of the 2.24. 

Hydrogen atoms and counter ion PF6
- are omitted for clarity. 
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Figure 2.14 ORTEP view (50% ellipsoid) of the cation in the crystal structure of 2.29. 

Hydrogen atoms and counter ion PF6
- are omitted for clarity. 

2.4.2 Molecular structure of iridium bis(cyclopentadienyl) sandwich cations  

 Similar to the ruthenium salts, single crystal of 2.33 was obtained by slow 

evaporation of CH2Cl2 solutions at room temperature. Cation of 2.33 exists as a polymorph, 

with ORTEP representations of the cation shown in Figure 2.15 and Figure 2.16. Cell 

parameters and the details of the data collection are given in appendix A. For comparison 

selected bond lengths and angles of the cation 2.33 with previously reported structure of 

2.42 (with BF4
- as counter ion) are given in Table 2.5.34,51 

 Similar to the previously reported iridium cations,34,51 both rings are essentially 

parallel and the centroid – metal – centroid angle is very close to 180°. Consistent with 

similar inductive effects of the methyl- group and the ethyl- group, metal interactions with 

pentamethylcyclopentadienyl and pentaethylcyclopentadienyl is expected to be similar, 

which is consistent with similar Ir-CCp’ bond lengths and distance from the metal to the 

centroid of the ring. Interestingly, unlike iridium complex 2.42 where it adopts almost 

eclipsed conformation in its tetrafluoroborate salt, complex 2.33 adopts a staggered 

conformation. Chi and co-workers reported the crystal structure of 1,2,3,4,5 
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pentaethylcyclopentadienyl ferrocenium salt with 7,7,8,8-tetracyano-p-quinodimethane 

(TCNQ) as the counter ion, where all CH3- of the ethyl groups point away from the iron.52 

As shown in Figure 2.15, for crystal struture (a) two independent molecules are present in 

the asymmetric unit with four CH3- of the ethyl groups in one case pointing in the opposite 

direction of the iridium whereas three CH3- of the ethyl groups in the other case points in 

the opposite direction of iridium. In the case of crystal structure (b) shown in Figure 2.16, 

three CH3- of the ethyl groups point away from the metal center. 

 
Figure 2.15 ORTEP view (50% ellipsoid) of the cation in the crystal structure (a) of 2.33. 

Hydrogen atoms and counter ion PF6
- are omitted for clarity. 

 

Figure 2.16 ORTEP view (50% ellipsoid) of the cation in the crystal structure (b) of 2.33. 

Hydrogen atoms and counter ion PF6
- are omitted for clarity.            
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2.5 CHEMICAL REDUCTION OF THE CATIONS 

2.5.1 Chemical reductions of ruthenium mixed pentamethylcyclopentadienyl/ arene 

sandwich cations  

As discussed above, chemical and electrochemical reductions of the cationic 

cyclopentadienyl arene ruthenium complexes give variety of products.23, 24 Chapter 5 will 

discuss in detail the rates of dimerization of the 19-electron sandwich compounds, where 

it is observed that greater spin-density distribution on the bridging ligands favors faster 

dimerization.44 A similar rationale was reported in the literature for the formation of dimer 

on reduction of pentamethylcyclopentadienyl mesitylene ruthenium cation but formation 

of hydrogen reduced complex on reduction of pentamethylcyclopentadienyl benzene 

ruthenium cation. The presence of methyl- groups increases the spin density distribution in 

the case of bridging ligands, which favors the fast dimerization. Thus, it is possible that the 

nineteen electron complex formed on the reduction of pentamethylcyclopentadienyl 

benzene ruthenium cation abstracts ‘H’ from the solvent as the rate of dimerization is very 

slow.  

However, formation of the hydride-reduced products on reduction of 

pentamethylcyclopentadienyl hexamethylbenzene ruthenium cation could be because of 

the high reactivity of the nineteen-electron complex or due to steric reasons or both. 

Previously Dr. Mohapatra found that ruthenium mixed pentamethylcyclopentadienyl/ 

triethylbenzene cation dimerizes on reduction similar to the mesitylene analogue. 

However, the reduction of the cation with 1,3,5-tris(trimethylsilylmethyl)benzene as the 

arene with Na/K led to a two-electron reduction process followed by a shift from η6- to η4- 

arene coordination to form the 18-electron Ru0 anionic complex with potassium as the 

counter ion (shown in Scheme 2.19).37 
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Scheme 2.18 Chemical reductions of the ruthenium cations with mesityl or triethylbenzene 

as the arene.37 

 

Scheme 2.19 Chemical reduction of the ruthenium cation with 1,3,5-

tris(trimethylsilylmethyl)benzene as arene.37 

To increase our understanding about the factors, which effect the distribution of the 

products obtained on the reduction of the cations, reductions of 

pentamethylcyclopentadienyl tris-isopropylbenzene ruthenium complex 2.22 and 

pentamethylcyclopentadienyl tris-tert-butylbenzene ruthenium complex 2.23 were 

attempted. It is expected that the spin density distribution on the bridging ligand should not 

differ significantly for the case of methyl-, isopropyl- and tert-butyl- substituted benzene. 

However, there will be a significant steric hindrance as far as the dimerization is concerned. 

As noted above, cyclic voltammetry of 2.23 is significantly different from that of the other 

cations, which would suggest that the cation is slowest to dimerize.  

Different conditions (shown in Table 2.6) for the reduction of the cations were 

employed in order to isolate the putative dimers. Reduction of the complexes (2.22 and 

2.23) with sodium-potassium alloy (1:3 Na-K) and sodium amalgam (Na-Hg) led to a 

mixture of compounds that could not be isolated and characterized. However using sodium 

naphthalide as the reducing agent, formation of the deprotonated product (deprotonation of 
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the pentamethylcyclopentadienyl ligand in the case of 2.23) in a large excess in the mixture, 

shown in Scheme 2.20, allowed assignment of the peaks in the mixture using 

multidimensional NMR spectroscopy (shown in Figure 2.17 - Figure 2.20). All conditions 

described in Table 2.6 led to the formation of the mixture with distribution of the product 

only differing in the case when sodium naphthalide was used as the reducing agent. 

Table 2.6 Different reducing conditions attempted for ruthenium 

pentamethylcyclopentadienyl arene cations. 

 

Reducing agent Temperature Solvent Time 

Na-K RT THF 30 mins, 1 hour or 2 hours 

Na-K RT Glyme 30 mins 

Na-K - 10°C THF 2 hours 

NaNap RT THF 30 mins 

Na-Hg RT THF 2 hours 

 

 

Scheme 2.20 Reduction of the ruthenium cation 2.23. 
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Figure 2.17 1H NMR spectra of the reduction products of 2.23 when using sodium 

naphthalide as the reducing agent in THF. 

 

Figure 2.18 13C{1H} and DEPT135 NMR spectra of the reduction products of 2.23 when 

using sodium naphthalide as the reducing agent in THF. 
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Figure 2.19 HSQC spectrum of the reduction products of 2.23. The correlation of CH2 on 

cylopentadienyl as observed in DEPT135 with the corresponding proton is highlighted. 

 
Figure 2.20 NOE spectrum of the reduction products of 2.23, showing the correlation of 

CH2 on the cyclopentadienyl with the other methyl groups on the cyclopentadienyl. 

 

 

NOE with other CH3 of Cp 
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The assignment of the peaks in the NMR spectra for the deprotonation product is 

shown in the Table 2.7. There have been previous reports of deprotonation of iron mixed 

arene/cyclopentadienyl cations with potassium tert-butoxide as the base.53 Similarly, 

deprotonation of 2.23 was done as shown in Scheme 2.21, in order to verify the formation 

of the product obtained on the reduction with sodium naphthalide. 

Table 2.7 Assignment of peaks for the deprotonation product of 2.23 when reduced with 

sodium naphthalide in THF at room temperature. 

 

 

 δ (13C) δ (1H) HMBC correlation NOE correlation 

1 30.71 1.22  5.36 

2 34.02 ----   

3 105.11 ----   

4 76.18 5.36 105.11, 34.02, 76.18 1.22 

5 13.13 1.73 66.78, 88.60, 151.74 3.02, 1.83 

6 66.78 ---- 60.90, 13.13. 13.46  

7 88.6 ---- 13.13, 13.46  

8 13.46 1.83 66.78, 88.60 3.02, 1.73 

9 151.74 ---- 13.13  

10 60.9 3.02 66.78 (but not to 9)  
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Scheme 2.21 Deprotonation of ruthenium complex 2.23. 

Cyclic voltammetry (CV) of the mixture obtained following treatment of 2.23 with 

sodium naphthalide (Figure 2.21) showed presence of at least two species. Oxidation at -

0.99 V vs. ferrocene could be for the deprotonated product and peak at -0.23 V is tentatively 

assigned to the oxidation of the hydride-reduced species. 

 

Figure 2.21 Cyclic voltammetry (THF/0.1M nBu4N
+PF6

-) of the mixture obtained on 

chemical reduction of ruthenium complex 2.23 with sodium naphthalide in THF. The 

potentials are relative to the silver wire pseudo reference electrode and the ferrocenium/ 

ferrocene couple ferrocene is seen as reversible peak at ca 0.8 V. 

Reductions at lower temperature or using glyme as the solvent also gave a similar 

mixture as obtained with the reductions in THF at room temperature. Formation of the side 

products on chemical reductions of the two complexes (2.22 and 2.23) is attributed to the 

presence of steric strain in 2.22 and 2.23 due to isopropyl- and tert-butyl- groups. 
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Deprotonation of the cations on reduction using sodium naphthalide was investigated with 

ruthenium complex 2.20 (shown in Scheme 2.22), which on reduction with Na-K or sodium 

amalgam gives clean dimer. Surprisingly, in this case we observe the formation of a 

mixture with dimer along with some other product. From these observations, we conclude 

that sodium naphthalide is probably not a good choice as a reducing agent for ruthenium 

cations in which there are possible sites for deprotonation.  

 

Scheme 2.22 Reduction of ruthenium complex 2.20. 

Reduction of the hexafluorophosphate salts 2.27 and 2.28 were attempted in order 

to insert ring strain in the dimers. However, reductions of these two species in different 

conditions as shown in Scheme 2.23 and Scheme 2.24, led to a mixture of products, which 

were unidentifiable via NMR spectroscopy. Formation of the mixture on the reduction of 

the two cations is not very surprising as there are multiple positions for the dimerization to 

form the three-membered, four-membered or five-membered rings or even inter-molecular 

dimerization along with the formation of hydride reduced products or any other side 

products. 
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Scheme 2.23 Attempted reductions of ruthenium complex 2.27. 

 

Scheme 2.24 Attempted reductions of ruthenium complex 2.28. 

As reported in literature, chemical reduction of [(FeCp*)2cyclophane]2+ led to the 

formation of the dimer,30 similarly desired internal dimer of 2.29 was obtained on chemical 

reduction as shown in Scheme 2.25. NMR peak assignment of the dimer 2.41 is shown in 

Table 2.8 and the cyclic voltammetry of the dimer in Figure 2.22.  

 

Scheme 2.25 Reduction of ruthenium cyclophane complex 2.29. 
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Table 2.8 NMR peak assignments for ruthenium cyclophane dimer. 

 δ(1H) δ(13C) 

1 1.91 11.94 

2 ---- 88.66 

3 1.57 33.38 

4 3.70 82.06 

5 ---- 100.10 

6 ---- 56.80 

7 1.82 28.74 

8 2.62 30.42 

 

Figure 2.22 Cyclic voltammetry of ruthenium cyclophane dimer 2.41 in THF/0.1M 
nBu4N

+PF6
-. The potentials are relative to the silver wire pseudo reference electrode and 

the ferrocenium/ ferrocene couple is seen as reversible peak at ca 1 V. 

 (RutheniumCp*)2 cyclophane internal dimer 2.41 is easier to oxidize than the 

rutheniumCp*mesitylene dimer by ca 0.2 V in THF. This anodic shift in the oxidation 

potential can be attributed to absence of the methyl- groups in the arene which are 

inductively donating, although the two ethylene bridge compensates to some extent. The 

oxidation peak of the dimer is same as the oxidation peak observed on following the 

scanning of first or second reduction of the salt 2.29 as discussed above. Similar to the 
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previous reports of electrochemical synthesis of the dimers,9-14 it might be possible to 

synthesize the cyclophane dimer 2.41 electrochemically. Multidimensional NMR spectra 

of the dimer 2.41 are shown in Figure 2.23 - Figure 2.29. Peaks are consistent with the 

reported values for the iron cyclophane dimer 2.14.46
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 Alkali reductions of cation 2.30 were attempted using sodium-potassium alloy or 

sodium amalgam, however a mixture was obtained. Similar solubility of various products 

obtained in the mixture made separation of the products difficult as well as assignment of 

the peaks using multi-dimensional NMR spectroscopy challenging, so at present, no 

conclusion can be drawn about the various products obtained on reduction of 2.30. 

2.5.2 Hydride and alkali reductions of ruthenium mixed 

pentamethylcyclopentadienyl/arene sandwich dications  

As discussed above the competition between steric and spin-density distribution on 

the ligands directs whether isolation of the dimers after reduction of the ruthenium mixed 

cyclopentadienyl/ arene cations is possible or side reactions takes place. Also the reducing 

agents and the conditions can significantly affect the outcome of the reductions of the 

cations. To further investigate if we could develop a methodology for synthesis of the 

dimers, which could eliminate some of the possibilities of side reactions, we tried an 

alternative strategy. Nucleophilic addition on the eighteen-electron sandwich compounds 

has been widely investigated with reported rules by Davies and co-workers for prediction 

of most favorable position of nucleophilic attack on the eighteen-electron sandwich 

cations.30,54,55 It was reported for the cases of iron, ruthenium cations that the nucleophilic 

addition occurs on the arene rather than the cyclopentadienyl ligand. Thus, we 

hypothesized that it might be possible to synthesize the dimers via hydride reduction of the 

dications as shown in Scheme 2.26.  

 

Scheme 2.26 Proposed Scheme for alternate method of synthesis of dimers. 



 

91 

 

Attempts were made to reduce 2.25 with sodium borohydride as the reducing agent. 

Reduction of the 2.25 with sodium borohydride (Scheme 2.27) led to a mixture of products, 

which could not be identified easily with NMR techniques. As in this cation we have 

multiple positions for the hydride attack, formation of the mixture is not surprising. The 

characterization was further done using MALDI mass spectrum, which showed presence 

of ruthenium pentamethylcyclopentadienyl benzene cation whereas ESI- mass spectrum 

showed presence of both ruthenium pentamethylcyclopentadienyl benzene cation and 

bis(ruthenium pentamethylcyclopentadienyl) biphenyl dication. It is highly likely that the 

ruthenium pentamethylcyclopentadienyl benzene cation was formed during ionization of 

the borohydride-reduced product of 2.25, possibly from the decomposition of the desired 

dimer or its isomers in the mass spectrometer. This pointed to the possibility of formation 

of the dimer in the mixture.  

 

Scheme 2.27 Sodium borohydride reduction of dication 2.25. 

The reaction mixture was further characterized using cyclic voltammetry. CV of 

the dication 2.25 as discussed above showed a reduction peak at - 2.01 V whereas the CV 

of the reduction product (shown in Figure 2.30) has a reduction peak at – 2.01 V and -2.65 

V vs. ferrocene in THF. The peak at – 2.65 V is attributed to the reduction of ruthenium 

pentamethylcyclopentadienyl benzene cation formed after the decomposition of the desired 

dimer. The reduction potentials are consistent with the reported reduction potentials for 

ruthenium cations7, iron mixed cyclopentadienyl/ arene cations and dications.9 Thus it also 

points to the possibility that we might be forming the desired dimer in the mixture obtained 

by borohydride reduction. The mixture obtained in Scheme 2.27 slowly decomposes into 
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the ruthenium pentamethylcyclopentadienyl benzene cation in air as confirmed by 1H NMR 

in acetone. 

 

Figure 2.30 CV of the mixture obtained following the borohydride reduction of the 

complex 2.25 in THF. CV was recorded in THF/0.1M nBu4N
+PF6

-with ferrocene as internal 

standard. 

As stated above, the mixture obtained by the borohydride reduction of complex 

2.25 could be due to the availability of multiple positions for nucleophilic attack. In order 

to increase the selectivity, reductions were attempted with the bulky dication 2.26 with the 

idea of directing the attack of hydride or alkyl reducing agent with the tert-butyl groups to 

the bridgehead positions (shown in Scheme 2.28). Various reducing agents and conditions 

were attempted. Reductions with 5 equivalents of sodium borohydride for 2 hours led to a 

mixture of products possibly again due to reduction at multiple positions. Shortening the 

time of the reaction had no effect on the ratio of different products present in the mixture 

but the yield of the reaction was reduced with recovering of majority of the starting 

material. Sodium borohydride (polymer supported) was used to investigate if it could lead 

to formation of the desired product. However, no reaction occurred with sodium 

borohydride (polymer supported) for 2 hours. After 24 hours of reaction of the dication 

2.26 with polymer supported sodium borohydride, a mixture was obtained. To further study 
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the effect of other reducing agents, diisobutylaluminium hydride (DIBAL-H) was used 

where reduction for 2 hours gave a mixture of products along with the impurities from 

DIBAL-H, which were hard to separate. Mixture of products were obtained with reductions 

of cation 2.26 attempted with dimethylzinc, lithium dimethyl cuprate, phenyl-

magnesiumbromide and sodium bis(2-methoxyethoxy)aluminumhydride. Optimizations 

of the conditions for the hydride or alkyl reductions of the dication 2.26 are beyond the 

scope of this thesis. However, in future it will be important to investigate further to 

optimize the conditions before commenting on the feasibility of synthesis of clean dimer 

using this alternate methodology. 

 

Scheme 2.28 Proposed scheme for selective hydride reduction of the dication. 

2.5.3 Chemical reductions of iridium bis(cyclopentadienyl) sandwich cations  

As discussed above, from the low ratio of anodic current to the cathodic current in 

the cyclic voltammetry for the iridium bis(cyclopentadienyl) sandwich cations compared 

to cobalt and rhodium analogues, suggests higher chemical reactivity of the nineteen-

electron monomers of iridium species. To further investigate how steric effects play a role 

in the dimerization of the eighteen-electron sandwich compounds we investigated 

reduction of the iridium cations 2.31 and 2.32. Gusev and others had reported isolation of 

iridium(pentamethylcyclopentadienyl)(cyclopentadienyl) dimer 2.44 (shown in Scheme 

2.29) after reduction of the cation 2.42 with a yield of over 70%.12 However, we were not 

able to reproduce the yield, with a yield obtained in our lab of ca 25%. Reduction of the 

cation with more reducing Na-K did not give clean dimer as side products were observed 

in the 1H NMR even after 10 mins of reaction. Unlike its rhodium analogue, where the 
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dimer only consists of the asymmetric isomer in which the dimerization occurs through 

cyclopentadienyl and pentamethylcyclopentadienyl ligands, the iridium 

pentamethylcyclopentadienyl cyclopentadienyl dimer is obtained as the isomer mixture of 

1:2 as shown in Scheme 2.29, consistent with the literature.56 We do not observe the isomer 

where dimerization occurs through the two cyclopentadienyl group, which could be due to 

less spin density on the ligand. However, spin density cannot solely determine the isomer 

distribution, as clearly there are steric effects.  

 

Scheme 2.29 Sodium amalgam reduction of iridium cation 2.42 done in THF at room 

temperature.12 

From the irreversible reduction peak of the cation 2.31, it was expected that the 

nineteen-electron monomer will be reactive and the reduction will be followed by chemical 

reactions. Similar to the reduction of the iridium cation 2.42, reduction of the cation 2.31 

was attempted with Na-Hg in THF at room temperature.  The dimer was isolated in 80% 

yield after the reduction. The isomer ratio was different to that seen for 2.44 with 

predominant formation of the symmetric isomer (dimerization through Cp*-Cp* rings) and 

minor ratio of the other symmetric isomer, as shown in Scheme 2.30. It must be noted that 

there are potentially two stereoisomers of the minor isomer possible. From the NMR, we 

could not observe any asymmetric isomer, which could be due to the interaction between 

methyl groups of Cp* and tert-butyl groups of di-tert-butylcyclopentadienyl. The isomer 

distribution in this case cannot be solely explained based on the steric effect or spin-density 

distribution, as there will be steric interaction between the di-tert-butyl- groups as well as 

we expect a decrease in spin density on the ligand when replacing pentamethyl- groups 

with di-tert-butyl- groups.   
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Scheme 2.30 Synthesis of iridium ditert-butylcyclopentadienyl 

pentamethylcyclopentadiene dimer. 

As reported previously, cyclic voltammetry of the iridium dimer 2.44 (shown in 

Figure 2.31) showed two oxidation peaks corresponding to the two isomers. From the DFT 

calculations of the ionization energy of the dimers it was predicted that the asymmetric 

isomer is easier to oxidize than the symmetric isomer.36 Thus, we could assign oxidation 

peak at - 0.94 V to the asymmetric isomer and -0.76 V to the symmetric isomer. This is 

consistent with the cyclic voltammetry of the dimer 2.45 (shown in Figure 2.32) where 

only one oxidation peak is observed at - 0.71 V corresponding to the major isomer (Cp*- 

Cp* dimerization); any peak due to the minor isomer is presumably too small to be 

observed.  

 



 

96 

 

 

Figure 2.31 CV of the iridium dimer 2.44 recorded in THF/0.1M nBu4N
+PF6

-with ferrocene 

as internal standard. 

 

Figure 2.32 CV of the iridium dimer 2.45 recorded in THF/0.1M nBu4N
+PF6

-with ferrocene 

as internal standard. 

1 0 -1 -2

-2.0x10
-5

-1.0x10
-5

0.0

1.0x10
-5

C
u

rr
e
n

t 
(A

)

Potential (V)

- 0.76 V, - 0.94 V vs ferrocene

1 0 -1

-2.0x10
-5

-1.0x10
-5

0.0

1.0x10
-5

C
u

rr
e
n

t 
(A

)

Potential (V)

- 0.71 V vs ferrocene



 

97 

 

Iridium dimer 2.45 was characterized using multidimensional NMR spectroscopy. 

NMR peak assignments of the dimer are described in Table 2.9 and various 

multidimensional NMR spectra are shown in Figure 2.33 - Figure 2.38. MALDI – Mass 

spectra of the dimer showed corresponding cation and elemental analysis consistent with 

formation of the dimer. 

Table 2.9 NMR peak assignments for iridium dimer 2.45. 

 δ(1H) δ(13C) 

1 1.24 31.40 

2 ---- 30.84 

3 ---- 111.61 

4 4.65 72.09 

5 4.57 73.71 

6 2.17 13.39 

7 2.17 13.39 

8 1.37 18.45 

9 1.37 18.45 

10 1.57 25.98 

11 ---- 46.61 

12 ---- 70.83 

13 ---- 79.26 

14 ---- 79.26 
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Alkali reductions of the cation 2.32 were attempted using sodium amalgam, however 

a mixture was obtained, which could not be resolved using multidimensional NMR 

spectroscopy. An oxidation peak of the reduction product was close to the redox potential 

of ferrocene, which could corresponds to the hydride-reduced product, any other side-

products or the dimer is significantly difficult to oxidize than other iridium dimers.  An 

anodic shift of ca 0.2 V was observed in the reduction of the cations when replacing 

cyclopentadienyl with tetraphenylcyclopentadienyl ligand, so a shift of ca 0.7 V for the 

dimer will be surprising. As a mixture was obtained in this particular case no conclusion 

can be drawn regarding reductive dimerization of this particular cation. 

2.6 CONCLUSIONS 

The chapter focused on the synthesis of new ruthenium mixed cyclopentadienyl/ 

arene and iridium bis(cylcopentadienyl) cations with the discussions on their 

electrochemistry, molecular structure and reductive chemistry. The 18-electron sandwich 

cations were characterized by 1H, 13C NMR spectroscopy, electron spray ionization - mass 

spectroscopy and elemental analysis. Significant differences in the electrochemistry were 

observed in different ruthenium cations. Unlike previously reported 18-electron ruthenium 

sandwich complexes and cations studied in this chapter, the ruthenium cation with tris-tert-

butylbenzene as the arene showed a partially reversible reduction peak, which could 

suggest that it might be possible to isolate the 19-electron monomer of the complex. If 

possible that will be the first example of a 19-electron sandwich complex of ruthenium 

ever isolated. Anodic shifts of about 0.8 V were observed in the reduction of dications of 

ruthenium containing electronically delocalized bridging ligands compared to 

RuCp*benzene cation. Two reduction peaks with a separation of 0.40 V were observed for 

ruthenium cyclophane dication with first reduction being a one-electron process.  The 

electrochemistry of the iridium cations was similar to previously reported cations with 

irreversible reduction peaks at high cathodic potentials.  

From the crystal structure analysis we observe that the Ru-Carene bonds are longest 

in the case of cyclophane dication and when one of the methyl groups in mesitylene is 

replaced with dimethylamino-  group, consistent with previous reports that the Ru-Carene 
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bond lengths increases with arene alkylation. The molecular structure of iridium 

cyclopentadienyl pentaethylcyclopentadienyl cation is similar to previously reported 

iridium cyclopentadienyl pentamethylcyclopentadienyl cation. In order to understand the 

chemical reactions that follow after reduction of the cations various conditions were 

studied. Slight changes in the conditions lead to a formation of different side products. We 

have reported here that the deprotonation of the cations is one of the major side reactions 

especially when using sodium naphthalide as the reducing agent. Introduction of steric 

strain in the cations has a significant effect on the reductive dimerization. We have 

successfully synthesized and characterized ruthenium pentamethylcyclopentadienyl 

cyclophane dimer and iridium pentamethylcyclopentadienyl di-tert-butylcyclopentadienyl 

dimer. The combination of electrochemistry of the new iridium dimer and previously 

reported calculations of the ionization energies of the dimers have enabled us to 

differentiate the oxidation potentials of the asymmetric and symmetric isomers of iridium 

pentamethylcyclopentadienyl cyclopentadienyl dimer. Alternative methods for the 

synthesis of the dimers were attempted with some promising results; however 

optimizations of conditions need to be done in future in order to synthesize clean dimers.  

Previously synthesized dimers and the new dimers will be investigated as reducing 

agent/ dopants for organic electronics as described in the next chapter. Introduction of ring 

strain in the bis(ruthenium pentamethylcyclopentadienyl) cyclophane dimer might affect 

the overall reducing strength of the dimer by weakening the C-C bond in the dimer. The 

new ruthenium dimer will be compared with previously studied ruthenium 

pentamethylcyclopentadienyl mesitylene dimer as a reducing agent for organic 

semiconductors. Similarly, the properties of new iridium di-tert-butylcyclopentadienyl 

cyclopentadienyl dimer as reducing agent in solution with various organic semiconductors 

will be discussed in the next chapter. As the major isomer of iridium di-tert-

butylcyclopentadienyl cyclopentadienyl dimer is harder to oxidize than the iridium 

pentamethylcyclopentadienyl cyclopentadienyl dimer, the new dimer could potentially be 

advantageous for controlling the rate of solution reaction and achieving air-stable 

deposition of films, which again will be discussed in detail in the next chapter.  
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2.7 EXPERIMENTAL 

All operations were performed under inert atmosphere using standard Schlenk 

techniques or in a glove box. Toluene and THF were dried using a solvent purification 

system from MBraun. Sodium amalgam (1 wt%) was prepared by adding small pieces of 

sodium metal to vigorously stirred Hg (electronic grade, 99.99%) under a flow of nitrogen. 

Na-K alloy (1:3 wt/wt) (CAUTION: HIGHLY PYROPHORIC) was prepared under 

nitrogen by taking freshly cut pieces of Na and K metal (washed with hexane). The metals 

were mixed by gently pressing together the surfaces using a glass stirring rod until the 

metals began to liquefy followed by gentle stirring. NMR spectra were recorded on a 

Bruker AMX 400 MHz, AVIIIHD 500 MHz spectrometer.1H and 13C Chemical shifts were 

referenced to tetramethylsilane using the residual proton signal of the solvent and the 

carbon resonances of the deuterated solvent, respectively (for acetone-d6 spectrum was 

referenced using the carbon resonance at 206.26 ppm).57 Mass spectra were measured on 

an Applied Biosystems 4700 Proteomics Analyzer using MALDI mode. Elemental 

analyses were carried out by Atlantic Microlabs using a LECO 932 CHNS elemental 

analyzer. Electrochemical data were acquired using cyclic voltammetry in 0.1 M nBu4NPF6 

in dry THF under nitrogen, using a CH Instruments 620D potentiostat, a glassy carbon 

working electrode, a platinum wire auxiliary electrode, and, as a pseudo-reference 

electrode, a silver wire anodized in 1 M aqueous potassium chloride solution. A scan rate 

of 50 mV s–1 was used and ferrocene was used as an internal reference. 

2.7.1 General procedure for Na-K reduction 

A suspension of ruthenium hexafluorophosphate salts in anhydrous THF was added 

to 40 equivalents of 1:3 Na-K alloy (CAUTION: HIGHLY PYROPHORIC) under inert 

atmosphere. The reaction was stirred for 30 min at room temperature, during which time 

the suspension was replaced by a clear yellowish brown solution. The solution was then 

transferred via cannula from the Na-K under inert atmosphere and evaporated under 

reduced pressure. The solid residue was extracted in toluene, filtered through celite, 

evaporated under reduced pressure, and dried under vacuum to yield the reduced product. 

Na-K was slowly quenched with isopropanol. 
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2.7.2 General procedure for sodium amalgam reduction 

A suspension of ruthenium or iridium hexafluorophosphate salts in anhydrous THF 

was added to 10 equivalents of 1% Na-Hg under inert atmosphere. The reaction was stirred 

for ca. 2 h at room temperature. The solution was then transferred via cannula from the 

amalgam under inert atmosphere and evaporated under reduced pressure. The solid residue 

was extracted in toluene, filtered through celite, evaporated under reduced pressure, and 

dried under vacuum to yield the reduced product. Sodium amalgam was quenched slowly 

with isopropanol and then ethanol. 

2.7.3 General procedure for hydride or alkyl reduction 

To a suspension of ruthenium hexafluorophosphate salts in anhydrous THF, 5 – 10 

equivalents of the reducing agent was added under inert atmosphere. The reaction was 

stirred for ca. 2 h at room temperature. THF was evaporated under reduced pressure. The 

solid residue was extracted in toluene, filtered through Celite, evaporated under reduced 

pressure, and dried under vacuum to yield the reduced product.  

2.7.4 Ruthenium pentamethylcyclopentadienyl tris-isopropylbenzene 

hexafluorophosphate salt 2.22  

 

To a deoxygenated solution of dichloroethane (27 ml) and tris-isopropylbenzene 

(8.50 g, 41.6 mmol), RuCp*(CH3CN)3.PF6 (ca 3 g, 6 mmol) was added and the mixture 

was refluxed for 24 h. The solvent was removed and the brown precipitates were dissolved 

in acetone and passed through a plug of alumina. Acetone was removed and the product 

was recrystallized with CH2Cl2/ ethyl ether to yield a white solid (2.49 g, 68%). 1H NMR 

(300 MHz, acetone-d6): δ 5.92 (s, 3H), 2.81 (sep, J = 6 Hz, 3H), 1.94 (s, 15H), 1.32 (d, J = 

6 Hz, 18H) 13C{1H}NMR (75 MHz, acetone-d6): δ 111.69, 95.34, 83.87, 31.37, 23.10, 
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10.53 Anal. Calcd. for C25H39F6PRu: C, 51.27; H, 6.71 Found: C, 51.37; H, 6.64, MS (ESI) 

m/z 441.2 (C25H39Ru+) (M+ - PF6
-). 

2.7.5 Ruthenium pentamethylcyclopentadienyl tris-tert-butylbenzene 

hexafluorophosphate salt 2.23  

 

To a deoxygenated solution of dichloroethane (27 ml) and tris-tert-butylbenzene 

(11.9 g, 48.6 mmol), RuCp*(CH3CN)3.PF6 (ca 3 g, 6 mmol) was added and the mixture 

was refluxed for 24 h. The solvent was removed and the brown precipitates were dissolved 

in acetone and passed through a plug of alumina. Acetone was removed and the product 

was recrystallized with CH2Cl2/ ethyl ether to yield a white solid (1.86 g, 49%). 1H NMR 

(300 MHz, acetone-d6): δ 6.19 (s, 2H), 1.43 (s, 15H), 0.00 (s, 27H) 13C{1H} NMR (500 

MHz, acetone-d6): δ 117.84, 96.07, 79.92, 35.80, 31.03, 12.38  Anal. Calcd. for 

C28H45F6PRu: C, 53.58; H, 7.23 Found: C, 53.37; H, 7.16, MS (ESI) m/z 483.2 (C28H45Ru+) 

(M+ - PF6
-). 

2.7.6 Ruthenium pentamethylcyclopentadienyl N,N,3,5-tetramethylaniline 

hexafluorophosphate salt 2.24  

 

To a deoxygenated solution of dichloroethane (20 ml) and N,N,3,5-

tetramethylaniline (4.14 g, 27.7 mmol), RuCp*(CH3CN)3.PF6 (ca 2 g, 4 mmol) was added 

and the mixture was refluxed for 24 h. The solvent was removed and the brown precipitates 

were dissolved in acetone and passed through a plug of alumina. Acetone was removed 

and the product was recrystallized with CH2Cl2/ ethyl ether to yield a white solid (1.59 g, 

75%). 1H NMR (500 MHz, acetone-d6): δ 5.59 (s, 2H), 5.47 (s, 1H), 3.06 (s, 6H), 2.21 (s, 
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6H), 1.95 (s, 15H) 13C{1H} NMR (125 MHz, acetone-d6): δ 127.92, 99.22, 94.11, 85.60, 

71.41, 40.08, 19.07, 10.77  Anal. Calcd. for C20H30F6PNRu: C, 45.28; H, 5.70; N, 2.64 

Found: C, 45.49; H, 5.72; N, 2.69, MS (ESI) m/z 386.3 (C20H30NRu+) (M+ - PF6
-). 

2.7.7 Ruthenium bis (pentamethylcyclopentadienyl)-1,1’-biphenyl 

hexafluorophosphate salt 2.25  

 

To a deoxygenated solution of dichloroethane (20 ml) and 1,1’-biphenyl (0.31 g, 

2.0 mmol), RuCp*(CH3CN)3.PF6 (2.0 g, 4.0 mmol) was added and the mixture was 

refluxed for 24 h. The solvent was removed and the brown precipitates were dissolved in 

acetone and passed through a plug of alumina. Acetone was removed and the product was 

purified by column chromatography on alumina with CH2Cl2/ acetone and further by 

recrystallization with CH2Cl2/ ethyl ether to yield a white solid (1.35 g, 73%). 1H NMR 

(500 MHz, acetone-d6): δ 6.68 (d, J = 5.5 Hz, 4H), 6.36 (m, 6H), 1.93 (s, 30H) 13C{1H} 

NMR (125 MHz, acetone-d6): δ 98.68, 95.41, 89.90, 89.14, 85.43, 10.49 Anal. Calcd. for 

C32H40F12P2Ru2: C, 41.93; H, 4.40; Found: C, 41.80; H, 4.47,  MS (ESI) m/z 313.8 

(C32H40Ru2
2+)(M2+ - 2PF6

-). 

2.7.8 3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl 

 

To dry deoxygenated toluene (40 ml), 1-bromo-3,5-di-tert-butylbenzene (1.00 g, 

3.73 mmol), 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) (1.89 g,  7.46 

mmol), potassium acetate (1.09 g, 11.2 mmol), 1,1'-Bis(diphenylphosphino)ferrocene-
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palladium(II)dichloride dichloromethane complex (0.15 g, 0.19 mmol) was added and the 

mixture was stirred at 70 °C for 24 h. To the resulting mixture 1-bromo-3,5-di-tert-

butylbenzene (1.00 g, 3.73 mmol), potassium carbonate (8.24 g, 59.7 mmol), water (30 

ml), one drop of aliquat 336 was added and the mixture was stirred at 70 °C for another 24 

h. The resulting solid was washed with water and extracted in dichloromethane, dried over 

magnesium sulphate. The solvent was removed and the product was purified by column 

chromatography on silica gel (1:1 CH2Cl2: Hexanes) to yield an off white solid (0.53 g, 

74%). 1H NMR and 13C NMR shifts were consistent with the literature.32  

2.7.9 Ruthenium bis(pentamethylcyclopentadienyl)-3,3',5,5'-tetra-tert-butyl-1,1'-

biphenyl hexafluorophosphate salt 2.26  

 

To a deoxygenated solution of dichloroethane (20 ml) and 1,1’-biphenyl (0.25 g, 

0.67 mmol), RuCp*(CH3CN)3.PF6 (0.68 g, 1.3 mmol) was added and the mixture was 

refluxed for 24 h. The solvent was removed and the brown precipitates were dissolved in 

acetone and passed through a plug of alumina. Acetone was removed and the product was 

purified by column chromatography on alumina with CH2Cl2/ acetone and further by 

recrystallization with CH2Cl2/ ethyl ether to yield a white solid (0.20 g, 26%). 1H NMR 

(500 MHz, acetone-d6): δ 6.65 (s, 2H), 6.59 (s, 4H), 1.91 (s, 30H), 1.53 (s, 36H) 13C{1H} 

NMR (125 MHz, acetone-d6): δ 119.61, 98.07, 84.08, 79.23, 76.02, 36.18, 31.09, 11.62 

HRMS (ESI) m/z calcd for C48H72Ru2
2+(M2+ - 2PF6

-), 426.1855; found, 426.1857 
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2.7.10 Ruthenium bis(pentamethylcyclopentadienyl) dimesitylmethane 

hexafluorophosphate salt 2.27  

 

To a deoxygenated solution of dichloroethane (18 ml) and dimesitylethane (0.05 g, 

2.0 mmol), RuCp*(CH3CN)3.PF6 (2.0 g, 4.0 mmol) was added and the mixture was 

refluxed for 24 h. The solvent was removed and the brown precipitates were dissolved in 

acetone and passed through a plug of alumina. Acetone was removed and the product was 

purified by column chromatography on alumina with CH2Cl2/ acetone and further by 

recrystallization with CH2Cl2/ ethyl ether to yield a white solid (0.5 g, 49%). 1H NMR (500 

MHz, acetone-d6): δ 5.94 (br, 2H), 3.85 (s, 1H), 2.53 (br, 3H), 2.24 (s, 3H), 1.95 (s, 15H), 

1.77 (br, 3H) 13C{1H} NMR (125 MHz, acetone-d6): δ 102.77, 101.31, 95.63, 91.78 (br, 

confirmed using HSQC), 26.35, 19.38 (br, confirmed using HSQC), 17.84, 9.77  HRMS 

(ESI) m/z calcd for C39H54Ru2
2+(M2+ - 2PF6

- ), 363.1151; found, 363.1154 

2.7.11 Ruthenium bis(pentamethylcyclopentadienyl) biphenylethane 

hexafluorophosphate salt 2.28  

 

To a deoxygenated solution of dichloroethane (20 ml) and biphenylethane (0.36 g, 

2.0 mmol), RuCp*(CH3CN)3.PF6 (2.0 g, 4.0 mmol) was added and the mixture was 

refluxed for 24 h. Solvent was removed and the brown precipitates were dissolved in 

acetone and passed through a plug of alumina. Acetone was removed and the product was 
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purified by column chromatography on alumina with CH2Cl2/ acetone and further by 

recrystallization with CH2Cl2/ ethyl ether to yield a white solid (1.3 g, 68%). 1H NMR (500 

MHz, acetone-d6): δ 6.02 (m, 6H), 5.94 (m, 4H), 2.87 (s, 4H), 2.00 (s, 30H) 13C{1H} NMR 

(125 MHz, acetone-d6): δ 97.42, 89.13, 88.62, 88.48, 88.09, 35.82, 10.66  Anal. Calcd. for 

C34H44F12P2Ru2: C, 43.22; H, 4.69; Found: C, 43.28; H, 4.79 MS (ESI) m/z 327.7 

(C34H44Ru2
2+) (M2+ - 2PF6

-). 

2.7.12 Ruthenium bis(pentamethylcyclopentadienyl) cyclophane 

hexafluorophosphate salt 2.29  

 

To a deoxygenated solution of dichloroethane (25 ml) and cyclophane (0.51 g, 2.45 

mmol), RuCp*(CH3CN)3.PF6 (2.5 g, 5.0 mmol) was added and the mixture was refluxed 

for 48 h. Solvent was removed and the brown precipitates were dissolved in acetone and 

passed through a plug of alumina. Acetone was removed and the product was purified by 

column chromatography on alumina with CH2Cl2/ acetone and further by recrystallization 

with CH2Cl2/ ethyl ether to yield a white solid (0.99 g, 41%). 1H NMR (500 MHz, acetone-

d6): δ 5.61 (s, 8H), 3.20 (s, 8H), 1.92 (s, 30H) 13C{1H} NMR (125 MHz, acetone-d6): δ 

119.32, 96.59, 87.16, 29.75 (from DEPT135), 11.36 Anal. Calcd. for C36H46F12P2Ru2: C, 

44.54; H, 4.78; Found: C, 44.40; H, 5.06 HRMS (ESI) m/z calcd for C36H462Ru2
2+ (M2+ - 

2PF6
-), monocation 341.0838; found, 341.0844 
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2.7.13 Ruthenium bis(pentamethylcyclopentadienyl)-9, 10- dihydroanthracene 

hexafluorophosphate salt 2.30 

 

To a deoxygenated solution of dichloroethane (15 ml) and 9, 10-dihydroanthracene 

(0.27 g, 1.48 mmol), RuCp*(CH3CN)3.PF6 (1.5 g, 3.0 mmol) was added and the mixture 

was refluxed for 48 h. The solvent was removed and the brown precipitates were dissolved 

in acetone and passed through a plug of alumina. Acetone was removed and the product 

was purified by column chromatography on alumina with CH2Cl2/ acetone and further by 

recrystallization with CH2Cl2/ ethyl ether to yield a white solid (0.39 g, 28%). 1H NMR 

(500 MHz, acetone-d6): δ 6.29 (m, 2H), 6.16 (m, 2H), 4.10 (s, 2H), 1.90 (s, 15H) 13C{1H} 

NMR (125 MHz, acetone-d6): δ 98.54, 97.21, 88.21, 87.96, 29.45 (from HSQC), 10.32  

Anal. Calcd. for C34H42F12P2Ru2: C, 43.32; H, 4.49; Found: C, 43.61; H, 4.40 MS (ESI) 

m/z 326.4 (C34H42Ru2
2+) (M2+ - 2PF6

-). 

2.7.14 Ruthenium bis(pentamethylcyclopentadienyl) cyclophane dimer 2.41  

 

A suspension of ruthenium bis(pentamethylcyclopentadienyl) cyclophane 

hexafluorophosphate salt 2.29 (0.50 g, 0.51 mmol) in THF (80 mL) was added to 40 

equivalents of 1:3 Na-K alloy (CAUTION: HIGHLY PYROPHORIC) under inert 

atmosphere. The reaction was stirred for ca. 1 h at room temperature, during which time 

the suspension was replaced by a clear yellowish brown solution. The solution was then 
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transferred via cannula from the Na-K under inert atmosphere and evaporated under 

reduced pressure. The solid residue was extracted in toluene, filtered through Celite, 

evaporated under reduced pressure, and dried under vacuum to yield a brownish yellow 

solid (0.10 g, 28%). 1H NMR (500 MHz, benzene-d6): δ 3.70 (d, J = 6 Hz, 8 H), 2.62 (s, 4 

H), 1.91 (s, 30H), 1.82 (d, J = 2.5 Hz, 4H), 1.57 (d, J = 6 Hz, 4H,) 13C{1H} NMR (125 

MHz, benzene-d6): δ 100.10, 88.66, 82.06, 56.80, 33.38, 30.42, 28.74, 11.94 Anal. Calcd. 

for C36H46Ru2: C, 63.50; H, 6.81; Found: C, 62.89; H, 7.21 2nd attempt Found: C, 62.94; 

H, 7.43 (presence of small quantity of aliphatic impurity in 1H NMR) MS (MALDI) m/z 

341.4 (C36H46Ru2
+) (M2+). 

2.7.15 Iridium pentamethylcyclopentadienyl ditertbutylcyclopentadiene 

hexafluorophosphate salt 2.31 

 

To a solution of ditertbutylcyclopentadiene (0.44 g, 2.5 mmol) in THF (50 ml), n-

BuLi (0.16 g, 1.5 mL (1.7 M), 2.5 mmol) was added dropwise in a -78 °C bath. The mixture 

was stirred at room temperature for 1 h. To the resulting mixture 

iridiumpentamethylcyclopentadienyldichloride dimer (0.5 g, 1 mmol) was added in a -78 

°C bath. The mixture was stirred at -78 °C for 2 h and then at room temperature overnight. 

A few drops of water were added and THF was removed. Ammonium hexafluorophosphate 

(1.0 g, 6.3 mmol) in water (20 ml) was added and the mixture was stirred for 30 minutes. 

The solid was filtered and dried under vacuum which was further recrystallized with 

dichloromethane and ether to yield a white solid (0.30 g, 37%). 1H NMR (500 MHz, 

acetone-d6): δ 5.89 (t, J = 1.5 Hz, 1H), 5.62 (d, J = 1.5 Hz, 2H), 2.27 (s, 15H), 1.30 (s, 18H) 

13C{1H} NMR (125 MHz, acetone-d6): δ 116.26, 95.74, 77.96, 75.31, 31.84, 28.74 (from 

HSQC), 11.34 Anal. Calcd. for C23H36IrPF6: C, 42.52; H, 5.58; Found: C, 42.53; H, 5.48 

MS (ESI) m/z 505.5 (C23H36F6PIr+) (M+ - PF6
-). 
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2.7.16 Pentaethylcyclopentadiene  

 

Sodium hydroxide (48.5 g, 1.21 mol) was dissolved in water (50 mL) at 0 °C. 

Aliquat 336 (0.67 g, 1.7 mmol) and freshly cracked cyclopentadiene (1.15 ml, 15.2 mmol) 

was added to the flask and the mixture was stirred. Bromoethane (5.6 mL, 76 mmol) was 

added in 2 mins and the mixture was stirred at 35 °C. Another portion of bromoethane (5.6 

mL, 76 mmol) was added dropwise. The mixture was stirred overnight at 35 °C. Another 

portion of bromoethane (5.6 mL, 76 mmol) was added dropwise and mixture was stirred 

for another night. This step was repeated while reaction was monitored using GC-MS until 

maximum conversion to pentaethylcyclopentadiene was observed. The reaction took ca 4 

days. The reaction mixture was extracted in hexanes and washed with water/ brine three 

times. The product was distilled at 80-85 °C at 0.5 Torr to obtain 0.30 g (10%) of 

pentaethylcyclopentadiene. The product was used for synthesis of iridium 

pentaethylcyclopentadienyl cyclopentadienyl hexafluorophosphate salt without further 

purification. GC-MS: Retention time 9.36 min and 9.58 min for the desired compound, 

13C{1H} NMR (125 MHz, chloroform-d): δ 142.01, 141.26, 50.79, 10 – 30 ppm (Ethyl 

carbons with peaks from phase transfer catalyst). The 13C NMR was consistent with 

literature.58 

2.7.17 Iridium Pentamethylcyclopentadienyl tetraphenylcyclopentadiene 

hexafluorophosphate salt 2.32 

 

To a solution of tetraphenylcyclopentadiene (0.46 g, 1.3 mmol) in THF (30 ml), 

nBuLi (0.08 g, 0.7 mL (1.7 M), 1 mmol) was added dropwise in a -78 °C bath. The mixture 

was stirred at room temperature for 1 h. To the resulting mixture 
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iridiumpentamethylcyclopentadienyl dichloride dimer (0.5 g, 0.6 mmol) was added in a -

78 °C bath. The mixture was stirred at -78 °C for 2 h and then at room temperature 

overnight. Few drops of water were added and THF was removed. The solid residue was 

dissolved in CH2Cl2 (20 mL) and large excess of sodium hexafluorophosphate (~10 eq.) 

was added and mixture was stirred for 30 minutes. The solid was filtered and dried under 

vacuum, which was further recrystallized with dichloromethane and ether to yield a white 

solid (1.01 g, 95%). 1H NMR (500 MHz, acetone-d6): δ 7.37 (m, 16 H), 7.10 (dd, J = 8 Hz, 

1 Hz, 4H), 6.90 (s, 1H), 1.90 (s, 15H) 13C{1H} NMR (125 MHz, acetone-d6): δ 132.35, 

130.49, 130.06, 129.99, 129.84, 129.52, 101.14, 98.74, 96.35, 80.31, 9.13 Anal. Calcd. for 

C39H36F6PIr: C, 55.64; H, 4.31; Found: C, 55.74; H, 4.37 MS (ESI) m/z 697.3 

(C39H36F6PIr+) (M+ - PF6
-). 

2.7.18 Iridium Pentaethylcyclopentadienyl cyclopentadiene hexafluorophosphate 

salt 2.33 

 

To a solution of iridiumchloride hydrate (0.06 g, 0.2 mmol) in methanol (10 ml), 

pentaethylcyclopentadiene (0.05 g, 0.2 mmol) was added and the mixture was refluxed for 

48 h. The solvent was removed and the resulting mixture was dissolved in anhydrous 

ethanol (10 mL). To the solution, sodium carbonate (0.16 g, 1.5 mmol) and freshly cracked 

cyclopentadiene (0.97 mL, 13 mmol) was added under nitrogen and the mixture was stirred 

at 50 °C for 90 mins. Ethanol was removed under reduced pressure. Ammonium 

hexafluorophosphate (0.17 g, 1.1 mmol) in water (10 ml) was added and mixture was 

stirred for 30 minutes. The solid was filtered and dried under vacuum, which was further 

recrystallized with dichloromethane and ether to yield a white solid (0.05 g, 21% based on 

iridium chloride hydrate). 1H NMR (500 MHz, acetone-d6): δ 5.91 (s, 5H), 2.58 (q, J = 7.5 

Hz, ca 10H), 1.25 (t, J = 7.5 Hz, ca 15H) 13C{1H} NMR (125 MHz, acetone-d6): δ 101.36, 

81.85, 18.72, 17.28 Anal. Calcd. for C20H30F6PIr: C, 39.53; H, 4.98; Found: C, 39.27; H, 

4.87 MS (ESI) m/z 463.3 (C20H30F6PIr+) (M+ - PF6
-). 
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2.7.19 Iridium pentamethylcyclopentadienyl ditertbutylcyclopentadienyl dimer 2.45  

 

A suspension of iridium pentamethylcyclopentadienyl ditertbutylcyclopentadienyl 

hexafluorophosphate salt 2.31 (0.33 mg, 0.51 mmol) in THF (30 mL) was added to 10 

equivalents of 1% Na-Hg under inert atmosphere. The reaction was stirred for ca. 2 h at 

room temperature. The solution was then transferred via cannula from the amalgam under 

inert atmosphere and evaporated under reduced pressure. The solid residue was extracted 

in toluene, filtered through celite, evaporated under reduced pressure, and dried under 

vacuum to yield a white crystalline solid (0.16 g, 80%). 1H NMR (500 MHz, benzene-d6): 

Major isomer δ 4.65 (t, J = 1.5 Hz, 2H), 4.57 (d, J = 1.5 Hz, 4H), 2.17 (s, 12H), 1.57 (s, 

6H), 1.37 (s, 12H), 1.24 (s, 36H) 13C{1H} NMR (125 MHz, benzene-d6): δ 111.61, 79.26, 

73.71, 72.09, 70.83, 46.61, 31.40, 30.84, 25.98, 18.45, 13.39 1H NMR (500 MHz, Benzene 

d6): Minor isomer δ 5.32 (d, J = 1 Hz, 0.4H), 4.99 (t, J = 1 Hz, 0.2H), 1.91 (s, 0.5H), 1.87 

(s, 1H), 1.77 (s, 3 H) Anal. Calcd. for C46H72Ir2: C, 54.73; H, 7.19; Found: C, 54.73; H, 

7.12 MS (MALDI) m/z 505.21 (C46H72Ir2
2+) (M2+). 
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CHAPTER 3  ELECTRICAL DOPING STUDIES WITH THE 

DIMERS OF NINETEEN-ELECTRON SANDWICH 

COMPOUNDS 

3.1 INTRODUCTION 

 Reducing agents are widely used in chemistry for organic, organometallic 

synthesis, in generation of the radical anions, as catalysts and more recently as n-dopants 

in organic electronics.1-3 As discussed in chapter 1, the electrical doping of organic 

semiconductors with molecular oxidants (p-type) or reductants (n-type) has been 

demonstrated to improve the charge injection and conductivity in the devices.4 n-Dopants 

that operate via simple one-electron-transfer and are sufficiently reducing to n-dope most 

electron-transport materials used in OPV and OLED applications, will inevitably also be 

sensitive to the reaction with oxygen. Strongly reducing yet air-stable reagents can in 

principle be obtained by coupling the electron-transfer to bond breaking/making processes. 

The rhodocene dimer and related ruthenium and iridium dimeric sandwich compounds 

discussed in chapter 1 and 2 ( Figure 3.1) have recently been identified as example of such 

n-dopants, reducing a variety of organic semiconductors to the corresponding radical 

anions, while forming the corresponding monomeric cations (shown in Figure 3.2).5-11 

 

Figure 3.1 Structures of the dimers of nineteen-electron sandwich compounds 

demonstrated as n-dopants for organic electronics. 
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Figure 3.2 Structures of the corresponding cations of the dimers demonstrated as n-dopants 

for organic electronics. 

 As highlighted in chapter 1, the overall reducing strength of the metallocene dimers 

is related to the free energy of the dissociation of the dimer (ΔGdiss) and the oxidation 

potential of the 19-electron monomer as described in the equation 1. Previously, using 

electrochemistry for measuring the redox potentials and DFT calculations for the bond 

dissociation energies, the effective reducing strength of ruthenium 3.1, rhodium 3.2, 3.3 

and iridium 3.4 dimers were estimated and reported as shown in Figure 3.3.2 As noted in 

chapter 1 and 2, due to relatively strong C-C bonds in the dimers for the ruthenium and the 

iridium species, homolytic cleavage of the dimer to the corresponding monomers does not 

precede the electron-transfer, when reacting with various acceptors. On the other hand due 

to weaker C-C bond in the dimers of rhodium species, the cleavage mechanism and the 

endergonic electron-transfer mechanism, both operate for the rhodium dimers.5,6 Thus, the 

overall reducing strength of all the metallocene dimers shown in Figure 3.3 is roughly 

estimated in the same range although the kinetic behavior varies considerably. 
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 In the previous chapter, the reductive dimerization of the eighteen-electron cationic 

sandwich compounds of ruthenium and iridium was discussed with the attempts to tune the 

C-C bond strength in ruthenium and iridium based dimers. The synthesis, characterization 

and the electrochemistry of the new ruthenium bis(pentamethylcyclopentadienyl) 

cyclophane internal dimer 3.9 and iridium pentamethylcyclopentadienyl di-tert-

butylcyclopentadienyl dimer 3.10 (shown in Figure 3.4) were reported. Currently as DFT 

calculations for the bond dissociation energy of the new dimers is not available, the 

effective reducing strength of the new dimers cannot be estimated using equation 1. Thus, 
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this chapter discusses the results of using the previously synthesized dimers shown in 

Figure 3.1 and the new dimers, for electrical doping of organic semiconductors, in order to 

investigate the limit of the electrical doping, as it is imperative to estimate the doping 

strength of the currently available metallocene dimers before designing the new dimers. 

The overarching goal of the chapter is to answer the following questions: 

 What is the difference in the electrical doping strength or reactivity of the ruthenium 

cyclophane dimer and the ruthenium mesitylene dimer? 

 Can we dope electron-transport materials used in OLEDs with the ruthenium dimers? 

 What is the effect on the effective electrical doping strength and the kinetics of the 

iridium dimer when replacing cyclopentadienyl with di-tert-butylcyclopentadienyl ligand? 

 Can we control the rate of solution reaction and achieve air-stable deposition of films?  

 

Figure 3.3 Estimated effective reducing strength of the metallocene dimers, the reduction 

potentials of the cations and the oxidation potential of the dimers were measured using 

cyclic voltammetry in THF vs. ferrocene.  
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Figure 3.4 Structures of the new metallocene dimers and their corresponding cations 

discussed in the previous chapter. 

 For this chapter, various solution-doping experiments were conducted and studied 

using vis/NIR absorption spectroscopy, spectroelectrochemisty, NMR spectroscopy, 

ultraviolet photoelectron spectroscopy and X-Ray photoelectron spectroscopy. The 

appearance of the anion radical of the organic semiconductor formed on the reduction with 

the metallocene dimer can be monitored using vis/NIR spectroscopy. Information about 

the dimer’s capability to dope a semiconductor, along with the estimation of the rate 

constants of the reaction, can be obtained from the vis/NIR absorption spectra of the 

mixture of known quantities of the dimer and the semiconductor. The comparison of the 

reactivity of different dimers as well as the information about the mechanism of the 

reaction can be drawn using the experiment described above, which will be discussed in 

detail in this chapter. The structures of various organic semiconductors used in this study 

are shown in Figure 3.5. 
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Figure 3.5 Structures of the organic semiconductors used in this chapter for doping studies. 

3.2 ELECTRICAL DOPING STUDIES WITH THE RUTHENIUM DIMERS 

3.2.1 Solution doping studies with the ruthenium bis(pentamethylcyclopentadienyl) 

cyclophane dimer 3.9 

As discussed above, in order to compare the doping strength of the ruthenium 

pentamethylcyclopentadienyl mesitylene dimer, 3.1, with the bis(ruthenium 

pentamethylcyclopentadienyl) cyclophane internal dimer, 3.9, solution doping studies with 

the dimer 3.9 were attempted in THF and chlorobenzene under inert atmosphere with 6,13-

bis (triisopropylsilylethynyl) pentacene, 3.13, 5,11- bis(triethylsilylethynyl) 

anthradithiophene, 3.15, and 9,10-bis[(triisopropylsilyl)ethynyl]anthracene, 3.16 as the 

acceptors (these materials are often used as hole-transporting materials, however for this 

study as they, in principle will be accepting electrons if electrically doped with the dimers, 
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they are referred to as acceptors). As discussed in the previous chapter, the oxidation 

potential of the cyclophane dimer 3.9 is - 0.91 V vs. ferrocene, which is anodically shifted 

by about 200 mV when compared to the ruthenium mesitylene dimer 3.1. However, 

comparing the reduction potentials of the corresponding cations of the dimers is not 

straightforward as the bis(ruthenium pentamethylcyclopentadienyl) cyclophane salt, 3.11, 

has two reduction peaks as observed via cyclic voltammetry in THF. If we assume an 

average of the reduction potentials of the salt for 3.11, it will again be anodically shifted 

by 200 mV compared to the ruthenium mesitylene complex 3.5 (shifting from -2.67 V for 

3.5 to -2.50 V for 3.11). Considering only the redox potentials in the equation 1, the 

effective reducing strength of the cyclophane dimer 3.9 will be weaker than the mesitylene 

dimer 3.1. However, as the cyclobutane ring, should in principle introduce ring strain, 

making the C-C bond in the dimer 3.9 weaker that would lower ΔGdiss and possibly 

outweigh the difference in the redox potential, therefore increasing the reducing character 

of the dimer.  

 Previously it was reported that the ruthenium dimer 3.1 reacts with TIPS-pentacene 

3.13 in solution via the electron-transfer mechanism.5 The reduction potential of 3.13 is -

1.55 V vs. ferrocene (in 0.1 M chlorobenzene/nBu4N
+PF6

-), the electron-transfer from the 

cyclophane internal dimer 3.9 to the TIPS-pentacene 3.13 will be more than 600 mV 

endergonic or 1 V exergonic if the cyclophane dimer cleaves to form the monomer 

complex. In order to probe into the mechanism as well as to investigate if we could dope 

TIPS-pentacene with the cyclophane dimer 3.9, TIPS-pentacene and 3.9 were mixed in 

THF and the vis/NIR absorption spectrum of the solution was obtained. TIPS-pentacene 

absorbs at 641 nm whereas the TIPS-pentacene anion has a peak at 743 nm as shown in 

Figure 3.6 (spectrum obtained by Dr. Jared Delcamp).  
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Figure 3.6 Vis/NIR absorption spectrum of TIPS-pentacene and TIPS-pentacene treated 

with Na-K in THF. 

 Thus, for doping of TIPS-pentacene, we were interested in looking at the growth of 

the peak at 743 nm and the disappearance of the peak at 641 nm. As observed in Figure 

3.7, growth of the anion radical was observed on doping with the cyclophane dimer 3.9 

immediately after mixing. The reduction potential of TIPS-pentacene anion (ETIPS-/2-) is - 

1.95 V (in 0.1 M THF/nBu4N
+PF6

-)5, thus if the dimer 3.9 cleaves to form the monomers, 

the monomer should be sufficiently strong to reduce the TIPS-pentacene anion to the 

dianion. However, as shown in Figure 3.8, vis/NIR absorption spectrum of the mixture 

with the excess of 3.9 showed only TIPS-pentacene anion with no evidence of the dianion. 

Either the dimer 3.9 is not sufficiently reducing to doubly reduce TIPS-pentacene or it is 

possible that it operates via the endergonic electron-transfer mechanism (the dimer does 

not cleave prior to the electron-transfer step) and is very slow to be observed on the 

timescale of the experiment. 
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Figure 3.7 Vis/NIR absorption spectra of 3.13 and 2:1 mixture of 3.13 and 3.9, in the dark. 
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Figure 3.8 Vis/NIR absorption spectrum 1:7 mixture of 3.13 and 3.9 mixed in the dark. 

 In order to probe if we could dope something that is more difficult to reduce than 

TIPS-pentacene, bis(triethylsilylethynyl)anthradithiophene 3.15 and TIPS-anthracene 3.16 

were chosen whose reduction potentials are - 1.84 V and - 2.03 V, respectively vs. 

ferrocene (in 0.1 M chlorobenzene/nBu4N
+PF6

-). Vis/ NIR absorption spectra of 3.15 and 

of the mixture of 3.15 with Na-Hg are shown in Figure 3.9. Mixing of 3.15 with 3.9 in 1:14 
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molar ratio did not lead to an immediate change in the color in the dark or significant 

change in the absorption spectrum of the mixture, however immediately after exposure to 

ambient light, formation of the anion of 3.15 was observed as shown in Figure 3.10. The 

anion of 3.15 was also observed when the mixture of 3.15 and 3.9 was kept in the dark for 

a longer time, implying that the rate of the reaction between 3.15 and 3.9 is significantly 

slower than with the TIPS-pentacene 3.13. This is consistent with an endergonic electron-

transfer mechanism as the electron-transfer to 3.15 is unfavorable by 900 mV, compared 

to ca 600 mV for 3.13. With the ambient light exposure, it is possible that the acceptor 3.15 

is excited and the electron-transfer from 3.9 to the excited state of 3.15 is favored as shown 

in Scheme 3.1. 
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Figure 3.9 UV/vis/NIR absorption spectra of TES-ADT 3.15 and TES-ADT 3.15 treated 

with Na-Hg in THF. 
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Figure 3.10 UV/vis/NIR absorption spectra of 1:14 TES-ADT 3.15 and 3.9 in THF.  

 

Scheme 3.1 Possible mechanism of doping of organic semiconductors with the metallocene 

dimers with light exposure.  

Continuing further to investigate if 3.9 can dope TIPS-anthracene 3.16, the dopant 

and the host were mixed in the dark and vis/NIR absorption spectrum was obtained. Figure 

3.11 shows the vis/NIR absorption spectrum of 3.16 and the anion of 3.16 generated using 

Na-Hg. As shown in Figure 3.12 and Figure 3.13, in the first 90 minutes of the reaction of 

3.16 with 3.9, only the disappearance of the neutral 3.16 was observed with no clear 
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features of the anion present. Obtaining vis/NIR spectrum of the mixture at 323 K, showed 

a faster decrease in the absorbance at 441 nm, consistent with a faster reaction, however 

no anion features were observed. The absorption spectrum of the same solution left in the 

dark for 20 hours under inert atmosphere (shown in Figure 3.19), showed broad features in 

the region where the anion peaks are expected based on Na-Hg reduction and perhaps 

originate from the anion-cation aggregates. The precipitate formation was observed in the 

solution that was left for 20 hours suggesting a possible reaction of 3.9 with 3.16, however 

limited solubility of the salt could be the reason for no observation of clear absorption 

peaks of the anion radical. 

500 1000

0.0

0.5

1.0

1.5

2.0

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

 3.16 +Na-Hg

 3.16

 

Figure 3.11 UV/vis/NIR absorption spectrum of 3.16 and 3.16 treated with Na-Hg in THF. 
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Figure 3.12 UV/vis/NIR absorption spectra of 1:14 mixture of 3.16 and 3.9 in THF in dark.  
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Figure 3.13 UV/vis/NIR of absorption spectra 1:14 mixture of 3.16 and 3.9 in THF in the 

dark (showing the disappearance of the neutral 3.16).  
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Figure 3.14 UV/vis/NIR absorption spectrum of 1:14 mixture of 3.16 and 3.9 left in the 

dark for 20 hours in THF under inert atmosphere.  

From the experiments described above, we can conclude that the ruthenium 

cyclophane dimer dopes TIPS-pentacene 3.13 in the dark similarly to the ruthenium 

mesitylene dimer.5 The reaction with TES-ADT 3.15 is slow in the dark but formation of 

the anion is observed on ambient light exposure. Unlike the ruthenium 

pentamethylcyclopentadienyl mesitylene dimer 3.1, where no reaction with TIPS-

anthracene 3.16 was observed, reaction with 3.9, although very slow, results in the 

disappearance of the neutral peak. However, there was no evidence of the formation of the 

TIPS-pentacene dianion or clean TIPS-anthracene anion. In order to eliminate the issues 

associated with the solubility of the salt of acenes with the cation 3.112+, kinetic studies 

were carried out using pentacene derivative 3.14 (provided by Prof. John Anthony from 

University of Kentucky) and the results are discussed below to compare the ruthenium 

dimers 3.1 and 3.9. 
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3.2.2 Kinetic studies with ruthenium pentamethylcyclopentadienyl cyclophane 

dimer 3.9 and ruthenium pentamethylcyclopentadienyl mesitylene dimer 3.1 

To probe into the kinetics of the reaction of ruthenium dimers 3.1 and 3.9 with 

pentacene derivatives, solution doping studies of 3.1 and 3.9 were performed with 3.14 in 

THF. The information about the rates was obtained using pseudo first-order reaction 

conditions (using either large excess of the dimer or the host). For a reaction shown in 

Scheme 3.2, the rate law can be written as shown in the equation 2. 

 

Scheme 3.2 Example of a second-order reaction. 

Rate = k[A][B]                (2) 

However, using a large excess of reactant A, the rate law can be written as shown in 

the equation 3 because it is assumed that the concentration of reactant A effectively remains 

same during the course of the reaction. The rate equation (equation 4) then can be solved 

as a first order reaction as shown in equation 5 or rewritten as equation 6.  

][' B=Rate k                                                                                                                       (3) 

where k’ = k[A] 

]['
][

B=
B

- k
dt

d
                (4) 

οB+-=Bln ]['][ tk                                                                                                               (5) 

tke '
][][

-
 οB=B                                                                                                                      (6) 

 Samples with different known concentrations of the dimer 3.1 and 3.9 and the host 

3.14 were mixed in the dark under inert atmosphere. The growth of the anion peak was 

monitored over a period of time with an exponential fitting of the growth of absorbance 
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over time to obtain k’ (shown in Figure 3.15 - Figure 3.20), from which the rate constants 

were obtained.  

From the exponential fit in Figure 3.16, we can obtain the equation; Absorbance = 

-0.05·exp(-t/8.7 min) + 0.05, from which we can calculate k
obs

 which is 1/8.7 min
-1

 or 11.5 

× 10
–2

  min
-1

, thus, k is equal to k
obs 

/([3.13]), which is 1.8 × 10
3
 min

-1 
M

-1. Similarly, using 

different concentrations of the dimer and the host, we can obtain the rate constant as 2.6 ± 

0.5 × 103 min-1 M-1. As the reaction between 3.9 and 3.13 is very fast, kinetic experiments 

were conducted at very low concentrations, where measurements are highly sensitive to 

the contamination during mixing of the solutions in the glove box, in the dark, which could 

lead to the quenching of the anion radical. An alternative method to determine if the rate 

determining step involves 3.13, was done by doubling the concentration of 3.13 while 

keeping the concentration of 3.9 fixed and observing the initial rate. As expected, we 

observed an increase in the initial rate by 2 times consistent with a first order dependence 

of the rate with 3.13. 

1000 1500
0.00

0.05

0.10

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 
Figure 3.15 Vis/NIR absorption spectra of the mixture of 3.9 and 3.14 from 0 min to 70 

min, in THF. The concentration of 3.9 is 6.8 × 10
-7 

M and 3.14 is 6.2 × 10
-5

 M.  
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Figure 3.16 Growth of the anion peak in the mixture of 3.9 and 3.14 kept in the dark in 

THF. 
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Figure 3.17 Vis/NIR absorption spectra of the mixture of 3.9 and 3.14 from 0 min to 40 

min, in THF. The concentration of 3.9 is 6.3 × 10
-7 

M and 3.14 is 6.2 × 10
-5

 M.  
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Figure 3.18 Growth of the anion peak in the mixture of 3.9 and 3.14 kept in the dark in 

THF. 
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Figure 3.19 Vis/NIR absorption spectra of the mixture of 3.9 and 3.14 from 0 min to 200 

min, kept in the dark at room temperature in THF with [3.9] = 8.35 × 10
-6 
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Figure 3.20 Growth of the anion peak in the mixture of 3.9 and 3.14 kept in the dark in 

THF. 

 Similar to the calculations of the rate constant for the reaction of 3.9 and 3.14, the 

rate constant was also calculated for the reaction of 3.1 with 3.14. The absorption spectrum 

of the mixture is shown in Figure 3.21 and the growth of the anion radical is shown in 

Figure 3.22. From the exponential fit using the method described above, we can obtain the 

value of rate constant as 25.8 min
-1 

M
-1

, which is consistent with the reported value for the 

reaction of 3.1 with TIPS-pentacene 3.13.5 Clearly, the reaction of 3.14 is faster with 3.9 

than 3.1, with a difference of two orders-of-magnitude in the rate constants. The results 

discussed above about the doping of TIPS-pentacene 3.13, TES-ADT 3.15 and TIPS-

anthracene 3.16 with 3.9, point to the fact that the mechanim involved is an electron-

transfer from the dimer to the host. This is further validated by the kinetic experiments, 

which further suggests that the rate-determing step is bimolecular, dependent on both the 

dimer as well as the host. Thus, if we consider the mechanism that involves an endergonic 

electron-transfer from the dimer to the host, assuming everything else involved in the 

electron-transfer step to be similar, the reaction, should in principle be slower for 3.9 just 

based on the oxidation potentials. The faster reaction could possibly be due to the overall 

picture of the orbitals involved in the electron-transfer. According to the Marcus expression 

for the rate constant for a non-adiabatic intermolecular electron-transfer, the prefactor A is 
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dependent on the donor-acceptor electronic coupling, reorganization energy, temperature, 

Boltzmann’s constant and Planck’s constant.12 The donor-acceptor coupling, which in this 

case involves the dimer and the acceptor could be significantly different when comparing 

the dimer 3.1 with the dimer 3.9. To further understand the differences in the reactivity of 

the two dimers, results of the doping of electron-transport materials used in OLEDs will be 

discussed in the next section. 
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Figure 3.21 Vis/NIR absorption spectrum of the mixture of 3.1 and 3.14 from 0 min to 120 

min, in THF with excess of 3.1. The concentration of 3.1 is 6.45 × 10
-4 

M and 3.14 is 6.45 

× 10
-5

 M.  
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Figure 3.22 Growth of the anion peak at 743 nm in the mixture of 3.1 and 3.14 in THF. 

3.2.3 Electrical doping of OLED electron-transport materials with ruthenium 

dimers 3.1 and 3.9 

NOTE: The results discussed in this section have been obtained by Xin Lin from 

Prof. Kahn’s group at Princeton University and Berthold Wegner from Prof. Koch’s group 

at Humboldt University in Berlin. A detailed discussion about the results will be presented 

in future in their respective thesis and collaborative publications. Permission has been 

obtained to use the data discussed below. 

 Electrical doping of electron-transport materials (ETMs) used in organic light-

emitting diodes (OLEDs) is generally difficult due to low electron affinity of the relevant 

materials.4,13 As discussed in chapter 1, electrical doping of the electron-transport material 

in an OLED is essential for the improvement of the device performance. For this part we 

were interested in answering the following two questions: 

 What is the limit of the electrical doping efficacy and the differences between the 

ruthenium dimers 3.1 and 3.9? 

 Can we activate the electrical doping using light for the materials, which are difficult 

to reduce? 
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 The majority of the electron-transport materials that are frequently used in OLEDs 

are processed via vacuum deposition. Thus, to further study the electrical doping of such 

host materials and broaden our understanding about the differences between the two 

ruthenium dimers 3.1 and 3.9, electrical doping of phenyl-dipyrenylphosphine oxide 3.21, 

which has been demonstrated in literature as an efficient-electron-transport material for 

OLEDs14-16 (shown in Figure 3.23) was attempted at Princeton University at Prof. Kahn’s 

lab and studied via ultraviolet photoelectron spectroscopy (UPS), X-Ray photoelectron 

spectroscopy (XPS), inverse-photoemission spectroscopy (IPES) and conductivity 

measurements.  

 

Figure 3.23 Structure of the OLED electron-transport material phenyl-dipyrenylphosphine 

oxide 3.21 used in this study. 

 The solid-state electron affinity of 3.21 has been estimated to be 2.8 eV from the 

optical gap and the ionization energy.15 Cyclic voltammetry of 3.21 was done in THF to 

measure the reduction potential as shown in Figure 3.24 with the first reduction potential 

as - 2.24 V vs. ferrocene. Considering the reduction potential of the host material 3.21 and 

the effective reducing strength of 3.1 (discussed above), no electrical doping is anticipated 

assuming that solution derived values are applicable to the solid-state. This was further 

confirmed by UV/vis/NIR absorption measurements of the doped film of 3.21 with 3.1 

done by Berthold Wegner in Berlin. As shown in Figure 3.25, there were no new features 

in the UV/vis/NIR absorption spectrum, when comparing neat 3.21 film with the doped 

film. However, new features were observed when the doped film was exposed to 375 nm 

light for few minutes (shown in Figure 3.26). Oyamada and co-workers had reported the 

absorption spectrum of evaporated 3.21 with cesium, where they also observed similar 

features around 500 nm, which they described as the charge transfer band without further 

details.16 Dimer 3.1 on exposure to the UV light (375 nm) has no features around 500 nm 

ruling out possibility of dimer dissociation giving rise to the new features in the absorption 
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spectrum. Also the new peak was absent when the neat film of 3.21 was exposed to the 

same light, suggesting possible electrical doping of 3.21 with the dimer 3.1. As discussed 

above in Scheme 3.1, a possible mechanism for the activation of electrical doping with 

light could be the excitation of the host material followed by the reduction of the excited 

state of the host by the dimer to form the dimer cation. The dimer cation then quickly 

dissociates into the monomer and the monomer cation, the monomer transfers another 

electron to form the stable cation. As we form a highly stable cation, the reduced form of 

the host should in principle not be able to transfer an electron back to the cation making 

electrical doping irreversible. Further investigation was carried out by Xin Lin and 

Berthold Wegner collaboratively at Princeton University. 
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Figure 3.24 Cyclic voltammetry of phenyl-dipyrenylphosphine oxide 3.21 in 0.1 M 

THF/nBu4N
+PF6

- at 50 mV s-1 scan rate with ferrocene as an internal standard. The potential 

is relative to the silver wire pseudo reference electrode and the ferrocenium/ ferrocene 

couple is seen as reversible peak at ca 0.5 V. 



 

144 

 

500 1000 1500 2000

0.0

0.5

1.0

N
o

rm
a
li

z
e
d

 a
b

s
o

rb
a
n

c
e
 (

a
. 

u
.)

Wavelength (nm)

 Neat 3.21

 Neat 3.21 + UV light (10 min)

 (1:2) 3.1: 3.21

 

Figure 3.25 UV/vis/NIR absorption spectrum of phenyl-dipyrenylphosphine oxide 3.21 

films with and without 3.1, done under inert atmosphere in Berlin by Berthold Wegner. 
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Figure 3.26 UV/vis/NIR absorption spectrum of phenyl-dipyrenylphosphine oxide 3.21 

films doped with 3.1, with and without light activation done in Berlin by Berthold Wegner. 
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 The evaporated films of 3.21 with and without the dopants 3.1 and 3.9 were 

analyzed with UPS to obtain the ionization energy and the relative position of the Fermi 

level energy with respect to the onset of the ionization from the filled states. To rule out 

the possibility of any activation by the He (I) radiation, while running measurements with 

UPS, the work function was also measured with the Kelvin probe. The results from the 

Kelvin probe measurements were consistent with the UPS results. Figure 3.27 summarizes 

the shift in the work function of 3.21 on electrical doping with and without light activation. 

As described in chapter 1, the Fermi level energy should shift away from the filled states 

upon n-doping, in other words, a decrease in the work function of the material should be 

observed. As shown in Figure 3.27, there was a significant shift in the work function even 

with 0.1% doping when using 3.1 as the dopant. The data points in Figure 3.27 - Figure 

3.29 have been connected only to assist in the analysis of the trends; no other conclusion 

should be drawn from the connections. 
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Figure 3.27 Summary of the work function changes of 3.21 doped with 3.1 or 3.21 before 

and after activation with the UV light.  

 The work function shifted from 4.1 eV for the undoped sample to 3.6 eV for the 

electrically doped sample, which further decreased to 2.6 eV on light activation. As we 

would not expect 3.1 to dope 3.21 based on the UV/vis/NIR absorption spectroscopy results 



 

146 

 

without any activation, a shift in the work function was surprising. However, it can be 

possibly be attributed to filling of the traps in the host material which are quickly filled 

leading to a large shift in the Fermi level energy. A similar trend was observed when 3.21 

was electrically doped with 3.9 with a decrease in the work function on electrical doping 

and a further decrease with the activation. XPS were measured on the samples discussed 

above, with Figure 3.28 showing the shift in the binding energies for C1s and O1s on 

electrical doping. The trend observed is consistent with the shift in the work function, 

however it must be noted that the binding energies for C1s and O1s for neat 3.21 shift 

during the measurements, possibly due to the decomposition of the material with the high 

energy X-rays, making it difficult to draw any conclusions from the shift in the XPS peaks.  
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Figure 3.28 Summary of the shift of C1s and O1s binding energies of 3.21 doped with 3.1 

or 3.21.  

As the shift in the work function was a promising sign, conductivity measurements 

for the neat and electrically doped 3.21 films were carried out using films evaporated on 

an aluminum finger structure. The summary of the conductivity measurements is shown in 

Figure 3.29, which is consistent with our previous understanding of the effective reducing 
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strength of the mesitylene dimer 3.1 and the UV/vis/NIR measurements of 3.21 doped with 

3.1. As expected, no change in the conductivity was observed on electrical doping of 3.21 

using 3.1 as the dopant without any activation, with conductivities remaining in the order 

of 10-10 S cm-1. Subsequent to the light activation for 11 to 33 hours, the conductivity of 

the doped sample increased by 6 orders-of-magnitude, implying possible electrical doping 

of 3.21 with 3.1 on activation. A slight decrease in the conductivity of the samples was 

observed over a period of days when the activated doped samples were left under high 

vacuum but remained in the same order-of-magnitude. Similarly, electrical doping of 3.21 

with the cyclophane dimer 3.9 did not increase the conductivity without any activation. 

Activation for 4 to 47 minutes led to a saturation of the conductivity with an increase by 3 

orders-of-magnitude, which again remained within 1 order-of-magnitude over a period of 

days. 
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Figure 3.29 Summary of the conductivity measurements of 3.21 doped with 3.1 or 3.21 

before and after activation with the UV light.  

The two major differences observed between the dimer 3.1 and 3.9 are the time 

required for the activation and the magnitude of conductivity after activation. It is difficult 

to attribute the difference in time required for activation with any fundamental difference 

in the two dimers as we would expect an exergonic electron-transfer from the dimer to the 
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excited state of the host. Thus, the longer time required for 3.1 is surprising. As far as the 

differences in the conductivity are concerned, as discussed earlier, the corresponding cation 

3.112+ of the dimer 3.9 has two reduction potentials with the first reduction potential being 

very close to the reduction potential of 3.21 (difference of ca 60 mV in THF). Thus it is 

possible that the reduced state of 3.21 can give an electron back to the cation 3.112+ in the 

solid state, which could either dimerize via disproportionation pathway discussed in the 

chapter 2, or remain in equilibrium with 3.21. In either case, the charge-carrier 

concentration will not be same as in the case of electrical doping with 3.1, where the back 

electron-transfer is highly unlikely.  

The improvement in the conductivity observed with the activation of the electrical 

doping of 3.21 is very promising. Electrical doping of 2,9-Dimethyl-4,7-diphenyl-1,10-

phenanthroline 3.22 with lithium metal has been reported to increase the conductivity to 3 

× 10-5 S cm-1 and has been very successfully used in OLEDs.13,17,18 Thus we expect the two 

ruthenium dimers to be good candidates as the dopants for the electron-transport materials 

used in OLEDs especially when using easier to reduce materials than 3.22, for example, 

3.23, the reduction potential of which is 200 mV anodically shifted, making it a more 

suitable candidate for electrical doping with the dimers. 

 

Figure 3.30 Structure of the OLED electron-transport materials used in literature. 3.22 has 

been widely studied with reports of n-doping available, 3.23 is easier to reduce than 3.21 

but limited studies have been done.13,17-20 

To further improve our understanding about the electrical doping of similar 

materials, their application in the devices needs to be investigated, which is beyond the 

scope of this thesis. Work is currently ongoing at Princeton University to test the iridium 

dimer, 3.4 as the dopant for 3.22, as well as fabrication and testing of OLEDs with the 

metallocene dimers as the dopants for the electron-transport layer in an OLED. 
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3.3 n-DOPING WITH THE IRIDIUM DIMERS 3.4 and 3.10 

3.3.1 Mechanism of n-doping with the iridium dimer 3.4 

As discussed in chapter 1, the mechanism of electrical doping with the ruthenium 

and the rhodium dimers was described.3,6 To further investigate the chemistry involved 

when electrical doping polymers with the iridium dimer, experiments were conducted 

using the iridium dimer 3.4 and naphthalene diimide bithiophene polymer 3.17, which has 

been widely reported as an electron-transport material for various applications in organic 

electronics.21-26 The doping was studied via vis/NIR spectroscopy, 

spectroelectrochemistry, UPS/ XPS, and 1H NMR spectroscopy.  

 In order to verify that the doping with the iridium dimer also leads to the formation 

of the anion radicals of the host, solution-doping experiments in THF were conducted with 

3.17 similar to the experiments discussed in section 3.2.1. UV/vis/NIR absorption spectra 

of the neat 3.17 and of the doped solutions with 3.1 and 3.4 are shown in Figure 3.31 and 

Figure 3.32. There is a disappearance of the peak around 700 nm with the growth of the 

peak at 500 nm and 810 nm. The formation of visible precipitates was observed when using 

more than 20% of the dopants by weight. 
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Figure 3.31 UV/vis/NIR absorption spectra of 3.17 and doped solutions with 3.1 in THF. 
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Figure 3.32 UV/vis/NIR absorption spectra of 3.17 and doped solutions with 3.4 in THF. 
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The absorption spectra obtained on solution doping with the dimers 3.1 and 3.4 

were compared to the spectrum obtained by the electrochemical reduction of the polymer 

film. A film of 3.17 was spray coated onto ITO and a vis/NIR absorption spectrum was 

obtained in 0.1 M propylene carbonate/nBu4N
+PF6

- while applying constant potentials to 

reduce the polymer film. Figure 3.33 shows the absorption spectra of the neutral 3.17 and 

the electrochemically reduced 3.17. Similar features were observed on reducing the 

polymer electrochemically as were observed by doping with the dimers. This supports the 

assertion that the polymer 3.17 is reduced with the metallocene dimers to form the anion 

radicals. Re-oxidizing the reduced polymer electrochemically leads to the formation of the 

neutral polymer as shown in the Figure 3.33, which implies that the reduction of the 

polymer is reversible and does not lead to the formation of any side products. 
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Figure 3.33 UV/vis/NIR absorption spectra of 3.17 and electrochemically reduced 3.17 

films on ITO in 0.1 M propylene carbonate/nBu4N
+PF6

-.  
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 The doping of 3.17 previously has been reported using the dimers 3.2 and 3.3.5,9,11 

It was reported that a shift of about 0.44 eV in the Fermi level energy was observed on 2% 

doping and the Fermi level energy pinning was observed at 3.82 eV vs. vacuum.9 UPS of 

the doped sample of 3.17 with 3.4 showed a similar shift in the Fermi level energy as 

summarized in Table 3.1 with the spectrum showing the secondary cut-off edge and the 

summary of the shift of the Fermi level energy in Figure 3.34 and Figure 3.35. This is 

consistent with our previous understanding about similar effective reducing strength of the 

iridium and the rhodium dimers and both being capable of doping 3.17. 
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Figure 3.34 UPS of 3.17 and doped 3.17 film showing the secondary cut off edge. 
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Figure 3.35 The shift of the Fermi level energy of 3.17 on doping with 3.17. 

 

Table 3.1 The shift of the work function for doped 3.17 with 3.4. 

 Undoped 5% Doped 20% Doped 

IE (eV) 5.8 5.6 5.5 

WF (eV) 4.5 3.8 3.8 

IE - WF (eV) 1.3 1.8 1.7 

Iridium in the dimer is formally in the +1 oxidation state whereas the oxidation state 

in the monomer cation is +3, a significant shift in the binding energies for the iridium 4f 

peaks are expected when comparing the cation with the dimer. Previously we have reported 

XPS spectra of the iridium dimer 3.4 and its corresponding cation 3.8+.27 XPS spectrum of 

the doped polymer is shown in Figure 3.36, supporting the presence of the monomer cation 

formed after the transfer of the electrons from the dimer to the polymer. Figure 3.37 shows 

the shift in the binding energy of the carbon 1s on doping, with a shift of 0.4 eV observed 
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on doping, which is consistent with the shift in the Fermi level energy observed via UPS 

and also with the previous reports of doping of 3.17 with 3.2.5 
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Figure 3.36 The shift in the iridium 4f binding energy observed on doping 3.17 with 3.4. 
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Figure 3.37 The shift in the carbon 1s binding energy observed on doping 3.17 with 3.4. 
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To further ascertain that the chemistry involved in the doping is clean and leads to 

the formation of the iridium cation, a solution of 3.17 with 3.8 in deuterated 

dichlorobenzene was prepared and left in the dark while obtaining 1H NMR spectrum at 

different intervals over a period of 2 days the results of which are shown in the Figure 3.38. 

The NMR experiment confirms the formation of the iridium cation on doping, with no 

evidence of any side product. We can also conclude that one of the isomers of dimer (Cp*-

Cp) reacts more quickly than the other, which is consistent with the oxidation potentials of 

the two isomers, which were discussed in detail in the previous chapter. From the above 

experiments it is evident that the doping of 3.17 with 3.4 leads to the formation of the cation 

3.8+ and the anion radicals of the host with no evidence of formation of any side products.  
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3.3.2 Controlling the rate of solution reaction and achieving air-stable deposition of 

films using iridium dimers 3.4 and 3.10.  

The metallocene dimers discussed in this thesis are examples of powerful reducing 

agents, which are air stable. However, after electrical doping, in other words when the 

redox reaction between the dimers and organic semiconductors is complete, the reduced 

semiconductor is often highly air-sensitive, making handling difficult. In order to make the 

processing easier; it would be ideal if we could control the rate of solution reaction such 

that it is feasible to do the processing in air with activation of electrical doping occurring 

only after application of a stimulus in subsequent steps. In order to do so, both the 

mechanism, the homolytic cleavage of the dimer as well as the endergonic electron-transfer 

from the dimer to the host have to be suppressed prior to the activation. Ruthenium dimers 

and iridium dimers discussed in this thesis have an advantage that they operate via the 

endergonic electron-transfer pathway with majority of organic semiconductors; both have 

relatively strong C-C bond in the dimer, effectively shutting off the cleavage mechanism. 

Thus with the ruthenium and iridium dimers, the choice of the host material is crucial as it 

is essential to shut off the electron-transfer from the dopant to the host in the dark or at 

room temperature. The activation can be carried out either with the light activation and the 

other pathway possible is with temperature (either dissociation of the dimer into highly 

reducing monomers if possible or through supplying sufficient energy for an endergonic 

electron-transfer). As the rate determining step involves an endergonic electron-transfer, 

the feasibility of the redox reaction depends on the oxidation potential of the dimer and the 

reduction potential of the acceptor. The electrochemistry of the ruthenium dimer 3.1 and 

the iridium dimers 3.4 and 3.10 was discussed in chapter 2, with the oxidation potential of 

3.1 at - 1.10 V, 3.4 at - 0.94 V and - 0.76 V, and the oxidation of 3.10 at - 0.70 V vs. 

ferrocene in THF. Iridium dimers are better suitable for this study as they are more difficult 

to oxidize than the ruthenium dimer. 

As discussed above, the ruthenium dimer 3.1 dopes TIPS-pentacene 3.13 in the dark 

at room temperature. Solution-doping studies of 3.13 were attempted with the iridium 

dimer 3.4 and monitored using vis/NIR spectroscopy. As shown in Figure 3.39, no anion 
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radical formation of 3.13 was observed when the dimer 3.4 is mixed with 3.13 in the dark 

and the electron-transfer occurs only when the solution is exposed to the ambient light. The 

reaction almost goes to completion after 80 minutes of the light exposure. The growth of 

the absorbance peak at 743 nm (i.e. the expected peak from the anion radical as discussed 

above) is shown in the Figure 3.40. This was very promising as the reduction potential of 

3.13 is - 1.55 V vs. ferrocene (in 0.1 M chlorobenzene/nBu4N
+PF6

-) with the electron 

affinity as 3.02 eV,9 similar to the reduction potential of various small molecules and 

polymers which are used in organic electronics as electron-transport materials. Poly (9,9-

dioctylfluorene-co-benzothiadiazole) (F8BT) 3.20 is an example of such polymer that has 

been widely studied and has an electron affinity of 3.1 eV estimated from the oxidation 

potential and the optical gap.28-32 As the electron affinity of 3.20 is very similar to 3.13, 

solution doping studies were attempted with the dimer 3.4 and the absorption spectrum is 

shown in Figure 3.41. Consistent with the results of doping of 3.13, doping of the polymer 

3.20 also occurs with ambient light activation with no doping observed in the dark.  
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Figure 3.39 UV/vis/NIR absorption spectrum of 3.13 doped with 3.4 in THF. The 

concentration of 3.4 is 3.2 × 10-4 M Ir dimer and of 3.13 is 6.5 × 10-4 M. 
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Figure 3.40 Growth of the absorbance peak at 743 nm for 3.13 with 3.4 in THF. 
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Figure 3.41 Vis/NIR absorption spectrum of 1:2 3.4: 3.20 in THF. 
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The activation of the doping with TIPS-pentacene 3.13 was promising, but if we 

try to dope more easily reduced materials than 3.13, doping of naphthalene diimide 

bithiophene polymer 3.17 and perylene diimide 3.18 with the iridium dimer 3.4 was 

observed in the dark. As mentioned above, the newly synthesized iridium dimer with di-

tert-butylcyclopentadienyl 3.10 is even more difficult to oxidize than the iridium dimer 

3.4; also we expect slower electron-transfer kinetics with the introduction of bulky 

substituents around the dimer as the prefactor, A, in the Marcus expression for the rate 

constant for a non-adiabatic intermolecular electron-transfer is given by A = 

V2(4π3/(h2λkBT))0.5, where h is the Planck’s constant, kB is the Boltzmann’s constant, V is 

the donor-acceptor electronic coupling, λ is the reorganization energy, and T is the 

temperature.12 Thus, due to the steric hindrance of close dimer-acceptor approach and the 

anodic shift in the oxidation potential in the case of 3.10, we expect 3.10 to be even better 

candidate for the study than 3.4. As the major isomer of 3.10 is the one in which it dimerizes 

through the Cp*-Cp* rings, we did not expect a large difference in the bond dissociation 

energy of the dimers. However, in order to determine if the dimer behaved in a similar 

manner to 3.4 in terms of the mechanism, solution doping studies were conducted with 

TIPS-pentacene 3.13 in the dark and with ambient light exposure as shown in Figure 3.42. 

Analogously to 3.4, the dimer 3.10 also did not dope 3.13 in the dark and the doping was 

only observed with the ambient light activation. The growth of the absorption peak at 743 

nm is shown in Figure 3.43. Consistent with the oxidation potential, the doping with 3.10 

was slower compared to 3.4 as the reaction did not go to completion even after 120 minutes 

of the light exposure.  
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Figure 3.42 Absorption spectra of 3.13 and 3.10 in THF with the ambient light exposure 

for over 100 min. 
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Figure 3.43 Growth of the absorbance peak at 743 nm for the solution of 3.13 with 3.10 in 

THF. 
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In order to further investigate doping of materials easier to reduce than TIPS-

pentacene, the vis/NIR absorption spectrum of the solution of doped perylene diimide 3.18 

with 3.10 was obtained and is shown in Figure 3.44, where the doping occurs immediately 

in the dark. In order to study other systems where doping occurs only with the light 

activation, platinum-coordinated perylene diimide 3.19 was chosen. Dr. Davydenko in 

Marder lab recently synthesized 3.19, whose reduction potential is – 1.33 V in 0.1 M 

CH2Cl2/
nBu4N

+PF6
- vs. ferrocene. Considering the reduction potentials, 3.19 is easier to 

reduce than 3.13 but harder than 3.18, making it suitable choice for the study. Consistent 

with the lower electron-transfer barrier for doping of 3.19 with 3.4 than TIPS-pentacene, 

doping was observed in the dark but very slow compared to the doping of perylene diimide 

3.18  as shown in Figure 3.45. The doping was accelerated with the ambient light exposure 

as shown in Figure 3.46. Comparing the dimer 3.4 with 3.10 for the doping of 3.18, we 

observe that the endergonic electron-transfer from 3.10 is almost shut off (shown in Figure 

3.47) and is accelerated only with the ambient light exposure (Figure 3.48). 
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Figure 3.44 . Vis/NIR absorption spectra of (2:1) 3.18 and 3.10 in the dark from 2 to 10 

minutes. 
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Figure 3.45 Vis/NIR absorption spectra of (1:2) 3.4: 3.19 in THF in the dark (0 to 180 

minutes). 
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Figure 3.46 Vis/NIR absorption spectra of (1:2) 3.4: 3.19 in THF with ambient light 

exposure. 
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Figure 3.47 Vis/NIR absorption spectra of (1:2) 3.10: 3.19 in THF in the dark (0 to 300 

minutes). 
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Figure 3.48 Vis/NIR absorption spectra of (1:2) 3.10: 3.19 in THF with ambient light 

exposure. 
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 The activation of the doping with the iridium dimers discussed above can also be 

utilized for the doping of OLED electron-transport materials, which have a relatively lower 

electron affinities than TIPS-pentacene similar to the results demonstrated in section 3.2.3. 

Doping of TIPS-anthracene 3.16 was activated using UV light and the absorption spectrum 

is shown in Figure 3.49, which showed the growth of the anion radical of 3.16. This 

suggests that it might be possible to dope OLED electron-transport materials using the light 

activation with the iridium dimer 3.4 as well. It must be noted that the UV/vis/NIR 

absorption spectrum of the iridium dimer in the solution changes on UV light exposure, 

suggesting possible decomposition of the dimer in the solution with the UV exposure. 

Currently we have no information about the kinetics of the decomposition of the dimer 

compared to the electron-transfer to the excited state of the acceptor. It is possible that the 

electron-transfer is faster than the decomposition, which would be desirable for doping. 

Also in practical applications, activation will be carried out in the solid-state where the 

rates for each pathway can vary significantly than in the solution. 
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Figure 3.49 UV/vis/NIR absorption spectra of 3.16 with 3.4 in THF in the ratio 1:2 (3.4: 

3.16). 
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The results examined above demonstrate another useful property of the metallocene 

dimers when used as n-dopants. The slow electron-transfer kinetics of the iridium dimers 

can in future be exploited for facilitating the electrical doping of the materials in air and in 

the dark with the activation in subsequent steps. Similar to the ruthenium dimers, electrical 

doping of materials that are more difficult to reduce than TIPS-pentacene can be achieved 

through the excitation of the acceptor followed by the electron-transfer from the dimer. 

3.3.3 Activation of the doping of TIPS-anthracene 3.16 at elevated temperatures 

using 3.4 as the dopant.  

The doping of TIPS-anthracene 3.16 with the iridium dimer 3.4 was shown above 

using UV light activation. The activation with the temperature was investigated by heating 

3.16 with 3.4 in the solid-state under inert atmosphere at 160 °C for 30 minutes and the 

vis/NIR absorption spectrum of the mixture was obtained in THF as shown in Figure 3.49. 

Clearly it demonstrated that the doping of TIPS-anthracene 3.16 with 3.4 can also be 

achieved via thermal activation. The absorption features of the doped solution when kept 

overnight in the glove box changed to broad features as were observed for doping of 3.16 

with 3.9 (Figure 3.14). Vis/NIR absorption spectra of the annealed films of 3.16 with 3.4 

or ruthenium dimer 3.1 showed similar broad features, suggesting that the doping of 3.16 

is possible with both the ruthenium and the iridium dimer with temperature activation. In 

order to verify that there is no decomposition of the dimers with annealing, 

thermogravimetric analysis of the dimers was performed under inert atmosphere as shown 

in Figure 3.50, which showed no significant loss in weight below 200 °C. These 

preliminary results suggest that it could be possible to exploit the thermodynamic potential 

of the metallocene dimers as n-dopants at elevated temperatures.  
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Figure 3.50 TGA of the dimers 3.1, 3.3 and 3.4. 

3.4 CONCLUSIONS 

The focus of the chapter was to study the metallocene dimers synthesized previously 

as n-dopants for organic electronics. The solution doping experiments were conducted 

using the ruthenium and the iridium dimers in order to assess the reducing strength of the 

dopants. From the solution doping experiments we can conclude that the ruthenium 

bis(pentamethylcyclopentadienyl) cyclophane internal dimer, 3.9, can dope TIPS-

pentacene, 3.13, similar to the ruthenium pentamethylcyclopentadienyl mesitylene dimer, 

3.1; however it also dopes bis(triethylsilylethynyl)anthradithiophene, 3.15, and very slowly 

TIPS-anthracene, 3.16. Also, the reaction with pentacene derivatives is faster for the new 

dimer compared to the previously studied mesitylene dimer. It can be concluded from the 

study that the mechanism operating for the new dimer is similar to the previously 

synthesized ruthenium dimer. The differences in the kinetics observed could be simply due 

to the differences in the overlap of the orbitals of the dimer and the host. Electrical doping 

of an OLED electron-transport material, 3.21 was achieved by co-evaporating the 

ruthenium dimers 3.1 and 3.9 with 3.21 and the activation of the electrical doping with UV 

light exposure. The improvement in the conductivity by 6 orders-of-magnitude was 
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observed with the dimer 3.1 and 4 orders was observed with 3.9. A significant shift in the 

work function of 3.21 was observed on electrical doping with either of the dimers pointing 

to the filling of the traps in the host material. The shift in the work function was not 

consistent with the conductivity measurements without activation, however this could be 

due to the differences in the substrate and the thickness of the films in the two 

measurements. The improvement in the conductivity on activation are comparable to the 

previous reports of electrical doping of electron-transport materials with alkali-metals. 

From the results it appears that the introduction of the ring strain in 3.9 has a limited effect 

on the overall reducing character of the dimer, which could be due to the fact that the 

oxidation potential of the monomer is anodically shifted as compared to the ruthenium 

mesitylene dimer 3.1. 

Another part of the chapter dealt with understanding of the chemistry of doping with 

the iridium dimer 3.4. From UPS and XPS, shifts in the Fermi level energy provided the 

evidence of doping, vis/NIR spectroscopy and spectro-electrochemistry showed that there 

is formation of the anion radical of the polymer, and XPS are suggestive of the formation 

of the iridium cation, which was also supported by the NMR experiments. Thus, there is 

no evidence of any side product formation on electrical doping with the metallocene 

dimers, redox chemistry is clean and leads to the formation of the metallocene cation and 

the anion radical of the host. For more practical applications of electrical doping, 

processing in ambient air in the dark was investigated for the iridium dimers with 

subsequent activation with light. The iridium dimers 3.4 and 3.10 were demonstrated as 

the potential candidates for this purpose with the evidence of no solution doping in the dark 

for TIPS-pentacene 3.13 and F8BT 3.20 with 3.4 and activation possible with ambient light 

exposure. The reactions with the dimer 3.10 were even slower than 3.4, with applicability 

of easier processing in air extending to platinum coordinated perylene diimide 3.19. 

However, these experiments were carried out in solution and the experiments in the solid-

state need to be carried out perhaps with the conductivity measurements to further 

investigate the activation of electrical doping in later steps. In this chapter activation with 

light has been utilized not only for facilitating easier processing but also for electrical 

doping of electron-transport materials used in OLEDs. We have investigated the electrical 

doping strength and the doping kinetics of several existing and new dimers by studying 
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their reaction with various acceptors in the solution and in the solid state, which can be 

utilized for future dopant design as well as applications in organic electronics. The ongoing 

studies at Princeton University of electrical doping of other electron-transport materials 

used in OLEDs with the ruthenium and the iridium dimers along with the device results 

will further broaden our understanding about the differences and limitations of our existing 

dopants. 

3.5 EXPERIMENTAL 

General details: All operations were performed under inert atmosphere in a glove box. 

THF and toluene used for UV/vis/NIR studies was dried using a solvent-purification 

system from MBraun, while chlorobenzene was dried over calcium hydride. All the 

solvents were deoxygenated by three freeze-pump-thaw cycles and stored in a glove box. 

The host materials 3.13, 3.15 and 3.16 were bought commercially from Sigma Aldrich, 

3.20 from Lumtec, 3.14 was provided by Prof. John Anthony, 3.17, 3.18 and 3.19 were 

synthesized previously by Dr. Tissa Sajoto, Dr. Chun Huang and Dr. Iryna Davydenko, 

respectively. 

UV/vis/NIR kinetics studies: The solutions for the measurements were prepared in a glove 

box in the dark at room temperature. The solutions of the two reactants were mixed in the 

desired ratio and immediately transferred into PTFE- stopcock-sealed quartz cuvettes 

(175–2700 nm) with path lengths of 1 mm or 10 mm. The sealed cuvettes were taken to a 

Varian Cary 5E spectrometer. Measurements were started within 2 minutes from the initial 

mixing. In case of light activation, sealed cuvettes were taken out the spectrometer and left 

exposed to ambient light or 375 nm light for a fixed time before continuing with the 

measurements. 

UPS/ XPS studies: Solution of 3.17 and 3.4 were mixed in the desired ratios in 

chlorobenzene and spin coated on a cleaned gold substrates in a glove box. The samples 

were transferred under inert atmosphere for UPS/ XPS analysis. All measurements were 

conducted in a combined XPS/UPS instrument (Kratos Axis Ultra) with an average base 

pressure of 10−9 Torr. UPS spectrum was obtained prior to XPS with a 21.2 eV He (I) 

excitation. 
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CHAPTER 4  DESIGN AND DEVELOPMENT OF DOPANTS 

AND SURFACE MODIFIERS WITH COVALENT TETHERING 

GROUPS 

4.1 INTRODUCTION 

 As discussed in chapter 1, electrical doping can improve the performance of many 

organic-based electronic devices.1-13 Electrical doping with organic/ metal-organic 

molecules, alkali-metals, and contact doping has been widely investigated in order to 

improve the device performances.1-5,14-23 Ohmic losses can in principle be minimized by 

shifting the Fermi level energy towards the transport states as described in chapter 1.4,24 

However, one of the issues with the electrical doping of organic semiconductors is the 

diffusion of dopants in the solid state, which could be detrimental to the device stability 

and the performance. The electrical doping of electron-transport layers in organic light-

emitting diodes (OLEDs) with lithium metal has been demonstrated to improve the 

conductivity and the device performance initially; however the diffusion of lithium cations 

into the emissive layer has been shown to act as luminescence quencher.12 Also the 

presence of small ions like Li+ next to the adjacent electron-transport layer can act as 

electrostatic traps. Parthasarthy et al. reported electrical doping of 2,9-dimethyl-4, 7-

diphenyl-1, 10-phenanthroline, 4.1 (BCP), with lithium metal and also investigated the 

diffusion of lithium metal into the organic material.2 In the architecture, ITO/organic layer 

(10-640 nm)/ Li (0.5–1 nm)/Al, secondary ion mass spectrometry (SIMS) indicated lithium 

diffusion up to 80 nm into the organic material.2 In another study, D’Andrade observed the 

diffusion of lithium up to 17.5 nm into a neat 4,7-diphenyl-1,10-phenanthroline, 4.2 

(BPhen), layer.25 

 The issue of the diffusion of the dopant ions is not restricted to alkali metals as the 

Kahn group investigated the diffusion of tetrafluoro-tetracyanoquinodimethane, 4.3 (F4-

TCNQ), in zinc phthalocyanine, 4.4, by depositing zinc phthalocyanine on top of 4.3 on a 

cold gold substrate. Monitoring the intensity of the F1s ionization in the XPS with time, 

they observed significant increase in the peak as the substrate was warmed to the room 

temperature; corresponding to the diffusion of F4-TCNQ to near the surface of 4.4.26 
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Different approaches have been studied to minimize the diffusion, either by gradually 

decreasing the concentration of dopant near the emissive layer or by introducing a thin 

dopant diffusion blocking-layer.27 Both approaches have certain advantages and 

drawbacks. Using bulky dopants should in principle minimize the diffusion in the solid 

state; however, it could also lead to the disruption of the morphology of the organic layer 

under consideration or the growth of layers on top if used for contact doping.  

 The Kahn group in collaboration with the Marder group reported use of 

cobaltocene, 4.5, as n-dopant for organic electronics. They obtained a depth profile of 

elemental composition of tristhieno hexaazatriphenylene, 4.6 (THAP), films using XPS 

and Rutherford backscattering and observed no obvious diffusion of 4.5 through the film.28 

Similar results were obtained when examining the diffusion of the cationic eighteen-

electron sandwich rhodium (biscyclopentadienyl) in copper phthalocyanine using 

Rutherford backscattering experiments.5 However, some diffusion of the rhodocenium 

cation was observed into a layer of naphthalene diimide bithiophene polymer. Thus, it is 

desirable to develop materials where no diffusion is observed when electrical doping active 

layers or surfaces with both solution as well as vacuum processing. Thus it is important to 

further probe the diffusion of the cations of nineteen-electron sandwich compounds in the 

organic films and to develop a strategy to minimize it. 
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Figure 4.1 Structures of the materials discussed in the literature in order to study diffusion 

of dopants in solid state. 2,25,26,28 

 Recently, Dr. Giordano in the Marder lab, as well as the Koch group have 

successfully demonstrated electrical doping of metal oxides using the dimers of nineteen-

electron sandwich compounds of ruthenium, rhodium, and iridium, in order to tune the 

work function with both solution processing and vacuum deposition.11,29 This approach to 

alter the work function of the metal oxides using n-dopants significantly improves the 

charge-injection characteristics of the electrode when using vacuum deposition of films on 

top of modified electrode, as the authors demonstrated efficient charge-injection from the 

doped electrode into the film of C60. However, when organic layers were spin-coated on 

top of doped electrodes, limited improvement in the charge-injection properties from the 

ITO were observed. The exact reasons for less efficient work function modification when 

using solution processing in this case is not clear but one of the hypotheses is depicted in 

Figure 4.2 where an electron transfer from the electrically doped metal oxide to the 

semiconductor being deposited can occur. Some of the reduced organic semiconductor 
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with the metallocene cation as counter ion can be washed away during the process of spin-

coating. Similar process of an electron transfer from the doped metal oxide can occur in 

the case of vacuum deposition, nevertheless it will still be electrical doping at the interface 

unlike solution processing, where it is possible we might be losing majority of the charges 

donated by the dopants.  

 

Figure 4.2 a) Possible mechanism for stable work function modification when vacuum 

depositing the organic semiconductor on top of doped metal oxide b) possible reason for 

unstable work function tuning when solution processing the organic layer. Blue layer 

denotes the organic semiconductor. 

 A possible solution to address this issue as well a strategy to minimize the diffusion 

is to develop dopants that can be covalently tethered to the semiconductor, metal, or the 

metal oxide that we desire to dope. Figure 4.3 describes the possible approach for covalent 

tethering of the dopant molecules to the surface of the metal oxides for efficient work-

function modification. As shown in Figure 4.3, modification of a surface, in this example 

ITO, with a surface binding group such as phosphonic acid, which has a group that could 

potentially be covalently tethered to another functional group, either similar or dissimilar 

can be done. It is followed by electrical doping of the metal oxide with a dopant that also 

has a similar functional group so that the surface modifier can be attached to the dopant 

cation.  The advantage of such approach will be that even if there is an electron transfer 

back from the doped ITO to the organic layer, the electrons will still be confined to the 

interface due to the electrostatic interaction with the tethered cations on the surface. We 
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should in principle expect a similar tuning of the work function as in the case of vacuum 

deposition, assuming introduction of all other groups does not change anything 

electronically. 

 

Figure 4.3 Possible approach for covalently tethering of dopant cations on top of the 

reduced surfaces of the metal oxides. 

 Different approaches have been studied in the past for various other applications to 

covalently tether functional groups to surfaces. 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.30-39 However, in the case of the dimers of 

nineteen-electron sandwich compounds, for ease of synthesis it is preferable that the 

functional group is stable under highly reducing conditions (Na-K or sodium amalgam), 

can be easily incorporated into the cations, and not interfere with the dimer-dopant 

chemistry in the devices. As the majority of the functional groups mentioned above have 

been utilized successfully in the field of organic electronics,32,40-46 we expect a group that 

is stable under reducing conditions to be suitable for our purpose. Benzocyclobutene or 

bicycle[4.2.0]octa-1,3,5-triene, 4.7, has been widely studied in the field of polymer science 

as a crosslinking agent owing to its ability to crosslink by ring opening the strained 

cyclobutene ring.34,35,47-49 Scheme 4.1 shows the ring opening of the benzocyclobutene at 

elevated temperatures (>200 °C) and its subsequent cycloaddition with itself.50,51 We 

expect no significant chemical decomposition of the benzocyclobutene in reducing 

conditions, such as Na-K or Na-Hg, and no effect of the crosslinking on the dimer-dopant 

chemistry. These reasons, coupled with the previous reports of using benzocyclobutene in 



 

177 

 

organic electronics motivated us to investigate incorporation of the benzocyclobutene on 

the dimers.42,45  

 

Scheme 4.1 Ring opening of benzocyclobutene to form the cross-linked product. 

4.2 INCORPORATION OF BENZOCYCLOBUTENE DERIVATIVES INTO 

RHODOCENE DIMERS 

4.2.1 Design and development of the dimers 

 As discussed in the previous chapters, we have developed the dimers of nineteen-

electron sandwich compounds of rhodium, iridium and ruthenium as n-dopants. The 

synthetic schemes for the synthesis of rhodium, iridium, and ruthenium dimers are shown 

in Scheme 4.2 - Scheme 4.4. As shown in Scheme 4.4, ruthenium salts are synthesized by 

reacting a large excess of the arene with ruthenium pentamethylcyclopentadienyl 

tris(acetonitrile) complex, 4.14. Thus the incorporation of the benzocyclobutene group on 

ruthenium cations may not be straightforward as it is likely that the benzocyclobutene core 

itself will react with the ruthenium acetonitrile complex. Nevertheless it is possible to 

synthesize rhodium and iridium salts with the integration of benzocylobutene groups. 
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Scheme 4.2 Synthetic scheme for the synthesis of rhodium pentamethylcyclopentadienyl/ 

cyclopentadienyl sandwich dimers.52-54 

 

Scheme 4.3 Synthetic scheme for the synthesis of iridium pentamethylcyclopentadienyl/ 

cyclopentadienyl sandwich dimers.52,53,55 

 

Scheme 4.4 Synthetic scheme for the synthesis of ruthenium mixed 

pentamethylcyclopentadienyl/ arene dimers.56-58 

 Consistent with the previous reports, our experience also indicates synthesis of 

rhodium/iridium pentamethylcyclopentadienyl cyclopentadienyl dimer is more convenient 

than rhodocene or iridocene dimers, as the yields of the isolated dimers are significantly 

higher for the former.54,55 As discussed previously, the rhodium 

pentamethylcyclopentadienyl cyclopentadienyl cation, 4.9, dimerizes to form the 

asymmetric dimer, 4.10, as shown in Scheme 4.2, whereas the iridium 
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pentamethylcyclopentadienyl cyclopentadienyl cation 4.12, dimerizes to form a mixture of 

the two isomers 4.13 as shown in Scheme 4.3. The incorporation of the benzocyclobutene 

group is anticipated to lead to more complicated NMR spectra. These will be even more 

complicated if multiple isomers are formed. Given that 4.10 and 4.13 are formed as a 

simple isomer and an isomer mixture respectively, a rhodium dimer with benzocyclobutene 

might be expected to afford a more easily characterized product. Thus for this chapter 

attempts were made to incorporate benzocyclobutene groups on the rhodium dimer. 

4.2.1.1 Synthesis of dimers with bicyclo[4.2.0]octa-1(6),2,4-triene group  

4.2.1.1.1 Synthesis of the cation 

 As shown above in Scheme 4.2, rhodium sandwich cations are synthesized by 

reacting rhodium dichloride dimer, 4.8, with cyclopentadiene. The retrosynthetic analysis 

shown in Scheme 4.5 shows the approach to synthesize rhodium cation with 

bicyclo[4.2.0]octa-1(6),2,4-triene group. Following the Scheme 4.6, cyclopentadiene was 

modified by reacting cyclopentenone with 3-lithiobicyclo[4.2.0]octa-1(6),2,4-triene, 

which was itself obtained by lithium bromine exchange  with the commercially available 

3-bromobicyclo[4.2.0]octa-1(6),2,4-triene, 4.17, as shown in Scheme 4.6 to isolate 4.18, 

which was obtained as a mixture of isomers and used for next step without further 

purification. Modified cyclopentadiene, 4.18, was further reacted with rhodium dichloride 

dimer, 4.8, as shown in Scheme 4.7 to isolate the rhodium salt, 4.19.  

 

Scheme 4.5 Retrosynthesis of rhodocenium cation incorporating benzocyclobutene moiety.  
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Scheme 4.6 Synthesis of a benzocylcobutene derivative of cyclopentadiene.  

 

Scheme 4.7 Synthesis of the rhodium salt with the benzocyclobutene group.  

 Crystals of the rhodium salt 4.19, was obtained by slow evaporation of CH2Cl2 

solution at room temperature and the structure was determined by single crystal X-ray 

methods by Evgheni Jucov in the group of Dr. Tatiana Timofeeva at New Mexico Highland 

University. An ORTEP representation of the cation is shown in Figure 4.4 and the 

comparison of the selected bond lengths and angles with the previously reported closely 

related rhodium cation, 4.10, is made in Table 4.1.59 The benzocyclobutene group did not 

have any significant effect on the metal interactions with the cyclopentadienyl ligand; there 

is only a slight change in the Rh-CCp’ bond lengths and the distance from the metal to the 

centroid. Also both rings are essentially parallel and centroid – metal – centroid angle is 

very close to 180°. For the cyclobutene, the carbon-carbon bond lengths are similar to 

previously reported structures of benzocyclobutene,60,61 with C21-C20 bond length is 

1.562(5) Å, C21-C22 is 1.515(4), and C19-C20 is 1.509 (4) Å and the angles ranging from 

86.1° (2) to 93.7° (3). 
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Figure 4.4 ORTEP view (50% ellipsoid) of the cation 4.19. Hydrogen atoms and counter 

ion PF6
- are omitted for clarity. 



 

 

 

182 

T
ab

le
 4

.1
 C

o
m

p
ar

is
o
n
 o

f 
k
ey

 g
eo

m
et

ri
c 

ch
ar

ac
te

ri
st

ic
s 

o
f 

rh
o
d
iu

m
 c

at
io

n
s 

(b
o
n
d
 l

en
g
th

s 
(Å

) 
an

d
 a

n
g
le

s 
(°

))
. 

 

C
a
ti

o
n

 
R

h
-C

C
p

a
 (

Å
) 

R
h

-C
C

p
*

 (
Å

) 
R

h
-C

t C
p

b
 (

Å
) 

R
h

-C
t C

p
’b

 (
Å

) 
C

t C
p
-R

-

C
t C

p
’ 
(°

) 

 
R

a
n

g
e 

A
v
er

a
g
e
 

R
a
n

g
e 

A
v
er

a
g
e
 

 
 

 

4
.1

0
4
4
 

2
.1

7
6

 (
3

) 
–

 2
.1

9
5
 (

3
) 

2
.1

9
0

 (
7

) 
2

.1
5

4
 (

3
) 

–
 2

.1
7

5
 (

3
) 

2
.1

6
6

 (
4

) 
1

.8
2

4
 

1
.7

8
8
 

1
7

8
.8

 

4
.1

9
 

2
.1

7
1

 (
2

) 
–

 2
.2

0
1
 (

3
) 

2
.1

8
7

 (
5

) 
2

.1
6

4
 (

2
) 

–
 2

.1
7

6
 (

3
) 

2
.1

6
9

 (
2

) 
1

.8
2

0
 

1
.7

9
4
 

1
7

8
.0

6
 

a C
p

 i
n

 c
as

e 
o

f 
4

.1
0

 a
n
d

 m
o

d
if

ie
d

 C
p

 w
it

h
 b

en
zo

c
y
cl

o
b

u
te

n
e 

fo
r 

4
.1

9
 b

C
t 

d
en

o
te

s 
ce

n
tr

o
id

 o
f 

th
e 

ri
n
g

. 
B

o
th

 c
at

io
n
s 

h
a
v
e 

P
F

6
-  a

s 
th

e
 c

o
u

n
te

r 
io

n
. 

 



 

183 

 

4.2.1.1.2 Synthesis of the dimer 

 The rhodium salt 4.19 was reduced with sodium-amalgam (Na-Hg) to obtain the 

dimer 4.20 as shown in Scheme 4.8. The dimer was characterized using multidimensional 

NMR spectroscopy (shown in Figure 4.5 - Figure 4.7), cyclic voltammetry, elemental 

analysis. The assignment of the peaks in the 1H NMR is summarized in Table 4.2. The 

MALDI mass spectrum of the dimer showed the corresponding cation and the elemental 

analysis was consistent with the formation of the dimer. As in the case of dimer 4.10, only 

dimerization occurs through Cp*-Cp with no formation of Cp*-Cp* and Cp’-Cp’ products 

observed, However, in this case two isomers are formed, the ratio of which is presumably 

directed by steric consideration as shown in Scheme 4.8. 

 

Scheme 4.8 Synthesis of rhodium dimer 4.20 with the benzocyclobutene group. 
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Table 4.2 NMR characterization for the rhodium dimer 4.20 with benzocyclobutene 

substituents. 

 Proton Carbon HMBC NOE  

1 1.70 10.54 94.11, 10.54   

2 ---- 94.11    

3 4.96 72.36 44.11, 49.12, 64.43, 89.50   

4 ---- 89.50    

5 3.01 44.11 49.12, 64.43, 72.36, 89.50   

6 2.70 49.12 44.11, 49.12, 61.76, 64.43, 72.36. 

89.50 

1.45, 1.83, 1.17, 1.09 

7 2.70 64.43 44.11, 49.12, 61.76, 64.43, 72.36, 

89.50 

  

8 ---- 61.76    

9 ---- 67.30 22.92, 14.08, 13.74   

10 ---- 90.08    

11 1.45 22.92 61.76, 64.43, 67.30, 90.08   

12 1.17 13.74 61.76, 67.30, 90.08 1.45, 1.83, 2.7 

13 1.09 14.08 61.76,  67.30, 90.08 3.01, 2.7, 1.99, 1.45 

14 1.99 12.27 61.76, 90.08,   

15 1.83 12.09 61.76, 90.08   

16 5.32 81.87    

17 5.04 84.62    
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4.2.1.1.3 Electrochemistry of dimer and salt 

 Cyclic voltammetry of the salt 4.19 was carried out in THF/0.1 M TBAPF6 and is 

shown in Figure 4.8, with the reduction potential of the salt similar to the salt 4.10, which 

does not have the benzocyclobutene group. As discussed in chapter 2, introduction of 

tetraphenyl substituents on the cyclopentadienyl ligand anodically shifted the reduction 

potential of the iridium salt only by 0.19 V; no observable shift in the case of the salt 4.19 

is consistent with the behavior of iridium salt. Similarly cyclic voltammetry of the dimer 

4.20 was performed in THF/0.1 M TBAPF6, which again showed the oxidation of the dimer  

at - 0.95 V vs. ferrocene, similar to that of the rhodium dimer without the benzocyclobutene 

group.62 
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Figure 4.8 CV of the rhodium salt 4.19 in THF/0.1 M TBAPF6. The potentials are relative 

to the silver wire pseudo reference electrode and the ferrocenium/ ferrocene couple is seen 

as reversible peak at ca 0.6 V. 
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Figure 4.9 CV of the rhodium dimer 4.20 in THF/0.1 M TBAPF6. The potentials are 

relative to the silver wire pseudo reference electrode and the ferrocenium/ ferrocene couple 

is seen as reversible peak at ca 0.8 V. 

4.2.1.1.4 Doping studies 

 To further confirm that 4.20 is indeed a rhodocenium dimer and to investigate 

whether the incorporation of the benzocyclobutene group significantly impacts the doping 

properties of the dimer, it was used as a reducing agent in a solution reaction with 6,13-

bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene). As described in chapters 1 and 3, 

the growth of the anion radical of TIPS-pentacene on doping with the dimers can be 

monitored by optical spectroscopy. Examples of the Vis-NIR absorption spectrum of the 

doped TIPS-pentacene with 4.20 are shown in Figure 4.10, which illustrates the growth of 

the anion radical peak at 743 nm. Side products often obtained on reduction of similar 

metallocene cations include a hydride-reduced product, which is insufficiently reducing to 

dope TIPS-pentacene except for ruthenium products (see detailed discussion in chapter 6). 

This further suggests the formation of the dimer on chemical reduction of the cation 4.19. 
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Figure 4.10 Vis-NIR absorption spectra of TIPS-pentacene with 4.20 in THF. 

4.2.1.2 Synthesis of dimers with 7-phenoxybicyclo[4.2.0]octa-1(6),2,4-triene group 

 It has been reported that the temperature for crosslinking of benzocyclobutene can 

be lowered by the introduction of either electron donating or electron withdrawing 

groups.51,63,64 Therefore, we were interested in incorporating a different benzocyclobutene 

moiety into the dimers that could potentially crosslink at a lower temperature. Dobish and 

co-workers have reported that the introduction of ether linkage on the cyclobutene can 

lower the temperatures of crosslinking, with temperatures lower than 150 °C being 

observed for few polymers.65 Recently we successfully adopted this approach for 

crosslinking of fullerene derivatives for enhancing the long term stability of organic 

photovoltaics.66 Similarly we attempted to synthesize a rhodocenium cation incorporating 

this derivative of benzocyclobutene in order to investigate the differences in the 

crosslinking temperatures with the previously synthesized cation 4.19. 
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4.2.1.2.1 Synthesis of the cation 

 The benzocyclobutene derivative was synthesized from bicyclo[4.2.0]octa-1,3,5-

trien-7-ol, 4.22, which was synthesized according to the published procedure as shown in 

Scheme 4.9.67 7-(4-bromophenoxy)bicyclo[4.2.0]octa-1,3,5-triene, 4.23, was synthesized 

from 4.22 by a Mitsonubu reaction with 4-bromophenol, as shown in Scheme 4.10. 

Similarly to synthesize benzocyclobutene functionalized cyclopentadiene, 7-(4-

bromophenoxy)bicyclo[4.2.0]octa-1,3,5-triene was reacted with tBuLi and then reacted 

with cyclopentenone, as shown in Scheme 4.11. Cyclopentadiene derivative, 4.24, was 

further reacted with rhodium pentamethylcyclopentadiene dichloride dimer to obtain the 

rhodium salt, 4.25, as shown in Scheme 4.12. 

 

Scheme 4.9 Synthesis of bicyclo[4.2.0]octa-1,3,5-trien-7-ol 4.20, in order to synthesize the 

benzocyclobutene derivative that could crosslink at lower temperature. 

 

Scheme 4.10 Synthesis of the benzocyclobutene derivative that could crosslink at lower 

temperature. DIAD is diisopropyl azodicarboxylate. 
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Scheme 4.11 Synthesis of cyclopentadiene substituted with 7-

(phenoxy)bicyclo[4.2.0]octa-1,3,5-triene. 

 

Scheme 4.12 Synthesis of the rhodium salt 4.25 with the benzocyclobutene derivative. 

4.2.1.2.2 Synthesis of the dimer 

 The reduction of the salt 4.25, with sodium-amalgam was attempted as shown in 

the Scheme 4.13. Multidimensional NMR spectroscopy was performed in order to 

characterize the product and the spectra are shown in Figure 4.11 - Figure 4.13. Assignment 

of all peaks is difficult because of the complex NMR due to the formation of an isomer 

mixture. Moreover, the presence of a stereocenter in the benzocyclobutene ring leads to 

otherwise equivalent resonances becoming diastereotopic. MALDI-MS showed the 

monomeric cation as expected. The elemental analysis was consistent with the formation 

of dimer.  
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Scheme 4.13 Reduction of the rhodium salt 4.25 with sodium amalgam. 

 In order to verify that there is no formation of the hydride reduced product, sodium 

borohydride reduction of the salt was attempted as shown in Scheme 4.14.  A 1H NMR of 

the mixture obtained on borohydride reduction was different than the 1H NMR of the 

product isolated after amalgam reduction.  

 

Scheme 4.14 Sodium borohydride reduction of the rhodium salt 4.25. 

 Deprotonation of the salt 4.25 was attempted with potassium tert-butoxide as 

shown in Scheme 4.15. Again the 1H NMR is different from the alkali-metal reduced 

product and also there is presence of CH2 peak for the deprotonated product in DEPT135 

spectrum, which is missing in the sodium-amalgam reduced products, confirming the 

absence of deprotonated product in 4.26.   
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Scheme 4.15 Deprotonation of the rhodium salt with potassium tert-butoxide. 
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4.2.1.2.3 Electrochemistry of dimer and salt 

 Cyclic voltammetry of the salt and the alkali-reduced product was carried out in 

THF as shown in the Figure 4.14 - Figure 4.16. The reduction product shows the oxidation 

potential of the reduced product at - 0.96 V, which is consistent with the formation of the 

dimer. As shown in Figure 4.15 and Figure 4.16, there is no product that oxidizes at ca 0 

V vs. ferrocene ruling out the possibility of the hydride-reduced product consistent with 

our control experiment of reduction with sodium borohydride. 
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Figure 4.14 CV of the rhodium salt 4.25 in THF/0.1 M TBAPF6. The potentials are relative 

to the silver wire pseudo reference electrode and the ferrocenium/ ferrocene couple is seen 

as reversible peak at ca 0.5 V. 
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Figure 4.15 CV of the reduction product, 4.26, in THF/0.1 M TBAPF6. The potentials are 

relative to the silver wire pseudo reference and the ferrocenium/ ferrocene couple is seen 

as reversible peak at ca 1.1 V. 
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Figure 4.16 CV of the reduction product, 4.26, in THF/0.1 M TBAPF6 without ferrocene.  
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4.2.1.2.4 Doping studies 

 Doping of TIPS-pentacene, further supported the formation of the desired dimer. 

As shown in Figure 4.17, vis-NIR absorption spectrum of the 1:2 mixture of 4.26 and TIPS-

pentacence, growth of the anion radical was observed in THF in the dark. 
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Figure 4.17 Vis-NIR absorption spectrum of TIPS-pentacene mixed with the reduction 

product of rhodium cation 4.25 in THF under inert atmosphere. 

4.3 COVALENT TETHERING STUDIES 

4.3.1 Differential scanning calorimetry (DSC) and Thermogravimetric analysis 

(TGA) 

 Electrical doping of organic semiconductors with rhodocenium dimers leads to the 

formation of the rhodocenium cations. Thus crosslinking studies were attempted with the 

cations as it presumably models a doped film being post-processed. DSC of the rhodium 

salts with and without benzocyclobutene groups were performed as shown in Figure 4.18 

and Figure 4.20. As expected, there is an exothermic peak for the salt, 4.19, with the 

bicyclo[4.2.0]octa-1(6),2,4-triene group that is absent for the salt 4.9. Similarly DSC of the 
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salt, 4.25, with 7-(phenoxy)bicyclo[4.2.0]octa-1,3,5-triene group also shows an exothermic 

peak around 200 °C. TGA of the two new salts, 4.9 and 4.19, is shown in Figure 4.21, 

which shows no weight loss from the salts until 250 °C. The presence of the exothermic 

peak in the DSC of the salts and no significant decomposition until that temperature 

suggests a possible crosslinking of the salts.45,64-66 
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Figure 4.18 DSC of the rhodium salt 4.9 at 10 °C min-1. 
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Figure 4.19 DSC of the rhodium salt 4.19 at 10 °C min-1. 
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Figure 4.20 DSC of the rhodium salt 4.25 at 10 °C min-1.  
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Figure 4.21 TGA of the rhodium salts 4.19 and 4.25. 

4.3.2 Crosslinking studies of 4.19 with polymer 4.27 

 As discussed in chapter 1 and 3, electrical doping of semiconductors will lead to 

the formation of the corresponding cations of the dimers. Thus, in order to investigate if it 

is possible to covalently tether the metallocene salts 4.19 and 4.25 discussed above with 

the materials containing same benzocyclobutene derivatives, crosslinking of the salt 4.19 

was studied using the polymer 4.27 (shown in Figure 4.22), which was previously 

synthesized by Dr. Carlos Zuniga. A solution of the salt 4.9, which does not contain the 

benzocyclobutene group, with the polymer 4.27 and solution of the salt 4.19 with the 

polymer 4.27, was prepared and drop-cast on a gold substrate. Both films were annealed at 

240 °C for 10 minutes. The films were then immersed in acetone for 10 minutes and later 

repeatedly washed with acetone to remove any salt that is not covalently tethered. Even 

though we expect the salt with benzocyclobutene to crosslink with the polymer 4.27, it is 

possible that the salt without the benzocyclobutene group can be trapped within the film of 

the crosslinked polymer. XPS of both films was performed to probe for elements associated 

with the rhodocenium species, the F1s being most promising given the higher sensitivity 
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of F1s ionization in the XPS and the presence of six fluorine atoms in the PF6 counter-

anion. XPS spectra are shown in Figure 4.23 and Figure 4.24. XPS clearly showed the 

presence of F1s in the film that contained the salt with the benzocyclobutene group, but 

not in the other case. ESI-Mass spectra of the acetone washing from the solutions showed 

cation 4.9+, consistent with the inability of this species to crosslink. On the other hand only 

a very weak signal corresponding to the cation 4.19+ in the washings from the film made 

using cross-linkable salt was observed, consistent with majority of salt crosslinking with 

the polymer 4.27.  

 

Figure 4.22 Structure of polymer used for crosslinking studies with the cation 4.9. 
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Figure 4.23 XPS of the film of salt 4.9 and polymer 4.27 after annealing and washing, 

showing no peak for Fluorine 1s. 
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Figure 4.24 XPS of the film of salt 4.19 and polymer 4.27 after annealing and washing, 

showing peak for Fluorine 1s. 
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4.3.3 NMR of covalent tethered product of cation 4.25 

NMR of the salt 4.25 shown in Figure 4.27, showed the disappearance of the peaks 

associated with the four membered ring after heating the cation at 250 °C. This is consistent 

with the dimerization and oligomerization of the salt on annealing. 

4.4 INCORPORATION OF BENZOCYCLOBUTENE DERIVATIVES INTO 

SURFACE MODIFIERS 

 As discussed above, covalent tethering of the cation with the surface could possibly 

address the issues associated with the stability of the work-function modification of metal 

oxides using metallocene dimers as n-dopants. Phosphonic acids have been widely studied 

for surface modifications of various metal oxides such as ITO and ZnO.68-72 Hence, 

synthesis of phosphonic acids with bicyclo[4.2.0]octa-1(6),2,4-triene and 7-

(phenoxy)bicyclo[4.2.0]octa-1,3,5-triene groups were attempted as shown in Scheme 4.16 

and Scheme 4.17. The phosphonates and the phosphonic acid for both benzocyclobutene 

derivatives were characterized by 1H, and 13C NMR, high resolution electron-spray 

ionization mass spectroscopy, and elemental analysis. Crosslinking studies on the surface 

with the two phosphonic acids and the dimers 4.20 and 4.26 are currently being carried out 

by Federico Pulvirenti in the Marder lab and will be discussed in future in his thesis. 

 

Scheme 4.16 Synthesis of phosphonic acid with bicyclo[4.2.0]octa-1(6),2,4-triene. 
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Scheme 4.17 Synthesis of phosphonic acid with 7-phenoxybicyclo[4.2.0]octa-1(6),2,4-

triene. 

4.5 CONCLUSIONS 

 Doped metal oxide with the dimers of nineteen-electron sandwich compounds of 

ruthenium, rhodium, and iridium, worked efficiently as electron-donating electrode when 

organic semiconductors were vacuum deposited on top whereas not so efficiently when 

organic semiconductors were solution processed. The possibility of washing of the cation 

with the reduced semiconductor during the process of spin coating was investigated by 

designing and developing dimers and surface modifiers with groups that could be 

covalently tethered. The benzocyclobutene group, which has been widely studied as a 

crosslinking group in polymer science, as well as in the field of organic electronics, was 

chosen for the study. Synthesis and the characterization of two new dimers with two 

different benzocyclobutene derivatives have been reported along with the synthesis of 

phosphonic acids with same groups. Cyclic voltammetry of the two new salts showed 

similar reduction potentials as the salts without benzocyclobutene group. Similarly, no 

significant difference was observed in the oxidation potential of the dimers with the 

benzocyclobutene derivatives. Both the dimers were characterized using multidimensional 

NMR spectroscopy and elemental analysis, which were consistent with the formation of 

both dimers. DSC of the salts with the benzocyclobutene derivatives showed an exothermic 

peak attributed to the opening of cyclobutene ring. TGA did not show any decomposition 

of the salts until the temperature of crosslinking. Initial crosslinking results using XPS and 

mass spectroscopy, showed crosslinking of the salt with the polymer containing same 
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crosslinking group. Similarly the exothermic peak in the DSC and the loss of the peaks 

associated with cyclobutene in the 1H NMR, are evidences of crosslinking of the salt, which 

could crosslink at lower temperature than regular benzocyclobutene. This approach is 

currently being studied and in future it paves the way for diffusion studies of the cation in 

the solid-state, as covalent tethering of the cation with organic semiconductors in principle 

is a way of minimizing diffusion. 

4.6 EXPERIMENTAL  

All operations were performed under inert atmosphere using standard Schlenk 

techniques or in a glove box. Toluene and THF were dried using a solvent purification 

system from MBraun. Sodium-amalgam (1 wt%) was prepared by adding small pieces of 

sodium metal to vigorously stirred Hg (electronic grade, 99.99%) under a flow of nitrogen. 

NMR spectra were recorded on a Varian 300 MHz, Bruker AMX 400 MHz, AVIIIHD 500 

MHz spectrometer. 3-bromobicyclo[4.2.0]octa-1(6),2,4-triene and TIPS-pentacene were 

purchased commercially, whereas polymer 4.27 was synthesized previously by Dr. Zuniga 

in Marder lab. 1H chemical shifts were referenced according to the residual proton signal 

of the solvent and the carbon resonances of the deuterated solvent, respectively (spectrum 

in acetone d6 were referenced to the carbon resonance at 206.26 ppm).73 Mass spectra were 

obtained using either electron impact (EI) on a MicroMass AutoSpec M, electrospray 

ionization (ESI) on an Applied Biosystems QSTAR-XL, or matrix assisted laser desorption 

ionization (MALDI) on an Applied Biosystems 4700 Proteomics Analyzer. Elemental 

analyses were carried out by Atlantic Microlabs using a LECO 932 CHNS elemental 

analyzer. Electrochemical data were acquired using cyclic voltammetry in 0.1 M nBu4NPF6 

in dry THF under nitrogen, using a CH Instruments 620D potentiostat, a glassy carbon 

working electrode, a platinum wire auxiliary electrode, and, as a pseudo-reference 

electrode, a silver wire anodized in 1 M aqueous potassium chloride solution. A scan rate 

of 50 mV s–1 was used and ferrocene was used as an internal reference. XPS measurements 

were conducted in a combined XPS/UPS instrument (Kratos Axis Ultra) with an average 

base pressure of 10−9 Torr. For UV/vis/NIR studies, the solutions were prepared in a glove 

box in the dark at room temperature and immediately transferred into PTFE- stopcock-

sealed quartz cuvettes (175–2700 nm) with path lengths of 1 mm. The sealed cuvettes were 
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taken to a Varian Cary 5E spectrometer. Measurements were started within 2 min from the 

initial mixing. 

4.6.1 Cyclopenta-1,4-dien-1-yl-bicyclo[4.2.0]octa-1(6),2,4-triene 4.18  

 

 To a deoxygenated solution of THF (10 ml) and benzocyclobutene (1.0 g, 5.5 

mmol), tBuLi (6.5 ml of 1.7 M solution in THF, 11 mmol) was added dropwise at -78 °C 

and the mixture was stirred for 1 h at -78 °C. Cyclopentaneone was added and the mixture 

was stirred for 4 h at room temperature.  The reaction mixture was quenched with water 

and then with dilute HCl and was extracted with dichloromethane. The solvent was 

removed under reduced pressure and dried under vacuum to yield a yellowish waxy solid 

(0.85 g, 92%). The 1H NMR spectrum was complicated due to different isomers present. 

GC-MS showed 96% of the desired product. It was used for next step without further 

purification.  GC-MS m/z 168 (C13H12
+)(M+). 

4.6.2 Rhodium pentamethylcyclopentadienyl cyclopentadienyl-1-bicyclo[4.2.0]octa-

1(6),2,4-triene hexafluorophosphate 4.19  

 

 The rhodium salt was synthesized in an analogous fashion to the published 

procedure for synthesis of rhodium pentamethylcyclopentadienyl cyclopentadienyl 

hexafluorophosphate salt but using 4.18 instead of cyclopentadiene2, 7 to yield a white solid 

(0.60 g, 25 %). 1H NMR (500 MHz, acetone-d6): δ 7.55 (d, J = 5 Hz, 1H), 7.41 (s, 1H), 

7.20 (d, J = 5 Hz, 1H), 6.30 (s, 2H), 5.86 (s, 2H), 3.22 (d, J = 5 Hz, 4H), 1.96 (s, 15H) 
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13C{1H} NMR (125 MHz, acetone-d6): δ 148.77, 147.93, 127.99, 126.44, 124.38, 121.46, 

102.39 (d, JC-Rh = 7.5 Hz), 89.71 (d, JC-Rh = 7.5 Hz), 85.16 (d, JC-Rh = 6.2 Hz), 30.10, 29.90, 

10.01 DEPT-135 showed CH2 at 30.10 ppm and 29.90 ppm, HSQC showed the correlation 

of peak at 3.22 ppm in 1H NMR with the peak at 30.10 ppm and 29.90 ppm in 13C{1H} 

NMR.  Anal. Calcd. for C23H26F6PRh: C, 50.20; H, 4.76; Found: C, 50.28; H, 4.84 MS 

(ESI) m/z 405.1 (C23H26Rh+) (M+ - PF6
-).  

4.6.3 Rhodium pentamethylcyclopentadieneyl cyclopentadienyl-1-

bicyclo[4.2.0]octa-1(6),2,4-triene dimer 4.20  

 

A suspension of rhodium pentamethylcyclopentadienyl cyclopentadienyl-1-

bicyclo[4.2.0]octa-1(6),2,4-triene hexafluorophosphate 4.19 (0.25 g, 0.45 mmol) in THF 

(20 mL) was added to 5 equivalents of 1% Na-Hg under inert atmosphere. The reaction 

was stirred for ca. 2 h at room temperature. The solution from the amalgam was then 

transferred via cannula under inert atmosphere and the solvent was removed under reduced 

pressure. The solid residue was extracted in toluene, filtered through Celite, toluene was 

removed under reduced pressure, and dried under vacuum to yield a yellow crystalline solid 

(0.09 g, 50%). 1H NMR (500 MHz, benzene-d6): Major isomer δ 7.21 (d, J = 5 Hz, 1H), 

7.14 (s, 1H), 7.04 (s, 1H), 7.01 (s, 1H), 6.90 (d, J = 5 Hz, 1H), 6.86 (d, J = 5 Hz, 1H), 5.32 

(m, 2H), 5.04 (m, 2H), 4.96 (s, 1H), 3.01 (s, 1H), 2.71 (s, 1H), 1.99 (s, 3H), 1.83 (s, 3H), 

1.70 (s, 15H), 1.45 (s, 3H), 1.17 (s, 3H), 1.09 (s, 3H) 13C{1H} NMR (125 MHz, benzene-

d6): δ 145.9, 145.7, 143.4, 142.7, 137.2, 135.1, 129.3, 128.6, 124.3 (d, JC-Rh = 8.5 Hz), 

122.6 (d, JC-Rh = 7.3 Hz), 119.4 (d, JC-Rh = 11 Hz), 94.1 (d, JC-Rh = 6.3 Hz), 90.1 (d, JC-Rh = 

10 Hz), 89.5 (d, JC-Rh = 8.7 Hz), 84.6 (dd, JC-Rh = 5 Hz, 3.7 Hz), 81.9 (dd, JC-Rh = 5 Hz, 1.5 
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Hz), 72.4 (d, JC-Rh = 8.7 Hz), 67.3, 64.4, 61.7 (d, JC-Rh = 12.5 Hz), 61.5 (d, JC-Rh = 12.5 Hz), 

49.2 (d, JC-Rh = 12.5 Hz), 44.2 (d, JC-Rh = 12.5 Hz), 29.5, 22.9, 14.1, 13.7, 12.3, 12.1, 10.5, 

10.1 1H NMR (500 MHz, benzene-d6): Minor isomer (aromatic peaks overlap with the 

major isomer) δ 5.01 (m, 0.2H), 4.83 (br, 0.2H), 4.45 (m, 0.2H), 2.61 (br, 0.2H), 2.11 (s, 

0.6H), 1.95 (s, 0.6H), 1.60 (s, 3H), 1.45 (s, 0.5H), 1.47 (s, 0.5H), 1.25 (s, 0.5H),  1.11 (s, 

0.5H)  Anal. Calcd. for C46H52Rh2: C, 68.15; H, 6.47; Found: C, 67.86; H, 6.57 MS 

(MALDI) m/z 405.1 (C23H26Rh+) (M/2) +. 

4.6.4 7-(4-bromophenoxy)bicyclo[4.2.0]octa-1,3,5-triene 4.23  

 

 Bicyclo[4.2.0]octa-1,3,5-trien-7-ol (1.5 g, 13 mmol), triphenylphosphine (2.16 g, 

12.5 mmol), and 4-bromophenol (3.3 g, 13 mmol) were dissolved in anhydrous THF and 

stirred under nitrogen. Diisopropyl azidocarboxylate (2.5 mL, 13 mmol) was added slowly 

in an ice bath. The reaction was sonicated for ca 15 min and allowed to stir at room 

temperature for 4 h. The reaction was mixture was poured in 50 mL hexanes to remove the 

unreacted triphenylphosphine oxide byproduct. The solvent was removed under reduced 

pressure and the product was purified by column chromatography on silica in hexanes to 

yield a white solid (2.6 g, 75%). 1H NMR (500 MHz, chloroform-d6): δ 7.42 (d, J = 11.5 

Hz, 2H), 7.34 (m, 1H), 7.19 (d, J = 9 Hz, 2H), 5.64 (dd, J = 5 Hz, 2 Hz, 2H), 3.71 (dd, J = 

17.5 Hz, 5 Hz, 2H), 3.28 (d, J = 17.5 Hz, 2H). 13C{1H} NMR (500 MHz, chloroform-d6): 

δ 157.25, 144.40, 142.01, 132.56, 130.20, 127.65, 123.67, 123.13, 116.97, 113.97, 74.51, 

39.47 Anal. Calcd. for C14H11BrO: C, 61.11; H, 4.03; Found: C, 61.18; H, 3.99 GC-MS 

m/z 274 (C14H11BrO+) (M+). 



 

215 

 

4.6.5 7-phenoxybicyclo[4.2.0]octa-1,3,5-triene cyclopentadienyl 4.24  

 

 To a deoxygenated solution of THF (10 ml) and benzocyclobutene (1.0 g, 3.7 

mmol), tBuLi (4.3 ml of 1.7M in THF, 7.3 mmol) was added dropwise at -78 °C and 

mixture was stirred for 1 hour at -78 °C. Cyclopentaneone was added and the mixture was 

stirred for 1 hour at room temperature.  The reaction mixture was quenched with water and 

then with dilute HCl and was extracted with dichloromethane. The solvent was removed 

under reduced pressure and dried under vacuum to yield a yellowish solid (0.87 g, 91%). 

The 1H NMR spectrum was complicated due to different isomers present. It was used for 

next step without further purification.  HRMS m/z calcd for (C19H16O
+) (M+), 260.1201; 

found, 260.1208. 

4.6.6 Rhodium pentamethylcyclopentadienyl cyclopentadienyl-7-phenoxybicyclo 

[4.2.0]octa-1,3,5-triene hexafluorophosphate 4.25 

 

 The rhodium salt was synthesized in an analogous fashion to the published 

procedure for synthesis of rhodium pentamethylcyclopentadienyl cyclopentadienyl 

hexafluorophosphate salt but using 4.24 instead of cyclopentadiene2, 7  to yield a white solid 

(0.80 g, 40%). 1H NMR (500 MHz, acetone-d6): δ 7.75 (d, J = 8 Hz, 2H), 7.39 (m, 1H), 

7.29 (m, 1H), 7.24 (m, 2H), 6.32 (br, 2H), 5.87 (br, 2H), 5.85 (br, 1H), 3.80 (d, J = 14 Hz, 

1H), 3.22 (d, J = 14 Hz, 1H) 1.97 (s, 15H) 13C{1H} NMR (500 MHz, acetone-d6): δ 160.3, 

145.6, 143.6, 131.1, 129.1, 128.4, 124.5, 123.9, 116.9, 102.1 (d, JC-Rh = 7.5 Hz), 89.6 (d, 
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JC-Rh = 7.5 Hz), 84.8 (d, JC-Rh = 7.5 Hz), 75.3, 39.9, 10.1. Anal. Calcd. for C29H30OF6PRh: 

C, 54.22; H, 4.71; Found: C, 54.07; H, 4.74, HRMS (ESI) m/z calcd for (C29H30ORh+) (M+ 

- PF6
-), 497.1346; found, 497.1339. 

4.6.7 Rhodium pentamethylcyclopentadienyl cyclopentadienyl-7-phenoxybicyclo 

[4.2.0]octa-1,3,5-triene dimer 4.26 

 

A suspension of rhodium pentamethylcyclopentadienyl cyclopentadienyl-7-

phenoxybicyclo [4.2.0]octa-1,3,5-triene hexafluorophosphate 4.25 (0.99 g, 1.5 mmol) in 

THF (150 mL) was added to 5 equivalents of 1% Na-Hg under inert atmosphere. The 

reaction was stirred for ca. 2 h at room temperature. The solution from the amalgam was 

transferred via cannula under inert atmosphere and the solvent was removed under reduced 

pressure. The solid residue was extracted in toluene, filtered through Celite, toluene was 

removed under reduced pressure, and dried under vacuum to yield a yellow crystalline solid 

(0.28 g, 36%). 1H NMR (500 MHz, benzene-d6): Mixture of isomers, assignment of peaks 

difficult due to overlap of peaks in the aromatic region as well as overlap of Cp peaks with 

benzocyclobutene peaks. δ 7.23 (d, J = 8.5 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 7.14 (m, 4H), 

7.11 (m, 5H), 7.05 (m, 4H), 7.02 (m, 6H), 6.95 (d, J = 8 Hz, 2H), 6.91 (m, 8H), 5.44 (dd, 

J = 2.5 Hz, 1.5 Hz, 0.5H), 5.39 (m, 1H), 5.37 (m, 1.5H), 5.34 (br, 1H), 5.32 (br, 2H), 4.82 

(br, 0.4H), 4.47 (br, 0.3H), 3.29 (m, 4H), 3.17 (m, 5H), 3.04 (br, 0.4H), 3.00 (br, 1H), 2.73 

(br, 2H), 2.63 (br, 2H), 2.11 (s, 6H), 2.01 (br, 2H), 1.98 (br, 2H), 1.86 (s, 3H), 1.72 (s, 

15H), 1.62 (s, 6H), 1.48 (s, 3H), 1.18 (s, 3H), 1.10 (s, 3H) 13C{1H} NMR (125 MHz, 

benzene-d6): δ 156.8 (d, JC-Rh = 2.5 Hz), 156.5, 145.6, 145.5 (d, JC-Rh = 2.5 Hz), 143.0, 

142.9, 137.9, 129.9, 129.3, 128.1, 127.6, 126.3, 125.7, 123.6 (d, JC-Rh = 6.2 Hz), 123.4, 
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115.5 (d, JC-Rh = 10 Hz), 94.2 (d, JC-Rh = 5 Hz), 94.1 (d, JC-Rh = 6.3 Hz), 84.6 (d, JC-Rh = 3.7 

Hz), 81.6, 74.5 (d, JC-Rh = 5 Hz), 72.1, 67.3, 64.5, 48.9 (d, JC-Rh = 12 Hz), 39.5, 30.2, 22.9, 

21.4, 14.0, 13.8, 12.3, 12.1, 10.6, 10.2   Anal. Calcd. for C58H60O2Rh2: C, 70.02; H, 6.08; 

Found: C, 70.02; H, 6.40 MS (MALDI) m/z 497.1 (C29H30ORh+) (M/2) +. 

4.6.8 Diethyl bicyclo[4.2.0]octa-1(6),2,4-trien-3-ylphosphonate 4.28 

 

 3-bromobicyclo[4.2.0]octa-1(6),2,4-triene (1.00 g, 5.49 mmol) was added to 

palladium acetate (0.06 g, 0.27 mmol), triphenylphosphine (0.22 g, 0.80 mmol), 

triethylamine (1 mL) in ethanol (10 mL) under nitrogen. Diethylphosphite (1.06 mL, 8.20 

mmol) was added and the mixture was refluxed for 72 h. The solvent was removed under 

reduced pressure and the reaction mixture was purified using a column chromatography on 

silica using 1:1 Hexanes: EtOAc to obtain white solid (0.15 g, 11%). 1H NMR (500 MHz, 

chloroform-d): δ 7.67 (dd, J = 14 Hz, 7.5 Hz, 1H), 7.47 (d, J = 12.5 Hz, 1H), 7.13 (dd, J = 

7.5 Hz, 3 Hz, 1H), 4.09 (m, 4H), 3.20 (s, 4H), 1.30 (t, J = 7.5 Hz, 6H) 13C{1H} NMR (125 

MHz, chloroform-d): δ 151.2 (d, JC-P = 2.5 Hz), 146.2 (d, JC-P = 16 Hz), 130.9 (d, JC-P = 

11 Hz), 125.7 (d, JC-P = 10 Hz), 122.7 (d, JC-P = 16 Hz), 62.1 (d, JC-P = 5 Hz), 30.1, 29.8 

(d, JC-P = 2.5 Hz), 16.4 (d, JC-P = 6.2 Hz) 31P{1H} in chloroform-d showed one peak. Anal. 

Calcd. for C12H17O3P: C, 59.99; H, 7.13; Found: C, 59.92; H, 7.25 HRMS (ESI) m/z calcd 

for (C12H17O3P
+) (M+), 240.0915; found, 240.0927. 

4.6.9 Bicyclo[4.2.0]octa-1(6),2,4-trien-3-ylphosphonic acid 4.29 
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 Diethyl bicyclo[4.2.0]octa-1(6),2,4-trien-3-ylphosphonate 4.28 (0.15 g, 0.62 

mmol) was dissolved in dichloromethane (5 mL) and trimethylsilanebromide (2.2 mL, 17 

mmol) was added. The mixture was stirred overnight. Methanol (1 mL) and water (10 mL) 

was added and the mixture was stirred for another 12 h. The solvent was removed under 

reduced pressure; the resulting white precipitates crashed out in water were filtered and 

dried to obtain white solid (0.11 g, 96%). 1H NMR (500 MHz, DMSO-d6): δ 7.53 (dd, J = 

14 Hz, 7.5 Hz, 1H), 7.35 (d, J = 12.5 Hz, 1H), 7.15 (dd, J = 7.5 Hz, 2.5 Hz, 1H), 3.16 (s, 

4H). 13C{1H} NMR (125 MHz, DMSO-d6): δ 148.6 (d, JC-P = 2.5 Hz), 145.1 (d, JC-P = 15 

Hz), 129.3 (d, JC-P = 11 Hz), 124.4 (d, JC-P = 10 Hz), 122.1 (d, JC-P = 15 Hz), 29.4, 29.2 (d, 

JC-P = 2.5 Hz). 31P{1H} in DMSO-d6 showed one peak. Anal. Calcd. for C8H9O3P: C, 52.18; 

H, 4.93; Found: C, 52.44; H, 5.11, HRMS (ESI) m/z calcd for (C8H9O3P
+) (M+), 184.0289; 

found 184.0302. 

4.6.10 Diethyl (4-(bicyclo[4.2.0]octa-1(6),2,4-trien-7-yloxy)phenyl)phosphonate 4.30  

 

 7-(4- bromophenoxy) bicyclo[4.2.0]octa-1(6),2,4-triene (1.00 g, 3.65 mmol) was 

added to palladium acetate (0.04 g, 0.2 mmol), triphenylphosphine (0.14 g, 0.50 mmol), 

triethylamine (1 mL) in ethanol (10 mL) under nitrogen. Diethylphosphite (0.71 mL, 5.5 

mmol) was added and the mixture was refluxed for 72 h. The solvent was removed and the 

reaction mixture was purified using a column chromatography on silica with 1:1 Hexanes: 

EtOAc to obtain a white solid (0.37 g, 30%). 1H NMR (500 MHz, chloroform-d): δ 7.79 

(dd, J = 12.5 Hz, 8 Hz, 2H), 7.35 (m, 1H), 7.28 (m, 2H), 7.20 (d, J = 10 Hz, 1H), 7.07 (dd, 

J = 10 Hz, 5 Hz , 2H) 5.72 (dd, J = 4.5 Hz, 2 Hz, 1H), 4.12 (m, 4H), 3.75 (dd, J = 14 Hz, 

4 Hz, 2H), 3.30 (d, J = 1 Hz, 2H), 1.33 (t, J = 14.5 Hz, 6H). 13C{1H} NMR (125 MHz, 



 

219 

 

chloroform-d): δ 161.5 (d, JC-P = 3.7 Hz), 144.1, 142.6, 134.0 (d, JC-P = 10 Hz), 130.3, 

127.7, 123.6, 123.2, 121.0, 115.1 (d, JC-P = 16 Hz), 74.4, 62.1 (d, JC-P = 6 Hz), 39.5, 16.5 

(d, JC-P = 7.5 Hz) 31P{1H} in chloroform-d showed one peak. Anal. Calcd. for C18H21O4P: 

C, 65.05; H, 6.37; Found: C, 65.11; H, 6.42. 

4.6.11 (4-(bicyclo[4.2.0]octa-1(6),2,4-trien-7-yloxy)phenyl)phosphonic acid 4.31  

 

 Diethyl (4-(bicyclo[4.2.0]octa-1(6),2,4-trien-7-yloxy)phenyl) phosphonate 4.30 

(0.37 g, 1.1 mmol) was dissolved in dichloromethane (5 mL) and trimethylsilanebromide 

(0.35 mL, 11 mmol) was added. The mixture was stirred overnight. Methanol (1 mL) and 

water (10 mL) was added and the mixture was stirred for another 12 h. The solvent was 

removed under reduced pressure; the resulting white precipitates crashed out in water were 

filtered and dried to obtain a white solid (0.30 g, 96%). 1H NMR (500 MHz, DMSO-d6): δ 

7.65 (dd, J = 12.5 Hz, 9 Hz, 2H), 7.37 (td, J = 7.5 Hz, 1.5 Hz, 1H), 7.28 (m, 3H), 7.12 (dd, 

J = 9 Hz, 3 Hz, 2H) 5.82 (dd, J = 4 Hz, 1 Hz, 1H), 3.94 (br, OH), 3.77 (dd, J = 14 Hz, 4 

Hz, 2H), 3.13 (d, J = 14 Hz, 2H). 13C{1H} NMR (125 MHz, DMSO-d6): δ 159.5 (d, JC-P = 

3.7 Hz), 144.1, 142.4, 132.6 (d, JC-P = 11 Hz), 130.0, 127.4, 126.9, 125.4, 123.5, 123.1, 

114.5 (d, JC-P = 15 Hz), 73.8. 31P{1H} in DMSO-d6 showed one peak. Anal. Calcd. for 

C14H12O4P: C, 60.87; H, 4.74; Found: C, 60.81; H, 4.89, HRMS (ESI) m/z calcd for 

(C14H12O4P
+) (M+), 275.0479; found, 275.0479. 
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CHAPTER 5  ELECTROCHEMICAL STUDY OF KINETICS OF 

FORMATION OF DIMERS OF NINETEEN-ELECTRON 

SANDWICH COMPOUNDS 

5.1 INTRODUCTION 

 In chapter 2, the reductive dimerization of the cationic eighteen-electron sandwich 

ruthenium mixed arene/pentamethylcyclopentadienyl and iridium bis(cyclopentadienyl) 

complexes was discussed. As discussed in the previous chapters, the reductions of the 

eighteen-electron sandwich complexes of rhodium (III),1-3 iridium (III),4 and ruthenium 

(II) compounds,5,6 as well as a few other iron(II), 7-9 complexes are often followed by 

chemical reactions in order to regain the stable eighteen-electron configuration (structures 

of the compounds discussed in this chapter are shown in Figure 5.1). The dimerization of 

the nineteen-electron monomers by changing the hapticity of one of the ligands is one of 

the ways the complexes regain the stable eighteen-electron configuration, as was discussed 

in detail in the literature and in previous chapters.4-10  

 

Figure 5.1 Structures of the salts discussed in the chapter. 

 The electrochemistry of the eighteen-electron sandwich rhodocenium salt (5.3) has 

been studied by Geiger and co-workers.11 Similar to alkali-metal reduction, the rhodocene 

dimer is obtained on electrochemical reduction as shown in Scheme 5.1 and Figure 5.2. As 

depicted in Figure 5.2, the reduction of the cation is only partially chemically reversible 

with the ratio of cathodic current (ipc) to anodic current (ipa) being less than 1. This 

irreversibility arises from the fact that it is an EC mechanism where the electron transfer is 

followed by a chemical reaction, in this case, dimerization of the nineteen-electron 

monomer. The oxidation of the dimer is also observed in the cyclic voltammetry (CV) of 
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the eighteen-electron complex as shown in Figure 5.2. It was also reported that the isolation 

of dimer 5.6 is possible after bulk electrolysis of the salt 5.3 in CH2Cl2. 

 

Scheme 5.1 Reductive dimerization of the rhodocenium salt on electrochemical reduction. 

-2 -1 0 1

-4.0x10
-5

-2.0x10
-5

0.0

2.0x10
-5

C
u

rr
e

n
t 

(A
)

Potential (V)

Epc (cation)

Epa (cation) E
ox

 (dimer)

ipc

ipa

 
Figure 5.2 CV of 5.3 in DMF/0.1 M TBA+PF6

- at room temperature. The data is acquired 

in a different solvent/ electrolyte system but the voltammograms are similar to that shown 

in ref 11. 

 Nicholson and co-workers had developed a model to estimate the rates of 

dimerization from the cyclic voltammetry (CV) for a reaction as shown in Scheme 5.2, 

using the ratio of anodic to cathodic current, ipa/ipc, where ipa and ipc are depicted in Figure 

5.2.12  
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Scheme 5.2 Reaction for reduction of A to form B, which dimerizes into C. 

 The model is based on the relation of the current ratios (ipa/ipc) to k2Co
*τ, where k2 

is the rate of dimerization, Co
* is the initial concentration of the salt, and τ is the time taken 

to scan from E1/2 to the switching potential, Es (the potential at which the direction of 

potential sweeping is reversed). The scan rate, ν, and consequently also τ, can be varied 

and the ratio of the currents will change accordingly as they are dependent on k2. Using 

simulated voltammograms, ipa/ipc was plotted by the authors against log (k2Co*τ), to 

incorporate the switching potential, a new variable ω was introduced, which was related to 

k2Co*τ as depicted in equation 1. 

log ω = log (k2Co
*τ) + 0.034(aτ-4)                                                                                      (1) 

where aτ = nF(Es – E1/2)/RT; n is the number of electrons involved in the redox process, F 

is Faraday’s constant, R is the gas constant, and T is the temperature at which the 

experiment is performed. Thus for different ω, the ratio of current was obtained from 

simulated voltammograms,12 and from which, the relation between ω and the peak ratio 

can be obtained as shown in Figure 5.3. 
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Figure 5.3 Plot of data set for ω vs. current ratio with fitting of the curve to a polynomial 

function. 

 This model developed by Nicholson and co-workers has been applied to a wide 

variety of organic systems and metal-organic systems.13-21 The objective of this chapter is 

to apply Nicholson model to the dimerization of nineteen-electron sandwich compounds 

and gain further insight into the kinetic and indirectly also the thermodynamic, behavior of 

these species. The different values of ipa/ipc for the M+/M couple was obtained from the 

voltammograms acquired at various scan rates, , to obtain values of the kinetic parameter, 

, using a working curve discussed above (Figure 5.3). The values of  obtained at 

different , were then plotted vs. , where the gradient of the plot is given by: 

4) --0.078(
+

dim ]e[M=
))( λ

ο EE
F

RT

k
dt

ωd
              (2) 

from which, we can obtain the value for kdim,22 the rate-constant for the dimerization 

reaction, defined according to: 
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M dim
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 Similarly, experiments involving variable temperature cyclic voltammetry would 

give us an estimation of the rates at variable temperature, from which, an estimation of 

various activation barriers, ΔG‡ could be obtained that would be very useful in providing a 

mechanistic information for the reaction in question. An estimation of the thermodynamic 

and the kinetic quantities associated with the interconversion of the monomers, M, dimers 

M2 and monomeric cations, M+, will enable us to have an improved understanding of the 

trends in the dimer chemistry, which will assist in the future for the development of new 

dopants with improved properties. The results obtained will later be discussed in 

combination with the previously determined rate constants for the reaction of dimers with 

acceptors.23-25  

5.2 ESTIMATION OF RATES OF DIMERIZATION 

5.2.1 CV of the salts and the dimer 

 As depicted above in Figure 5.2, the dimer formation was observed on 

electrochemical reduction of the rhodocenium salt 5.3; scans starting at different potentials 

sweeping in different directions are shown in Figure 5.4. The scan starting at 0 V and 

sweeping towards positive potential showed no oxidation peak for the dimer, consistent 

with the absence of the dimer since no nineteen-electron monomer that can potentially 

dimerize was present. For the scans that initially swept negative, the reduction of the salt 

was observed, followed by the oxidation of the dimer consistent with the literature report.11 



 

230 

 

-2 -1 0 1

N
o

rm
a
li

z
e
d

 c
u

rr
e
n

t 
(a

. 
u

.)

Potential (V)

 

Figure 5.4 Various cyclic voltammograms for 5.3 in THF/0.1 M TBA+PF6
- at room 

temperature at a scan rate of 200 mV s-1, arrows point the direction of scan. The potentials 

are measured vs. silver wire as the pseudo reference. 

 The voltammograms obtained above were further compared with the CV of the 

rhodocene dimer, 5.6, in THF as shown in Figure 5.5, which further confirms the dimer 

formation on the electrochemical reduction of the cations and the formation of monomeric 

cations on the oxidation of the dimer. 
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Figure 5.5 CV of the rhodocene dimer 5.6 in THF//0.1 M TBA+PF6
- at room temperature 

at a scan rate of 200 mV s-1. The potentials are measured vs. silver wire as the pseudo 

reference. 

 In order to estimate the rates of dimerization for 5.1 – 5.5 using the method 

described above, CV of the salts were carried out at various scan rates at room temperature 

and are shown in Figure 5.6 - Figure 5.10. The reduction of the iron salt 5.1 is nearly 

reversible, with the ratio of ipa/ipc close to unity. The rhodium salts 5.3 and 5.4 have partially 

reversible reduction peaks with clearly observable re-oxidation peak for the nineteen-

electron monomer. On the other hand, the reductions of the ruthenium 5.2 and iridium 5.5 

salts are essentially irreversible with almost no observable re-oxidation of the nineteen-

electron monomer, consistent with the previous reports of the electrochemistry of similar 

eighteen-electron sandwich compounds.26-30 
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Figure 5.6 CV of the iron salt 5.1 in DMF / 0.1 M nBu4NPF6 at various scan rates recorded 

at 295 K. 
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Figure 5.7 CV of the ruthenium salt 5.2 in DMF / 0.1 M nBu4NPF6 at various scan rates 

recorded at 295 K. 
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Figure 5.8 CV of the rhodocene salt 5.3 in DMF / 0.1 M nBu4NPF6 at various scan rates 

recorded at 295 K. 
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Figure 5.9 CV of the rhodium salt 5.4 in DMF / 0.1 M nBu4NPF6 at various scan rates 

recorded at 295 K. 
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Figure 5.10 CV of the iridium salt 5.5 in DMF / 0.1 M nBu4NPF6 at various scan rates 

recorded at 295 K. 

5.2.2 Estimation of the rates of dimerization 

 From the ipa/ipc ratio data, plots of ω vs. τ for all cations were obtained (the plot for 

5.3 is shown in Figure 5.11) and the rate constants calculated for various monomers at 

room temperature are summarized in Table 5.1. In the case of the ruthenium 5.2 and the 

iridium 5.5 species, due to low values of ipa, only lower limits of the rate constants for the 

dimerization could be obtained; these are an order-of-magnitude greater than that for the 

rhodium salts. The rate constants for the dimerization of the iron monomers, 5.1, are more 

than four orders-of-magnitude lower than those for the rhodium compounds (5.3 and 5.4). 

This is consistent with the previous reports of Hamon and others that the monomeric iron 

pentamethylcyclopentadienyl/benzene sandwich compound is observed as a green colored 

solution during the chemical reduction of the iron salt, before formation of the dimer.9 

Geiger and co-workers had performed a similar analysis for the dimerization of 5.3 in 

acetonitrile and reported a half-life of 2 seconds. However, as the authors did not mention 

the concentration of the salt, half-life cannot be directly compared as τ1/2 depends on the 

concentration for a dimerization reaction. From the rate constant in Table 5.1 and the 
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concentration of the cation 5.3 used (5 mM), half-life of 1 second was obtained, which is 

broadly consistent with the previous report.11   

 In this study we used a partially deuterated derivative ruthenium salt 5.2, so it must 

be noted that the value of kdim obtained may differ slightly from that of its non-deuterated 

analogue due to an inverse secondary kinetic isotope effect; however, the difference 

between the two rate constants is expected to be low. As discussed in chapter 2, the iridium 

dimer obtained on the reduction of salt 5.5 is a mixture of isomers (Scheme 5.3), which, 

means a different value of kdim for each, the sum of which is represented by kdim in Table 

5.1. Assuming that the isomer ratio on electrochemical reduction remains same, the rate 

constants would be > ca. 4 × 102 and > ca. 8 × 102 M–1 s–1.  

 

Scheme 5.3 Chemical reduction of the iridium salt 5.5 in THF, which leads to the formation 

of symmetric and asymmetric isomers of the dimer. 
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Figure 5.11 Plot of ω vs. τ for the rhodocenium salt 5.3 obtained from variable scan rate 

cyclic voltammetry in DMF at 295 K. 

 

Table 5.1 Room temperature rate constants for the dimerization of nineteen-electron 

sandwich monomers in DMF / 0.1 M nBu4NPF6. 

 

 Cation kdim (M–1 s–1) 

5.1 1.0 ± 0.3  10-2 

5.2 > 1.6  103 

5.3 1.98 ± 0.17  102 

5.4 3.52 ± 0.25  102 

5.5 > 1.3  103 

5.2.3 Temperature-dependent cyclic voltammetry of the salts 

 Temperature-dependent cyclic voltammetry of the salts 5.2, 5.3, 5.4 and 5.5 was 

carried out to estimate the activation parameters for the dimerization; voltammograms for 

5.3 and 5.5 are shown in Figure 5.12 and Figure 5.13. The ratio of anodic to cathodic 

current for the iron salt at room temperature is very close to 1, thus reliable measurements 

at lower temperature were not possible. Various plots of ω vs. τ at variable temperatures 
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are shown in the supporting info of ref 31. Various rates of dimerization of the neutral 

complexes of 5.2, 5.3, 5.4 and 5.5 at different temperature are summarized in the Table 

5.2. As observed in Figure 5.13, even at 253 K, almost no re-oxidation peak of the nineteen-

electron monomer of iridium was observed suggesting very fast dimerization even at low 

temperatures. Analogous to the uncertainty in measuring kdim for 5.2 and 5.5 at room 

temperature, values of kdim summarized for the two cations in Table 5.2 also reflects the 

lower limit of the rate constant for the dimerization. 
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Figure 5.12 CV of 5.3 in DMF/ 0.1 M nBu4NPF6 at various temperatures recorded at 500 

mV s-1 scan rate. 
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Figure 5.13 CV of 5.5 in DMF/ 0.1 M nBu4NPF6 at various temperatures recorded at 500 

mV s-1 scan rate. 

 

Table 5.2 Summary of the rates of dimerization of ruthenium 5.2, rhodium 5.3 and 5.4, and 

iridium 5.5 nineteen-electron sandwich complexes in DMF/ 0.1 M nBu4NPF6 at various 

temperatures.  
                            kdim/ 102 M–1 S–1 

T / K 5.2a 5.3 5.4 5.5a 

r.t. 16  1.98 ± 0.17  3.52 ± 0.25 12  

283 ± 0.5 12  1.47 ± 0.14  2.83 ± 0.29  11  

278 ± 0.5 10  1.19 ± 0.09  2.32 ± 0.19  9  

273 ± 0.5 8  0.89 ± 0.07  1.91 ± 0.13  8  

268 ± 0.5 8  0.57 ± 0.04  1.75 ± 0.11  7 

263 ± 0.5 7  0.53 ± 0.04  1.71 ± 0.13  7  

258 ± 0.5 6  0.47 ± 0.03  1.45 ± 0.11  6  

253 ± 0.5 5  0.45 ± 0.03 1.33 ± 0.13  6 

arepresents the lower limits for rate constants. 
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5.3 ESTIMATION OF THE ACTIVATION BARRIERS 

The Arrhenius and the Eyring plots were obtained for the reductive dimerization of 

the rhodium salts 5.3 and 5.4 from the rate constants calculated above and are shown in 

Figure 5.14 - Figure 5.17. The Gibbs free energy of activation (ΔG‡), the enthalpy of 

activation (ΔH‡) and the entropy of activation (ΔS‡) was obtained from the slope and the 

intercept of the Eyring plot. The data obtained can be fitted to the Arrhenius equation and 

some examples are shown in Figure 5.14 and Figure 5.16. In the case of rhodium salts, 5.3 

and 5.4, the data points in the plots indicate change in the slope, which could be due to the 

error in the measurements or some change in the mechanism at different temperatures. To 

further probe into the mechanism was beyond the scope of the thesis, however assuming it 

to be related to the error in the measurements, the activation parameters obtained from 

different slopes are in the error range of the activation parameters obtained by the overall 

fit, thus for this thesis the different slope was attributed to the error in the measurements. 

Due to considerable uncertainty in the measurements of kdim for salts 5.2 and 5.5, upper 

limits of ΔG‡ were calculated for the two compounds at room temperature. The values of 

the activation parameters for various salts are described in Table 5.3. ΔG‡ (295K) for the iron 

complex 5.1 was obtained by inserting the value of kdim at room temperature into the Eyring 

equation. As discussed above, in the case of iridium dimer 5.7, assuming isomer ratio of 

1:2, ΔG‡
[major] = ΔG‡ – RT ln(2/3) and ΔG‡

[minor] = ΔG‡ – RT ln(1/3), will be < ca. 55 and 

57 kJ mol–1 respectively at 295 K. The two overlapping dimer oxidation waves observed 

on the electrochemical reduction of the iridium salt 5.5 are very similar to the oxidation 

waves of the iridium dimer 5.7 formed on the chemical reduction; suggesting similar 

isomer mixture in both chemical and electrochemical reduction of 5.5. Consistent with the 

associative character of the reaction, the values of ΔSdim
‡ for the salts 5.3 and 5.4 in Table 

5.3 are all large and negative. For 5.3 and 5.4, the contribution of - TΔSdim
‡ to ΔGdim

‡ is 

larger than the enthalpic contributions. A difference of only ca. 2 kJmol-1 in ΔGdim
‡ is 

observed for the salts at 300 K, with ΔHdim
‡ for 5.3 larger than 5.4 by ca 10 kJ mol–1. 

Similar values of ΔGdim
‡ can be attributed to a larger contribution and offset in the values 

of – TΔSdim
‡ for the two cations. 
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Figure 5.14 Arrhenius plot for the dimerization of the rhodocenium complex 5.3. 

 
Figure 5.15 Eyring plot for the dimerization of the rhodocenium complex 5.3. 
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Figure 5.16 Arrhenius plot for the dimerization of the rhodocenium complex 5.4. 

 

Figure 5.17 Eyring plot for the dimerization of the rhodocenium complex 5.4. 
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Table 5.3 Activation parameters for the dimerization of iron 5.1, ruthenium 5.2, rhodium 

5.3 and 5.4, and iridium 5.5 compounds. 

 

 k
dim

(295 K)  
/ M

–1 
s

–1
 ΔH

dim

‡
 / kJ mol

–1
 ΔS

dim

‡
 / J mol

–1 
K

–1
 ΔG

dim

‡(300 K) 
/ kJ mol

–1
 

5.1 1.0  0.3 ×10–2 -- -- -- 

5.2 1.61  0.16 ×103 -- -- < 54 

5.3 1.98  0.17 ×102 + 22  2 –124  8 +59  2 

5.4 3.52  0.25 ×102 + 12  1 –154  4 +57  1 

5.5 1.26  0.09 ×103 -- -- < 54 

5.4 DIMERIZATION AND DISSOCIATION KINETICS 

 

Previously, Dr. Guo and Dr. Mohapatra studied the kinetics of the reaction of the 

dimer 5.8 with 6,13-bis[tri(isopropyl)silylethynyl]pentacene (TIPS-pentacene) and 

reported Gdiss
‡(300 K) for the dissociation of the dimer, 5.8 (Hdiss

‡ = +105 kJ mol–1; Sdiss
‡ 

= +12.8 J mol–1 K–1; Gdiss
‡(300 K) = +101 kJ mol–1).28 As discussed in chapter 1, the rhodium 

dimer 5.8, operates via both the cleavage mechanism as well the endergonic electron-

transfer mechanism, the reaction kinetics fit to a sum of the two rate laws with kdiss (and 

ΔHdiss) obtained from the rate law corresponding to the dissociation mechanism. The 

activation parameters for the dimerization of salt, 5.4 estimated in this chapter can be used 
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to estimate ΔGdim/diss, by using previously reported Gdiss
‡(300 K), where the free energy of 

the reaction for the dimerization reaction is given by: 

ΔGdim = – ΔGdiss = ΔGdim
‡ –ΔGdiss

‡                                                                                                                                                 (4) 

The two activation barriers for the dimerization and the dissociation were 

determined in different solvents: DMF/nBu4NPF6 and chlorobenzene, respectively. 

However as the reaction in question does not involve any significant charge-transfer, it is 

anticipated that the thermodynamics and the kinetics of the reaction would be relatively 

insensitive to the polarity of the solvent. The estimates of ΔHdim and ΔGdim using equation 

4 are summarized in Table 5.4. ΔHdim estimated from ΔHdim
‡ and ΔHdiss

‡ is close to the 

DFT-calculated (M06/LANL2DZ/6-31G(d,p)) value of the bond dissociation energy, with 

the value of – 43 kJ mol–1 obtained for ΔGdim
(300 K) being more exergonic than previously 

calculated as well as experimentally estimated values. However, the previous estimate 

which was obtained experimentally was based on the observation of the reduction of the 

TIPS-pentacene anion to the dianion with 5.8 in chlorobenzene or THF and assuming the 

reduction potential of TIPS•–/2– in the reaction medium to be the same as that measured 

using cyclic voltammetry. However, it has been reported that a strong dependence of the 

electrolyte is observed in the separation between successive redox processes, which could 

therefore affect the reliability of this estimate of ΔGdiss.
32 

Table 5.4 Alternative estimates of dissociation energetics for 5.4, at 300 K. 

 

Estimate ΔHdim (kJ mol–1) ΔGdim
(300 K) (kJ mol–1) 

This work - 93 - 43 

UV-vis kinetic studies28 --- ≥ - 25 

DFT27 - 108 ca. - 23 

As discussed in chapter 1 and 3, the effective thermodynamic reducing ability of 

the dimer, that is the M+/0.5M2 potential can be obtained from the value of ΔGdim along 

with the M+/M potential according to the equation 5, which measures the thermodynamic 

strength of the dimers as n-dopants. Using the obtained value of ΔGdim, we can obtain a 
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value of -1.84 V vs. ferrocene of M+/0.5M2 potential for 5.4, which is a little less reducing 

than the DFT estimated value of -1.97 V.28 

F

G
EE

2

MΔ
-MM=M50M

2  dim+
2

+ )]([
)/()./(             (5) 

The values of ΔGdim
‡ do show some correlation with the previously reported DFT 

values of the bond dissociation energies of the corresponding dimers.27 As previously 

reported, the dimers of iron and rhodium form weakly bonded dimers whereas the 

ruthenium and the iridium have relatively stronger C-C bonds in the dimers. Following the 

same trend, iron complex 5.1 and rhodium compounds 5.3 and 5.4, dimerizes more rapidly 

than their ruthenium 5.2 and iridium 5.5 analogues. However, even though the DFT-

estimated driving force for the dimerization for the iron monomer is close to that for the 

rhodium monomers, we observed that the kdim for the iron complex 5.1 is much lower than 

rhodium compounds 5.3 and 5.4. Similar to the estimation of ΔGdim, estimation of ΔGdiss 

from vis-NIR spectroscopic studies is also large for the iron species than that for the 

rhodium species, which would imply higher barriers for the dimerization and the 

dissociation for iron-based compounds as shown in Figure 5.18.  

 

 

Figure 5.18 Schematic representation of the free-energies (kJ mol–1) associated with the 

dimerization of iron 5.1 (blue) and rhodium 5.4 (red) estimated from the present study and 

from published kinetic data.24,31 
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Figure 5.19 Structures of the corresponding nineteen-electron monomers of iron and 

rhodium complexes 5.1 and 5.4, and the dimer of iron monomer 5.9. 

 To understand the difference in the reactivity of the iron nineteen-electron 

monomer, the spin-density distribution obtained from the M06/LANL2DZ/6-31G** DFT 

calculations in the corresponding nineteen-electron sandwich compounds was compared, 

as significant difference anticipated between the 3d metals and 4d/5d metals is the location 

of the unpaired electron. As shown in Table 5.5 and Figure 5.20, the spin-density 

distribution in 5.1 is significantly different from that in the other sandwich compounds 

considered here. This is consistent with the expected greater covalent overlap between the 

metal d orbitals and the ligand orbitals for 4d and 5d metals based complexes than their 3d 

analogues, which would lead to a greater contribution of the ligands. Thus, when the two 

nineteen-electron complexes combine together to form the dimer, presumably there will be 

a partial bond formation at the transition state with a partial pairing of the spins, more the 

spin-density on the bridging ligand, the faster will be the rate of dimerization. This co-

relates well with the observed lowest rate of dimerization for the iron compound 5.1 and 

the fact that majority of spin-density distribution is located on the metal, unlike other 

studied cations in this chapter. 
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Figure 5.20 Spin distribution in the nineteen-electron 5.1, 5.2, 5.3, 5.4 and 5.5 monomers 

obtained from M06/LANL2DZ/6-31G** DFT calculations (performed by Dr. Chad 

Risko). 
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Table 5.5 Spin-density distribution in nineteen-electron sandwich compounds (from 

M06/LANL2DZ/6-31G** DFT Calculations – performed by Dr. Chad Risko).  

 

M metal arene Cp* Cp 

5.1 1.22 –0.25 0.03 – 

5.2 0.57 0.28 0.15 – 

5.3 0.60 – – 2 × 0.20 

5.4 0.59 – 0.23 0.19 

5.5 0.63 – 0.19 0.17 

 

5.5 CONCLUSIONS 

In this chapter, scan-rate dependent cyclic voltammetry was used to estimate the 

rates of dimerization for the nineteen-electron sandwich compounds of iron, ruthenium, 

rhodium, and iridium. Variable-temperature scan-rate dependent cyclic voltammetry 

enabled the assessment of the activation parameters for the dimerization. Interestingly, the 

iron compound is the slowest to dimerize followed by the rhodium complexes. Due to the 

irreversibility of the reduction peak of the salts of the ruthenium and the iridium, only the 

lower limit of the rates of dimerization were predicted, which was an order-of-magnitude 

higher than the rhodium compounds. We observe a correlation between the activation 

barriers for the dimerization, ΔGdim
‡; and the DFT-calculated bond dissociation energy of 

the dimers. However, the iron compound behaves significantly differently from the 

rhodium complexes even though DFT predicted similar ΔGdim
° for the iron and the rhodium 

complexes. This was further investigated by looking at the spin-density distribution in the 

nineteen-electron species. Unlike other monomers, where only 60% of the spin-density is 

predicted on the metal, the majority of the spin-density of iron 

pentamethylcyclopentadienyl/benzene monomer is located on the iron. The nineteen-

electron monomers can be considered as two radicals combining to form the dimer, thus 

higher spin-density on the bridging ligand will lead to a faster dimerization. However, other 

factors such as steric also play an important role. Thus, we can conclude that the rates of 

dimerization are dependent on both the thermodynamics and the spin-density distribution.  

As we discussed in chapter 3, n-dopants, which are processable in air with 
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subsequent activation in later steps are desirable. In chapter 3, the studies were focused on 

the iridium dimers by suppressing the electron transfer from the dimer to acceptors in the 

dark. The study in this chapter indicates that it might be possible to use the system with the 

slow dimerization / dissociation kinetics as observed for iron systems for similar purpose, 

with suppressing of both the electron transfer to the host as well as bond dissociation of the 

dimer. Thus we can exploit both thermodynamics and kinetics of the reaction for future 

dopant design.  

5.6 EXPERIMENTAL 

The hexafluorophosphate salts 5.1,9 5.2,33 5.3,34 5.4,35 and 5.535 were synthesized by 

Dr. Mohapatra as previously described. Cyclic voltammetry was performed using a Pine 

Research Instruments (Durham, NC) WaveNow potentiostat. Most experiments were 

performed using anhydrous DMF as the solvent with the concentration of the salts 4-8 mM 

depending on the salt and 0.1 M in the supporting electrolyte, Bu4N
+PF6

–. Nitrogen was 

bubbled through anhydrous DMF prior to entering the electrochemical cell in order to 

remove oxygen. Glassy carbon was used as the working electrode, gold as the counter 

electrode, and a silver wire as the reference electrode. The potential of the ferrocene couple 

was ca. +0.86 V against this reference. The cell temperature was measured by a 

thermometer in the cell, and was controlled to a precision of ±0.5 °C by immersion of the 

cell in a temperature-controlled isopropanol bath. The voltammograms were analyzed 

using AfterMath Data Organizer software (Pine Research Instrumentation).  
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CHAPTER 6  DESIGN AND DEVELOPMENT OF N-DOPANTS 

FOR OPVs AND OFETs 

6.1 INTRODUCTION 

 The previous chapters’ discussions were focused on developing the dimers of 

nineteen-electron sandwich compounds of iron, ruthenium, rhodium and iridium as n-

dopants for organic electronics (a few structures are shown in Figure 6.1).1-9 As discussed 

in chapter 1-3, these dimers are moderately air-stable, yet highly reducing in character, 

making them very attractive candidates as n-dopants. However, the materials that are 

generally used as electron-transport materials in organic photovoltaics (OPVs) or organic 

field-effect transistors (OFETs) have a higher electron affinity than the electron-transport 

materials used in organic light-emitting diodes (OLEDs).10-16 Figure 6.2 shows the 

estimated effective reducing strength of the dimers and the range of reduction potentials of 

the electron-transport materials, which are frequently used in OLEDs, OPVs and OFETs. 

As discussed in chapter 3, the dimers are potentially useful as dopants for electrical doping 

of OLED electron-transporting materials but there is a possibility of developing possibly 

weaker dopants (somewhat less reducing) for OPV and OFET electron-transport materials 

if they can come with added advantages of either being more air stable or being possibly 

easier/ less expensive to synthesize, or both.  

 

Figure 6.1 Structures of the dimers of nineteen-electron sandwich compounds 

demonstrated as n-dopants for organic electronic applications. 

Bao and co-workers have reported using 2-(2-methoxyphenyl)-1,3-dimethyl-2,3-

dihydro-1H-benzo[d]imidazole and derivatives (DMBI-H) as n-dopants, which later was 
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used by various groups for electrical doping of various semiconductors.17-24 From the 

mechanistic studies with the DMBI-H compounds, it was reported that the mechanism 

involves a hydride transfer from the dopant to the host such as fullerene derivatives, which 

are good hydride acceptors.25 Thus the electrical doping leads to the formation of side 

products apart from generating the anion radicals of the host. The dimers of nineteen-

electron sandwich compounds have an advantage over the DMBI-H compounds, in that the 

side product formation is not inevitable and indeed there is no evidence of formation of 

any side products. The dimers of benzimidazoline radicals (DMBI) (structures shown in 

Figure 6.3) have also been developed as n-dopants, which addressed the issue associated 

with the side product formation.26 However, the DMBI dimers are not as stable as DMBI-

H compounds. Similar to DMBI-H compounds, hydride-reduced products of rhodium and 

iridium pentamethylcyclopentadienyl/cyclopentadienyl cations have been reported (shown 

in Figure 6.4).27 One aim of the work described in this chapter is to examine these species, 

which are expected to be more stable than the dimers can also be used in a similar way to 

DMBI-H compounds and whether they differ in the reactivity. 

In this chapter, investigation of the properties of the hydride-reduced complexes of 

rhodium, iridium and ruthenium sandwich compounds (shown in Figure 6.4) as reducing 

agents for organic semiconductors are discussed. The advantage of such complexes is the 

elimination of highly pyrophoric reducing agents such as Na-K or Na-Hg for the synthesis 

and also these complexes, in principle be much more stable than the corresponding 

dimers.27-29 The comparison of the electrical doping properties of the hydride-reduced 

compounds (shown in Figure 6.4) with the corresponding dimers will be discussed in this 

chapter.  
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Figure 6.2 Estimated effective reducing strength of the dimers of nineteen-electron 

sandwich compounds, the reduction potentials of the cations and the oxidation potential of 

the dimers measured using cyclic voltammetry in THF vs. ferrocene. The boxes describe 

the general range of the reduction potentials of electron-transport materials used in OLEDs, 

OPVs and OFETs. 

 

Figure 6.3 Structures of the DMBI-H and DMBI dimers reported as n-dopants.17,18,25,26 
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Figure 6.4 Structures of the hydride-reduced complexes discussed in this chapter. 

Another part of the chapter delves further into understanding the properties of 

manganese benzene tricarbonyl dimer, 6.14, as a dopant. Figure 6.5 shows the structures 

of manganese arene tricarbonyl dimers and related structures, which have been reported 

previously.30-33 Based on the previous reports of electrochemistry of the manganese 

benzene tricarbonyl cation,34,35 it can be concluded that the monomer would be sufficiently 

reducing to dope materials that are used in OPVs and OFETs such as fullerene derivatives 

but not sufficiently reducing for the materials used in OLEDs. Another section of this 

chapter will probe into the properties of manganese benzene tricarbonyl dimer, 6.14, as n-

dopant using solution doping studies.  

 

Figure 6.5 Structures of manganese arene tricarbonyl and related dimers, which have been 

reported in the literature.30-33 
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6.2 DEVELOPMENT OF HYRIDE REDUCED COMPLEXES OF 

RUTHENIUM, RHODIUM, AND IRIDIUM SANDWICH COMPOUNDS AS n-

DOPANTS 

6.2.1 Synthesis of complexes 

 Rhodium-H (6.11) and iridium-H (6.12 and 6.13) compounds were synthesized as 

shown in Scheme 6.1 and Scheme 6.2 according to the published procedures.27 Consistent 

with the literature, the rhodium complex was obtained exclusively as RhCp(exo-H-Cp*H) 

but in the case of iridium, the two isomers, IrCp(exo-H-Cp*H) and IrCp*(CpH) were 

obtained. 

 

Scheme 6.1 Synthesis of the hydride-reduced product of rhodium 

pentamethylcyclopentadienyl cyclopentadienyl hexafluorophosphate salt. 

 

Scheme 6.2 Synthesis of the hydride-reduced product of iridium 

pentamethylcyclopentadienyl cyclopentadienyl hexafluorophosphate salt. 

 The synthesis of ruthenium-H (6.10) was attempted (Scheme 6.3) using a similar 

procedure used for rhodium and iridium complexes, however it gave a mixture of products. 

Older and co-workers have reported hydride reduction of ruthenium mixed 

hexamethylbenzene/pentamethylcyclopentadienyl cation using lithium triethyl 

borohydride as the reducing agent.36 Following their synthetic methodology, reduction of 
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the ruthenium mixed mesitylene/ pentamethylcyclopentadienyl salt was attempted as 

shown in Scheme 6.4 and successfully afforded ruthenium-H complex (6.10).  

 

Scheme 6.3 Attempted synthesis of ruthenium-H compounds. 

 

Scheme 6.4 Synthesis of the ruthenium-H complex, 6.10. 

 The ruthenium-H (6.10) complex was characterized by 1H, 13C, DEPT, COSY, 

HSQC, HMBC NMR spectroscopy, MALDI-mass spectroscopy and elemental analysis. 

The hydride reduction occurs on the mesitylene, which is consistent with the rules of 

nucleophilic addition on the eighteen-electron sandwich compounds developed by Davies 

and others that predicts the addition on the arene for ruthenium mixed 

arene/cyclopentadienyl complexes.37 The other two compounds were characterized by 1H 

and 13C NMR spectroscopy and compared with the literature.27 

6.2.2 Electrochemistry of the complexes 

Cyclic voltammetry (CV) of 6.10, 6.11, and 6.12/6.13 was done in THF/0.1 M 

TBAPF6 as shown in Figure 6.6 - Figure 6.8. Table 6.1 compares the oxidation potential of 

the dimers with the corresponding hydride-reduced complexes. Consistent with the 

previous reports, the oxidation potential of the hydride-reduced compounds is shifted 

anodically by 0.70 to 0.85 V from that of the corresponding dimers.27-29 The formation of 

the corresponding cations is observed on the electrochemical oxidation of the ruthenium-
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H (6.10) and rhodium-H (6.11) complexes, however for the iridium-H (6.12) compound, 

the presence of other species was observed along with the cation. 
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Figure 6.6 CV of the ruthenium-H (6.10) compound in THF/0.1 M TBAPF6. The potentials 

are relative to the silver wire pseudo-reference electrode and the ferrocenium/ ferrocene 

couple is seen as reversible peak at ca 1.4 V. 
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Figure 6.7 CV of the rhodium-H (6.11) compound in THF/0.1 M TBAPF6. The potentials 

are relative to the silver wire pseudo-reference electrode and the ferrocenium/ ferrocene 

couple is seen as reversible peak at ca 0.4 V. 
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Figure 6.8 CV of the iridium-H (6.12/ 6.13) compound in THF/0.1 M TBAPF6.  The 

potentials are relative to the silver wire pseudo-reference electrode and the ferrocenium/ 

ferrocene couple is seen as reversible peak at ca 0.8 V. 

Table 6.1 The oxidation potentials of the dimers of nineteen-electron sandwich compounds, 

the corresponding hydride-reduced compounds, and the cations in THF/0.1 M TBAPF6 at 

a scan rate of 50 mV s-1. 

Compound Eox (M-H) Eox (M2) Eox (M+) 

RuCp*Mes - 0.30 - 1.10 - 2.67 

RhCp*Cp - 0.11 - 0.95 - 2.06 

IrCp*Cp - 0.07, - 0.28 - 0.70, - 0.91 - 2.62 

 The overall trends observed in the oxidation potential of the hydride-reduced 

complexes of rhodium, iridium, and ruthenium sandwich compounds are similar to the 

trends observed in the oxidation potential of the dimers with ruthenium species being easier 

to oxidize than the rhodium species.  
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6.2.3 Solution doping studies with the complexes 

6.2.3.1 UV/vis/NIR studies 

 Similar to the solution doping studies discussed in chapter 3, electrical doping of 

the organic semiconductors shown in Figure 6.9 was attempted with the hydride-reduced 

compounds in THF and studied using vis/NIR spectroscopy. 

 

Figure 6.9 Structures of the organic semiconductors used for solution doping studies with 

the hydride-reduced complexes of rhodium, iridium, and ruthenium sandwich compounds. 

Vis/NIR spectra of mixtures of the acceptors and the dopants are shown in Figure 

6.10 - Figure 6.13. Generally the fullerene derivatives are good hydride acceptors and 

considering the reactivity of DMBI-H compounds with PCBM, 6.18, doping of 6.18 in the 

dark with all the three compounds was not surprising as shown in Figure 6.10; the growth 

of the anion radical of 6.18, with its absorption feature around 1027 nm, was observed. 

However, the reaction of these compounds with 6.18 was faster than previously studied 

DMBI-H compounds.25 The rate constants were determined for the reaction of the 

ruthenium complex 6.10 with 6.18 and the rhodium complex 6.11 with 6.18 and are 

discussed in next section (6.2.4). The growth of the anion radical of perylene diimide, 6.19, 

on reaction with the ruthenium complex 6.10 was observed (absorption features similar to 

the spectrum observed on doping of 6.18 with the dimers as reported in chapter 3) 

immediately in the dark as shown in Figure 6.11, whereas the reaction with the rhodium 

complex 6.11 was very slow in the dark and was accelerated with the ambient light 
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exposure. This suggested that the ruthenium-H compound 6.10 is stronger reducing agent 

than the rhodium-H compound 6.11. This was further validated by doping studies of 

naphthalene diimide bithiophene polymer, 6.20, and 

bis(triisopropylsilylethynyl)pentacene, 6.21. As shown in Figure 6.12, no doping of 

polymer 6.20 was observed with the rhodium complex 6.11 but the ruthenium complex 

6.10 dopes 6.20 in the dark. The new features in the absorption spectrum of the 6.20 around 

500 nm and 850 nm are consistent with the absorption spectra obtained on reducing 6.20 

with the iridium dimer 6.4 or reducing the polymer electrochemically, as discussed in 

chapter 3.  

As TIPS-pentacene, 6.21, is not a good hydride acceptor, previously it was reported 

that no anion radical of 6.21 was observed on mixing 6.21 with DMBI-H compounds, 

although trap-filling of TIPS-pentacene has been demonstrated using DMBI-H 

compounds.20 Similarly, the vis/NIR absorption spectrum of the mixture of the rhodium 

complex 6.11 or the iridium complex 6.12/6.13 and 6.21 in the dark showed no presence 

of the anion radical. Surprisingly, the anion radical of 6.21 was observed when 6.21 was 

mixed with the ruthenium-H complex, 6.10, in the dark as shown in Figure 6.13. This could 

be possible either because the ruthenium-H 6.10 is stronger hydride donor than the other 

two hydride-reduced complexes of rhodium, iridium, and ruthenium sandwich compounds 

(6.11 and 6.13/6.14) and DMBI-H compounds and/ or ruthenium-H 6.10 operates via a 

different mechanism. Although the mechanism has not been investigated in detail, solution 

doping of 6.21 with 6.10 was studied with 1H NMR spectroscopy and mass spectroscopy 

as discussed in the next section to reveal the reaction products. 
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Figure 6.10 Vis/NIR absorption spectra of 6.18 mixed with the hydride-reduced complexes 

of rhodium, iridium, and ruthenium sandwich complexes in the dark. 
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Figure 6.11 Vis/NIR absorption spectra of 6.19 mixed with the hydride-reduced complexes 

of rhodium, iridium, and ruthenium sandwich complexes in the dark. 
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Figure 6.12 Vis/NIR absorption spectra of 6.20 mixed with the hydride-reduced complexes 

of rhodium, iridium, and ruthenium sandwich complexes in the dark. 

600 800 1000 1200

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 6.21

 1:1 6.10:6.21

 1:1 6.11:6.21

 1:1 6.12/6.13:6.21

 

Figure 6.13 Vis/NIR absorption spectra of 6.21 mixed with the hydride-reduced complexes 

of rhodium, iridium, and ruthenium sandwich complexes in the dark. 
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Table 6.2 Summary of the solution doping with the hydride-reduced complexes of 

rhodium, iridium, and ruthenium sandwich compounds. 

6.2.3.2 1H NMR and Mass spectroscopy studies 

 From the 1H NMR spectrum shown in Figure 6.14, we can see the growth of several 

peaks after the mixture was left in the dark for 24 hours. It is possible that the new peak 

with a chemical shift of 4.40 ppm could be from the hydride-reduced product of 6.21. The 

peak at 5.01 ppm can be attributed to the formation of the ruthenium 

pentamethylcyclopentadienyl/mesitylene cation with TIPS-pentacene anion radical as the 

counter ion but this could not be verified due to insolubility of the cation with 

hexafluorophosphate as the counter anion in dichlorobenzene (an 1H NMR spectum of the 

salt in acetone shows the arene peak at 5.78 ppm in deutrated acetone). This is further 

supported by EI-mass spectrum (shown in Figure 6.15), which shows the presence of M+H 

and M+2H species (M being the molecular weight of 6.21) in the mixture.  Thus 6.10 may 

react with 6.21 according to Scheme 6.5. However, the mechanism of doping with 6.10 is 

still unclear. It is possible that the difference in the reactivity is purely kinetic effect, i.e., 

the energetic barrier for a hydride transfer from the ruthenium complex 6.10 to 6.21 is 

lower compared to all other hydride-reduced complexes of rhodium, iridium, and 

ruthenium sandwich compounds and the generation of the anion radicals is possible at room 

temperature in the dark, along with the formation of some hydride-reduction product of 

6.21. Contrary to this, it is also possible that 6.10 is a much stronger hydride reducing 

agent, capable of reducing 6.21 with a hydride first followed by an electron transfer from 

the nineteen-electron monomer to 6.21 to form the anion radicals. Or it is also possible that 

 6.10 6.11 6.12/6.13 

6.18 Immediate doping in the 

dark 

 Immediate doping in the dark Immediate doping 

in the dark 

6.19 Doping in the dark  Doping very slow only with light 

exposure 

-- 

6.20 Doping in the dark  Doping only with light exposure -- 

6.21 Doping in the dark but 

slow 

Doping very slow only with light 

exposure 

Doping only with 

light exposure 
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the reaction of ruthenium-H complex with TIPS-pentacene operates via completely 

different mechanism.  

However, in order to determine the mechanism, further studies need to be done, 

possibly investigating the kinetic isotope effect when using RuCp*(mesD). A primary 

isotope effect is expected for a rate-determining hydride/deuteride transfer, whereas a 

secondary isotope effect is expected if the electron transfer is the rate-determining step. As 

discussed above, the synthesis of the ruthenium-H complex 6.10 requires reduction with 

lithium triethylborohydride, so in order to synthesize the deuteride derivative of 6.10, 

synthesis of lithium triethylborodeuteride will be required or an alternative methodology 

for the synthesis of the deuteride derivative needs to be developed, which is beyond the 

scope of this thesis.   

 

Scheme 6.5 Possible hydride reduction of 6.21 with 6.10 in THF.
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6.2.4 Kinetics studies of the reaction of hydride-reduced complexes of rhodium and 

ruthenium sandwich complexes with 6.18 

As noted above, the reaction between the hydride-reduced complexes of rhodium, 

iridium, and ruthenium sandwich compounds and PCBM, 6.18 was observed to be faster 

than analogous reactions in which the DMBI-H compounds are reductants. Also, 

considering the differences in the reactivity of ruthenium-H (6.10) and rhodium-H (6.11) 

with 6.21, measurements of the rate constants of the reaction of hydride-reduced complexes 

of rhodium, and ruthenium sandwich compounds with 6.18 were performed as it would 

further improve our understanding about the differences between the rhodium (6.11) and 

the ruthenium complex (6.10). Similar to the discussions in chapter 3, kinetic 

measurements were carried out in THF with different concentrations of the hydride-

reduced complexes of rhodium, and ruthenium sandwich compounds and 6.18. The growth 

of the anion radical of 6.18 was monitored over time and the rate constants were estimated 

from the initial slope of the growth of the absorbance at 1027 nm corresponding to the 

anion radical of 6.18. However, as the reactions of 6.18 with the hydride-reduced 

complexes of rhodium, iridium, and ruthenium sandwich compounds are very fast, due to 

immediate doping in the dark, the curve of growth of absorbance at 1027 nm vs. time was 

extrapolated to “0” absorbance and then the initial slope was calculated. As shown in Table 

6.3 and Table 6.4, doubling the concentration of any reactant while keeping the 

concentration of other same, doubled the initial reaction rate, suggesting a first-order 

dependence of the rate with respect to the acceptor and the dopant for both the hydride-

reduced complexes of rhodium, and ruthenium sandwich compounds. This is consistent 

with the following rate expression: 

-
d[6.18]

dt
= k[6.18][6.10 or 6.11] 

Similar to the reported kinetic measurements for the reaction of 6.18 with DMBI-

H derivatives, this expression was further supported by fitting of the temporal evolution of 

6.18 anion radical absorption, which was good only in the case when 6.18 was used in 

excess.25 However, in the case of excess 6.10 or 6.11, the temporal evolution did not fit 
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the exponential curves, which depends on the capability of PCBM to accept multiple 

hydride and of both PCBM and the hydride-reduced PCBM to accept electrons that leads 

to the change in the kinetics. But the rate expression suggests a mechanism, in which the 

first step is bimolecular, which rules out the mechanism of single molecule dissociation. 

The vis/NIR spectra of the mixtures of 6.10 and 6.18 with the growth of the anion radical 

peak over period of time are shown in Figure 6.16 - Figure 6.19 and the rate constants are 

summarized in Table 6.3 and Table 6.4. Interestingly, the rate constants for the reaction of 

6.18 with both the hydride-reduced complexes of rhodium, and ruthenium sandwich 

complexes was observed to be similar with the rate constant for the ruthenium complex 

6.10 is 1.99 ± 0.18 s-1 M-1 and for the rhodium complex 6.11 is 2.22 ± 0.10 s-1 M-1 in THF. 

The rate constants are three orders-of-magnitude higher than the reported rate 

constants for the reaction of 6.18 with DMBI-H derivatives, where the rate constant was 

5.3 × 10-3 s-1 M-1.25 The mechanism operating for the hydride-reduced complexes of 

rhodium, iridium, and ruthenium sandwich compounds is different from that of the dimers 

discussed in chapter 1 and 3. It is important to recognize that the formation of the side 

products will not be desirable for a number of doping applications in the field of organic 

electronics, however strong reducing character of 3.10 may still be advantageous for trap 

filling in organic semiconductors as it has been demonstrated to improve performance of 

devices or for surface/contact doping applications.4,8,20,38 
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Figure 6.16 Vis/NIR absorption spectrum of 1:10 (6.18:6.10) in THF in the dark (1.11 × 

10-4 M 6.18 + 1.10 × 10-3 M 6.10). 

 
Figure 6.17 Growth of the anion radical peak of 6.18 in 1:10 mixture of 6.18:6.10 in THF 

in the dark (1.11 × 10-4 M 6.18 + 1.10 × 10-3 M 6.10). 
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Figure 6.18 Vis/NIR absorption spectrum of 1:13.6 (6.10:6.18) in THF in the dark (1: 13.6 

6.10:6.18 (8.16 ×10-5 M 6.10 + 1.11 × 10-3 M 6.18). 

  

Figure 6.19 Growth of the anion radical peak of 6.18 in a mixture of 1:13.6 6.10:6.18 in 

THF in the dark (1: 13.6 6.10:6.18 (8.16 × 10-5 M 6.10 + 1.11 × 10-3 M 6.18). 
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Table 6.3 Summary of kinetics of doping of 6.18 with ruthenium-H 6.10 complex. 

Normalized rate was obtained by dividing the initial rate in the case of excess PCBM or 

excess dopant with lowest initial rate in order to compare the change in the initial rate on 

doubling the concentration of either one of the reagent. 

 

Table 6.4 Summary of kinetics of doping of 6.18 with rhodium-H 6.11 complex. 

Normalized rate was obtained by dividing the initial rate in the case of excess PCBM or 

excess dopant with lowest initial rate in order to compare the change in the initial rate on 

doubling the concentration of either one of the reagent. 

 
[6.11] (M) [6.18] (M) Initial rate (min-1) Normalized rate (separate for excess 

6.11 and excess 6.18 case) (arb. u.) 

1.17 × 10-4 M 1.10 × 10-3 M 0.020 4 

5.85 × 10-5 M 1.10 × 10-3 M 0.010 2 

2.93 × 10-5 M 1.10 × 10-3 M 0.005 1 

1.10 × 10-3 M 2.14 × 10-4 M 0.06 3.7 

1.10 × 10-3 M 5.35 × 10-5 M 0.016 1 

6.3 STUDIES OF MANGANESE BENZENE TRICARBONYL DIMER AS n-

DOPANT 

6.3.1 Synthesis and electrochemistry of manganese benzene tricarbonyl dimer 

 Cooper and co-workers reported the reductive dimerization of the manganese 

benzene tricarbonyl cation, 6.23, as shown in Scheme 6.6.30,32 From the mechanistic 

[6.10] (M) [6.18] (M) Initial rate (min-1) Normalized rate (separate for excess 

6.10 and excess 6.18 case) (arb. u.) 

8.16 × 10-5 M 1.11 × 10-3 M 0.014 4.6 

4.08 × 10-5 M 1.11 × 10-3 M 0.006 2 

2.04 × 10-5 M 1.11 × 10-3 M 0.003 1 

1.10 × 10-3 M 1.07 × 10-4 M 0.029 2.9 

1.10 × 10-3 M 5.58 ×10-5 M 0.020 2 

1.10 × 10-3 M 2.76 × 10-5 M 0.010 1 
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studies, it was reported that the reaction proceeds through the formation of manganese η4-

arene tricarbonyl complex 6.24 by a two-electron reduction of the salt 6.23, which then 

reacts with another cation 6.23 to form the dimer 6.14. The authors further validated their 

hypothesis when they investigated the electrochemical reduction of the manganese benzene 

tricarbonyl salt 6.23 at - 15 °C in acetonitrile and using chronocoulometry, and attributed 

the reduction of the salt at - 1.04 V vs. Ag/AgCl to a two-electron reduction. Later the 

cation/anion coupling was extended for synthesis of mixed manganese/chromium and 

manganese/tungsten dimers (6.16 and 6.17) as shown in Figure 6.5.33  

 

Scheme 6.6 Reported reductive dimerization of the manganese benzene tricarbonyl cation 

6.23.30,32 

 Sweigart et al. reported the electrochemistry of a series of manganese arene 

tricarbonyl cations, where using IR-OTTLE (optically transparent thin-layer electrode) 

experiments they reported the formation of the dimer 6.27 instead of the manganese 

benzene tricarbonyl dimer 6.14 at room temperature.39 Similarly for the manganese 

hexamethylbenzene tricarbonyl salt, room temperature electrochemical reduction, led to 

the formation of the dimer 6.29, whereas at - 40 °C it led to the formation of the manganese 

η4-arene tricarbonyl complex 6.30.  
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Scheme 6.7 Reported reductive dimerization of the manganese benzene tricarbonyl cation 

6.23 on electrochemical reduction at room temperature in CH2Cl2.
39 

 

Scheme 6.8 Reported reductive dimerization of the manganese hexamethylbenzene 

tricarbonyl salt 6.28 on electrochemical reduction at room temperature in CH2Cl2.
35 

 

Scheme 6.9 Reported reduction of the manganese hexamethylbenzene tricarbonyl salt 6.28 

at - 40 °C in CH2Cl2.
35 

 As noted above, from the reduction potential of the manganese benzene tricarbonyl 

cation it is expected the nineteen-electron monomer 6.25 to be sufficiently reducing to 

reduce fullerene derivatives, perylene diimide, naphthalene diimide or related small 

molecules and polymers. Moreover, the dimer may be less reducing than those of the 

sandwich compounds and it may be a candidate for “activatable” n-doping of OFET/OPV 

materials similar to the discussions done in chapter 3. Manganese based dimers, should in 

principle be less expensive than the dimers based of ruthenium, rhodium and iridium. Thus 

investigation of the reductive properties of the manganese benzene tricarbonyl dimer, 6.14 

was carried out and the properties of the resulting dimer were compared to the dimers 
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discussed previously in this thesis. The manganese benzene tricarbonyl 

hexafluorophosphate salt, 6.23 was synthesized according to the published procedure as 

shown in Scheme 6.10.40 The salt was characterized by 1H, 13C NMR spectroscopy, 

infrared spectroscopy and ESI – Mass spectroscopy and compared with the reported data.40 

The reduction of the salt 6.23 was attempted following the procedure reported in the 

literature in order to isolate the manganese dimer 6.14 as shown in Scheme 6.11.30,32 

 

Scheme 6.10 Synthesis of the manganese benzene tricarbonyl hexafluorophosphate salt. 

 

Scheme 6.11 Synthesis of the manganese benzene tricarbonyl dimer. 

 Cyclic voltammetry of the manganese salt 6.23 and the manganese dimer 6.14 was 

performed in THF/0.1 M TBAPF6 and CH2Cl2/0.1 M TBAPF6.  Consistent with the 

previous reports, the reduction of the salt 6.23 was observed at - 1.56 V vs. ferrocene in 

THF/0.1 M TBAPF6 at 50 mV s-1 scan rate as shown in Figure 6.20. The reduction of the 

salt was observed at - 1.46 V vs. ferrocene in CH2Cl2/0.1 M TBAPF6 at 50 mV s-1 scan 

rate. The oxidation potential of the dimer was observed at + 0.61 V vs. ferrocene in THF 

(shown in Figure 6.21). The electrochemical oxidation of the dimer is an irreversible 

process and the formation of the cation is observed following the oxidation of the dimer. 

A difference of 2.17 V in the oxidation potential of the dimer and the corresponding 

nineteen-electron monomer of manganese benzene tricarbonyl was observed, which is 
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larger than the difference observed for the dimers of nineteen-electron sandwich 

compounds of ruthenium and iridium discussed in the previous chapters, where a difference 

of ca 1.5 V was observed for the ruthenium mesitylene pentamethylcyclopentadienyl dimer 

and a difference of ca 1.7 V and 1.9 V for the two isomers of iridium 

pentamethylcyclopentadienyl cyclopentadienyl dimer.2,3 This will be significant in the case 

of “activatable” electrical doping as the monomer will be sufficiently reducing but the 

dimer could be kinetically slow for an endergonic electron-transfer. 
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Figure 6.20 CV of the manganese benzene tricarbonyl hexafluorophosphate salt (6.23) in 

THF/0.1 M TBAPF6 at a scan rate of 50 mV s-1. The potentials are relative to the silver 

wire pseudo reference electrode and the ferrocenium/ ferrocene couple is seen as reversible 

peak at ca 0.7 V. 
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Figure 6.21 CV of the manganese benzene tricarbonyl dimer (6.14) in THF/0.1 M TBAPF6 

at a scan rate of 50 mV s-1. The potentials are relative to the silver wire pseudo reference 

electrode and the ferrocenium/ ferrocene couple is seen as reversible peak at ca 0.2 V. 

6.3.2 Solution doping studies with manganese benzene tricarbonyl dimer 

6.3.2.1 UV/vis/NIR absorption studies  

 Considering the reduction potentials of various semiconductors used as electron-

transport materials in OPVs/ OFETs, which lie in the range of -1 V to – 1.5 V,10-16 the 

electron transfer from the manganese dimer will be ca 1.5 V to 2 V endergonic if it operates 

via the electron-transfer mechanism similar to the ruthenium and iridium dimers discussed 

previously. In order to probe into the mechanism as well as to investigate the doping 

strength of the manganese dimer 6.14, solution doping studies were conducted with 7,7,8,8-

tetracyanoquinodimethane (TCNQ) 6.31, fullerene derivative (PCBM) 6.18, perylene 

diimide 6.19, naphthalene diimide bithiophene polymer 6.20, and TIPS-pentacene 6.21 as 

the acceptors. The reduction potential of 6.31 is - 0.30 V vs. ferrocene in acetonitrile41 and 

the vis-NIR absorption spectrum of 1:2 mixture of the manganese dimer 6.14 and TCNQ 

6.31 in CH2Cl2 is shown in Figure 6.23. The slow growth of the anion radical of 6.31 was 

observed in the dark as observed by the growth of the peak at 845 nm.42 Similarly, doping 

of TCNQ 6.31 with the manganese dimer 6.14 was also observed in THF, however 
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solubility of the salt of the anion radical of 6.31 and the monomeric cation of 6.14, was 

limited in THF leading to the formation of precipitates. Exposing the solution to the 

ambient light accelerated doping. No clear absorption features of the TCNQ, 6.31, dianion 

were observed as the solution with the excess of the dimer 6.14 with light exposure led to 

the formation of precipitates and very broad features in the vis/NIR spectrum.  

 Similar to TCNQ, doping of PCBM 6.18, perylene diimide 6.19, and naphthalene 

diimide bithiophene polymer 6.20 was observed in the dark in THF, however the reaction 

was very slow as shown in Figure 6.24 and Figure 6.26. Again the doping was accelerated 

using the ambient light. However, no anion radical of TIPS-pentacene was observed in the 

mixture of 1:2 of TIPS-pentacene 6.21 and the manganese dimer 6.14 in THF. Exposing 

the solution to the ambient light led to a slight decrease in the absorption of the neutral 

TIPS-pentacene 6.21 but no growth of the anion radical was observed. The absorption 

features of the neutral TIPS-pentacene grew back when the activated solution was left in 

the dark. This is not surprising as the reduction potential of TIPS-pentacene is very similar 

to the oxidation potential of the nineteen-electron monomer of manganese benzene 

tricarbonyl 6.25. Similar doping experiments were carried out in toluene, however very 

slow doping of PCBM 6.18 was only observed in the dark with no doping of perylene 

diimide 6.19 or naphthalene diimide polymer 6.20 in the dark. Growth of the anion radicals 

for 6.19 and 6.20 was observed with light activation. The summary of all solution doping 

results is shown in Table 6.5. 

 

 
Figure 6.22 Structure of 7,7,8,8-tetracyanoquinodimethane used for doping studies. 
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Figure 6.23 Vis/NIR absorption spectra of 1:2 6.14:6.31 in CH2Cl2 in the dark from 10 

mins to 60 mins after mixing. 
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Figure 6.24 Vis/NIR absorption spectra of the mixture of 6.14:6.18 in THF showing the 

growth of the anion radical peak of 6.18. 
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Figure 6.25 Vis/NIR absorption spectra of the mixture of 6.14:6.19 in THF showing the 

growth of the anion radical peak of 6.19. 
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Figure 6.26 Vis/NIR absorption spectra of the mixture of 6.14:6.20 in THF showing the 

disappearance of the neutral absorption peak of 6.20 and the growth of the features for the 

anion radical peak of 6.20 with ambient light exposure. 
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Table 6.5 Summary of the solution doping results of various acceptors with the manganese 

dimer 6.14 

 
Acceptors Result 

                        THF                                                      Toluene 

6.18 Doping slow in the dark Doping slow in the dark 

6.19 Doping in dark but very slow Doping slow with light activation 

6.20 Doping slow with light activation Doping slow with light activation 

6.21 No doping No doping 

6.31a Doping in the dark -- 

adoping in dark in CH2Cl2 

 From the solution doping experiments discussed above, it seems very plausible that 

the manganese dimer also operates via the endergonic electron-transfer mechanism from 

the dimer to the host presumably due to strong C-C bond in the dimer and/ or slow kinetics 

for the dissociation of the dimer. The limited solubility of the salt of manganese benzene 

tricarbonyl cation with the anion of various acceptors and extremely slow reactions made 

it difficult to conduct the kinetic experiments for further validation of the mechanism as 

well as to estimate the rate constants. 

6.3.2.2 Investigation of the doping products with infrared spectroscopy 

 Doping of TCNQ, 6.31, with the manganese dimer 6.14 was further investigated 

with infrared spectroscopy. Cooper and others reported the IR (CO) stretch for the 

manganese dimer 6.14 at 2024 and 1942 cm-1 and Wilkinson et al. reported the IR (CO) 

stretch for the manganese benzene tricarbonyl cation, 6.23, at 2083 and 2024 cm-1.30,40 

Similarly the CN stretch as for TCNQ are reported at 2174 and 2228 cm-1, whereas the CN 

stretch as for the TCNQ anion radical are reported at 2153 and 2179 cm-1.43,44 The IR 

spectra of the mixtures of the manganese dimer 6.14 with TCNQ 6.31 are shown in Figure 

6.27 and Figure 6.28. As shown in Figure 6.27, the CO stretch corresponding to the cation 

is observed in the case of excess TCNQ 6.31 with a new peak at 1988 cm-1, which does not 
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correspond to either the dimer or the cation. In the case of excess dimer, the CO stretch for 

the dimer was observed with a similar new peak at 1988 cm-1. This new peak could be due 

to some decomposition of the manganese dimer in the doping process, which does not lead 

to the formation of the cation. The IR spectra were obtained by drop casting the doped 

solutions in air, where any reaction of the doped solutions with oxygen cannot be ruled out 

completely. The IR spectra shown in Figure 6.28 are consistent with the formation of the 

anion radical of TCNQ 6.31. As expected only in the case of excess TCNQ 6.31, the CN 

stretch for the neutral TCNQ was observed along with the CN stretch for the anion radical. 

This study coupled with the vis/NIR absorption studies suggest the formation of the anion 

radical of TCNQ 6.31 on doping with the manganese dimer 6.14 and formation of the 

cation is observed in the IR with a new CO co-containing species observed as well. The 

preliminary data suggests that the doping is not leading to any decomposition of TCNQ 

6.31 or in other words no side products containing CN groups were observed in the IR, 

however further studies are required to probe if there is formation of any other manganese 

product other than the cation. 
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Figure 6.27 IR spectra of the drop cast films onto sodium chloride plates of manganese 

dimer 6.14, salt 6.23, and mixtures of 6.14 with TCNQ 6.31, showing the CO stretching.   
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Figure 6.28 IR spectra of the drop cast films onto sodium chloride plates of manganese 

dimer 6.14, salt 6.23, and mixtures of 6.14 with TCNQ 6.31, showing the CN stretching. 

6.4 CONCLUSIONS 

 This chapter focused on development of weaker dopants, which would be useful 

for applications in OPVs and OFETs. The hydride reduction of the eighteen-electron 

sandwich cations of ruthenium, rhodium and iridium has been previously reported to form 

the corresponding hydride-reduced complexes of mixed 

cyclopentadienyl/cyclopentadienyl rhodium and iridium, and mixed 

arene/cyclopentadienyl ruthenium sandwich compounds. We investigated the doping 

properties of the hydride-reduced complexes of rhodium, iridium, and ruthenium sandwich 

compounds with the corresponding dimers as well as previously reported n-dopants based 

on benzoimidazole-H compounds (DMBI-H). The synthesis and characterization of a new 

ruthenium-H compound (RuCp*mes-H) was reported in the chapter. The oxidation 

potentials of the hydride-reduced complexes of rhodium, iridium, and ruthenium sandwich 

compounds are anodically shifted compared to the corresponding dimers. Thus increased 

air stability is expected for the hydride-reduced species than the corresponding dimers. The 

overall trends in the oxidation potential are similar to the dimers with ruthenium species 
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being easiest to oxidize followed by iridium and rhodium. Solution doping studies with the 

ruthenium-H complex shows that it is a stronger reducing agent than the rhodium-H and 

iridium-H compounds, with reactions of ruthenium-H compound and perylene diimides or 

naphthalene diimide polymer occurring in the dark. Interestingly, the reaction of 

ruthenium-H compound with TIPS-pentacene also proceeds in the dark as observed by the 

growth of the anion radical peak of TIPS-pentacene. On the other hand, as with DMBI-H 

compounds, no doping of TIPS-pentacene was observed with rhodium-H and iridium-H 

compounds in the dark. The kinetics studies reveal that the rate constant of reaction with 

PCBM for ruthenium-H is similar to rhodium-H but the rate constants are 3 order-of-

magnitude higher than that for DMBI-H compounds. The 1H NMR and mass spectroscopy 

studies of doping of TIPS-pentacene with the ruthenium-H complex shows the formation 

of the side products with possibility of hydride reduction of TIPS-pentacene along with the 

formation of the anion radical. 

 Another part of the chapter investigated the doping properties of previously 

reported manganese benzene tricarbonyl dimer. The cyclic voltammetry of the dimer 

revealed that the dimer is hardest to oxidize compared to previously studied dimers in this 

thesis. Solution doping studies were conducted, which showed very slow reactions of the 

dimer with TCNQ, and with PCBM in the dark. Doping of perylene diimide and 

naphthalene diimide polymer occurred in the dark only in THF but not in toluene. 

Activation of doping with ambient light exposure led to the formation of the anion radicals 

of perylene diimide and naphthalene diimide polymer in toluene. As expected from the 

reduction potential of TIPS-pentacene and the oxidation potential of the nineteen-electron 

monomer of manganese benzene tricarbonyl, no doping of TIPS-pentacene was observed 

with the dimer. The formation of the anion radical of TCNQ is observed in the vis/NIR 

absorptions studies and the IR studies of its mixture with the manganese dimer. The IR 

studies also reveal formation of the cation on doping with possibility of formation of 

another carbonyl containing compound. The slow doping reaction with the manganese 

dimer suggests that the C-C bond in the dimer might be strong and the dimer operates via 

the endergonic electron-transfer mechanism. 
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 Both classes of the compounds discussed in this chapter are worthy of investigation 

as n-dopants in organic electronics. The easier synthesis and greater air-stability of 

ruthenium-H compound along with its ability to reduce TIPS-pentacene makes it an 

attractive candidate for electrical doping of the materials used in OPVs and OFETs, also 

for trap-filling applications or for contact doping. The slow reaction of the manganese 

dimer can perhaps be exploited for achieving the processing of doped films in air with 

subsequent activation using light.  

6.5 EXPERIMENTAL 

All operations were performed under inert atmosphere using standard Schlenk 

techniques or in a glove box. Toluene and THF were dried using a solvent purification 

system from MBraun. NMR spectra were recorded on a Varian 300 MHz, Bruker AMX 

400 MHz, AVIIIHD 500 MHz spectrometer. 1H and 13C Chemical shifts were referenced 

to tetramethylsilane using the residual proton signal of the solvent and the carbon 

resonances of the deuterated solvent, respectively (for acetone-d6 spectrum was referenced 

using the carbon resonance at 206.26 ppm).45 Mass spectra were measured using either 

electron impact (EI) on a MicroMass AutoSpec M, electrospray ionization (ESI) on an 

Applied Biosystems QSTAR-XL, or matrix assisted laser desorption ionization (MALDI) 

on an Applied Biosystems 4700 Proteomics Analyzer.  The elemental analyses were carried 

out by Atlantic Microlabs using a LECO 932 CHNS elemental analyzer. The 

electrochemical data were acquired using cyclic voltammetry in 0.1 M/ nBu4NPF6 in dry 

THF under nitrogen, using a CH Instruments 620D potentiostat, a glassy carbon working 

electrode, a platinum wire auxiliary electrode, and, as a pseudo-reference electrode, a silver 

wire anodized in 1 M aqueous potassium chloride solution. A scan rate of 50 mV s–1 was 

used and ferrocene was used as an internal reference. The host materials 6.18, 6.21 and 

6.31 were bought commercially from Sigma Aldrich, 6.19, and 6.20 were synthesized 

previously by Dr. Chun Huang and Dr. Tissa Sajoto respectively. Ruthenium mesitylene 

pentamethylcyclopentadienyl hexafluorophosphate salt, rhodium 

pentamethylcyclopentadienyl cyclopentadienyl hexafluorophosphate salt and iridium 

pentamethylcyclopentadienyl cyclopentadienyl hexafluorophosphate salt were prepared as 

reported in the literature.1,27,46 
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UV/vis/NIR kinetics studies: The solutions for the measurements were prepared in a glove 

box in the dark at room temperature. The solutions of the two reactants were mixed in the 

desired ratio and immediately transferred into PTFE- stopcock-sealed quartz cuvettes 

(175–2700 nm) with path lengths of 1 mm. The sealed cuvettes were taken to a Varian 

Cary 5E spectrometer. The measurements were started within 2 minutes from the initial 

mixing. In case of light activation, sealed cuvettes were taken out the spectrometer and left 

exposed to ambient light for fixed time before continuing with the measurements. 

IR studies: The solutions for the measurements were prepared in a glove box in light at 

room temperature and were left in light overnight. Solutions were drop cast onto a sodium 

chloride plate in air.  

6.5.1 Ruthenium pentamethylcyclopentadienyl 1,3,5- trimethylcyclohexadienyl 6.10  

 

Lithium triethylborohydride (1.0 mL, 1.1 mmol (1M in THF)) was added to a 

suspension of ruthenium pentamethylcyclopentadienyl mesitylene hexafluorophosphate 

salt (0.50 g, 1.0 mmol) in THF (30 mL) dropwise under nitrogen at 0 °C. The mixture was 

stirred for 30 mins at 0 °C and then for 1 h at room temperature. The volatiles were removed 

under reduced pressure, and the resulting yellowish solid was extracted into anhydrous 

toluene. The toluene solution was filtered through dry Celite and evaporated under reduced 

pressure to afford a dark yellow crystalline solid (0.22 g, 60%). 1H NMR (500 MHz, 

benzene-d6): δ 3.65 (s, 2H), 3.18 (d, J = 11.5 Hz, 1H), 2.23 (d, J = 11.5 Hz, 1H), 2.01 (s, 

3H), 1.69 (s, 15H), 1.31 (s, 6H). 13C{1H} NMR (125 MHz, benzene-d6): δ 87.88, 87.77, 

83.27, 42.28, 37.54, 23.93, 19.64, 10.58. Another isomer of 6.10 was present in the mixture 

in less than ca 6%, estimated from the 1H NMR peak of Cp* at δ 1.75, assignment of other 

peaks was not possible due to overlapping tiny peaks. MALDI-MS: m/z 356 ([M–H]+) 

Anal. Calcd. for C19H28Ru: C, 63.83; H, 7.89; Found: C, 64.02; H, 8.04. 
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6.5.2 Rhodium cyclopentadienyl pentamethylcyclopentadiene 6.11  

 

To a suspension of rhodium pentamethylcyclopentadienyl cyclopentadienyl 

hexafluorophosphate salt (0.50 g, 1.1 mmol) in THF (30 mL) was added sodium 

borohydride (3.0 g, 79 mmol) and water (5 mL). The mixture was stirred for 24 h, the 

volatiles were removed under reduced pressure, and the resulting yellowish solid was 

extracted into anhydrous toluene. The toluene solution was filtered through dry Celite and 

evaporated under reduced pressure to afford a dark yellow crystalline solid (0.17 g, 51%). 

The 1H NMR spectrum was consistent with the previously reported for CDCl3 solution. 1H 

NMR (300 MHz, benzene-d6): δ 4.96 (d, JC-Rh = 1 Hz, 5H), 3.01 (q, JC-Rh = 6 Hz, 1H), 2.04 

(s, 6H), 1.46 (d, JC-Rh = 6 Hz, 3H), 1.19 (s, 6H). 13C{1H} NMR (75 MHz, benzene-d6): δ 

90.22 (d, JC-Rh = 10.5 Hz), 83.33 (d, JC-Rh = 5.2 Hz), 60.17 (d, JC-Rh = 12.7 Hz), 53.11 (d, 

JC-Rh = 5.2 Hz), 18.72 (d, JC-Rh = 1.5 Hz), 14.91, 12.24 (d, JC-Rh = 1.5 Hz). MALDI-MS: 

m/z 303 ([M–H]+). 

6.5.3 Iridium cyclopentadienyl pentamethylcyclopentadiene 6.12/ 6.13  

 

A suspension of iridium pentamethylcyclopentadienyl cyclopentadienyl 

hexafluorophosphate salt (0.25 g, 0.47 mmol) in THF (15 mL) was prepared and sodium 

borohydride (3.7 g, 42 mmol) was added under nitrogen. The mixture was stirred for 36 h 

at room temperature. The volatiles were removed under reduced pressure, and the resulting 

whitish solid was extracted into anhydrous toluene. The toluene solution was filtered 

through dry celite and evaporated under reduced pressure to afford a dark yellow crystalline 
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solid (0.06 g, 32%). The 1H NMR spectrum was consistent with the literature with major 

isomer 6.13 (reduction on Cp*). 1H NMR (500 MHz, benzene-d6): δ (major isomer) 4.77 

(s, 5H), 2.24 (s, 6H), 1.97 (s, 3H), 1.43 (d, J = 6.5 Hz, 3H), 1.22 (s, 6H) (exo-H quaternary 

overlaps with the peak at δ 4.77, confirmed by COSY spectrum). δ (minor isomer) 6.22 (d, 

J = 9 Hz, 0.3H), 4.59 (dd, J = 3.5 Hz, 1.5 Hz, 0.6H), 3.37 (dt, J = 9 Hz, 4 Hz, 0.3H), 2.69 

(br, 0.6H), 1.97 (s, 4H) 13C{1H} NMR (125 MHz, benzene-d6) for both isomers: δ 88.78, 

81.13, 76.85, 64.72, 55.29, 45.69, 43.05, 25.32, 19.80, 15.79, 12.35, 11.26. MALDI-MS: 

m/z 393 ([M–H]+). 

6.5.4 Manganese benzene tricarbonyl hexafluorophosphate salt 6.23  

 

 A mixture of manganese pentacarbonyl bromide (2.0 g, 7.3 mmol) and aluminum 

trichloride (1.9 g, 15 mmol) in anhydrous benzene was refluxed for 6 h under nitrogen. The 

reaction mixture was slowly poured into ice water and the solution was filtered. To the 

aqueous solution, large excess of ammonium hexafluorophosphate (>10 equivalents) was 

added and the mixture was stirred for 30 min. The solution was filtered and the precipitates 

were further recrystallized with CH2Cl2/ether to obtain a dark yellow crystalline solid (1.7 

g, 66%). 1H NMR (500 MHz, acetone-d6): δ 6.93 (s). 13C{1H} NMR (125 MHz, acetone-

d6): δ 102.66. ESI-MS: m/z 217.1 ([M–PF6
-]+).The IR spectra in KBr disk consistent with 

the reported spectrum.40 

6.5.5 Manganese benzene tricarbonyl dimer 6.14  
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2,7-di-tert-butylnaphthalene (0.33 g, 1.4 mmol) and potassium (0.054 g, 1.4 mmol) 

were stirred in THF (10 mL) under nitrogen at 0 °C overnight. The dark green solution was 

transferred via a cannula to a suspension of manganese benzene tricarbonyl 

hexafluorophosphate salt (0.50 g, 1.4 mmol) in THF (30 mL) at -78 °C. The mixture was 

stirred for 2 h, the volatiles were removed under reduced pressure, and the resulting 

yellowish solid was extracted into anhydrous toluene. The toluene solution was filtered 

through dry Celite and evaporated under reduced pressure to afford a light yellow solid, 

which was washed with cold hexanes to obtain yellow crystalline solid. (0.06 g, 20%).  1H 

NMR (500 MHz, benzene-d6): δ 4.81 (t, J = 5 Hz, 2H), 3.96 (t, J = 6 Hz, 4H), 2.17 (t, J = 

5 Hz, 4H), 1.16 (br, 2H), 1.19 (s, 6H). 13C{1H} NMR (125 MHz, benzene-d6): δ 96.57, 

79.43, 54.07, 44.83. The 1H NMR, 13C NMR spectra and the IR stretch (CO) were 

consistent with the literature.30 
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CHAPTER 7  CONCLUSIONS AND FUTURE OUTLOOK 

The thesis focused on developing n-dopants for organic electronics, which are 

moderately air-stable yet powerfully reducing in character. In the literature, there are 

numerous reports of strong and stable p-dopants.1-11 On the other hand, developing strong 

n-dopants is challenging, as it requires developing materials with low ionization energy 

(low solution electrochemical oxidation potential), which are typically not sufficiently 

stable for handling in air. Other than the air stability, an ideal n-dopant should involve in a 

clean redox chemistry to form a stable cation and the anion radicals of the host with no 

formation of side products. Chapter 1 discussed various strategies that the scientific 

community has employed for n-doping of organic semiconductors to improve the 

performance of the devices.1,2,12-21 As discussed in chapter 1, the diffusion of the dopant 

ions is another concern in the case of both p- as well as n-doping. 17,22-24 This has been 

observed to be a serious issue, especially when using alkali metals as n-dopants.  

The electrical doping of electron-transport materials that are used in organic 

photovoltaics (OPVs), and organic field-effect transistors (OFETs) is easier than that of 

typical materials used in organic light-emitting diodes (OLEDs) as the electron affinity of 

the materials used in OPVs and OFETs is roughly ≥ 3.5 eV, whereas materials used in 

OLEDs typically have low electron affinity (1.8 – 2.8 eV).1,22,25-29 The use of highly air-

sensitive materials such as decamethylcobaltocene (ionization energy of 3.3 eV) were 

demonstrated, as effective dopants but are difficult to handle and not sufficiently reducing 

for materials use in OLEDs.13,30 The Marder group recently identified dimers of nineteen-

electron sandwich compounds of ruthenium, rhodium, and iridium as n-dopants.19,31-37 

These dimers when used via solution as well as vacuum processing were found capable of 

electrical doping organic semiconductors with electron affinity as low as 3 eV.19 

Mechanistic studies as discussed in chapter 1, revealed that the C-C bond dissociation 

energy (ΔGdiss(M2)) in ruthenium based dimers and iridium based dimers is greater than 

the bond dissociation energy in rhodium dimers,31,38 as a result of which, ruthenium and 

iridium dimers operate via an endergonic electron-transfer mechanism whereas the reaction 

of a rhodium based dimer and TIPS-pentacene proceeds via a homolytic bond dissociation 

mechanism as well as an endergonic electron-transfer mechanism. Irrespective of the 
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mechanism, the relation of the redox potentials, strength of the C-C bond in the dimer, and 

the overall reducing strength (thermodynamic feasibility of an electron transfer) of the 

dimers of nineteen-electron sandwich compounds at room temperature is described in 

equation 1.  
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)/()./(                                                                    (1) 

where ΔGdiss is the free energy of the dissociation of the dimer into monomers and E(M+/M) 

is the oxidation potential of the 19-electron monomer. 

 The overall reducing strength of the dimers (shown in Figure 7.1) was calculated 

for ruthenium pentamethylcyclopentadienyl/mestiylene dimer, rhodium and iridium 

cyclopentadienyl/pentamethylcyclopentadienyl dimers, using the redox potentials obtained 

in solution from the cyclic voltammetry and the bond dissociation energies calculated using 

M06/LANL2DZ/6-31G(d,p) DFT calculations, and is shown in Figure 7.3. The effective 

reducing strength of similar dimers can be increased by cathodically shifting the reduction 

potential of the monomeric cations or weakening the C-C bond in the dimers. Increased 

alkylation for rhodium species is accompanied by a comparable shift in the oxidation 

potential.38 Further shifts in the redox potentials for rhodium species will inevitably make 

the corresponding dimers air-sensitive.38 Also homolytic dissociation of the rhodium 

dimers is observed on reaction with the various acceptors, further weakening of the bond 

in the dimers can possibly lead to the formation of highly air-sensitive monomers instead 

of dimers. But both strategies can be adopted for ruthenium and iridium dimers.  

 

Figure 7.1 Structures of the dimers of nineteen-electron sandwich compounds 

demonstrated as n-dopants for organic electronics. 
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Figure 7.2 Structures of the corresponding cations of the dimers demonstrated as n-dopants 

for organic electronics. 

 

Figure 7.3 Estimated effective reducing strength of the dimers, the reduction potentials of 

the corresponding cations and the oxidation potential of the dimers. 

 Chapter 2 focused on the synthesis of new ruthenium mixed cyclopentadienyl/ 

arene and iridium bis(cyclopentadienyl) salts, which could potentially give on reduction 

dimers exhibiting ring or steric strain. As highlighted earlier, the reduction of eighteen-
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electron sandwich compounds does not always lead to the formation of desired dimers, a 

variety of side products can be formed often on reductions. The chapter discussed the 

electrochemistry, molecular structure and the reductive chemistry of the new salts. The 

electrochemical reductions of almost all eighteen-electron ruthenium mixed 

cyclopentadienyl/arene salts studied in the literature follow an EC mechanism, where the 

reduction is followed by a chemical reaction (dimerization of the nineteen-electron 

monomers in few cases).38-41 Similarly all the new salts showed similar electrochemical 

behavior with almost no re-oxidation of the nineteen-electron monomer observed, except 

the ruthenium salt with tris-tert-butylbenzene as the arene, which showed a reversible 

reduction peak suggesting that it might be possible to isolate the nineteen-electron 

monomer of the complex. Consistent with the literature, slight modifications in the reaction 

conditions for the reduction of the new salts, led to a formation of different side products. 

During the course of this study we observed that the deprotonation of the cations is one of 

the major side reactions especially when using sodium naphthalide as the reducing agent. 

Thus sodium naphthalide might not be a good choice as a reducing agent where there are 

sites for possible deprotonation. The introduction of steric strain in the salts has a 

significant effect on the reductive dimerization. We successfully synthesized and 

characterized two new dimers: ruthenium pentamethylcyclopentadienyl cyclophane 

internal dimer and iridium pentamethylcyclopentadienyl di-tert-butylcyclopentadienyl 

dimer.  

In future, the reductive dimerization of some other ruthenium salts can be 

investigated. Introduction of electron donating substituents on the arene in the case of 

ruthenium mixed arene/pentamethylcyclopentadienyl cations was attempted only with the 

introduction of dimethylamino group in the salt 7.9 (shown in Figure 7.4), which 

cathodically shifted the reduction potential of the salt by 200 mV in THF/0.1 M nBu4NPF6 

compared to the salt with mesitylene as the arene, 7.5. However, alkali metal reduction of 

the salt did not yield a clean dimer. The reduction potential of the salt 7.10 was cathodically 

shifted by 100 mV compared to 7.5 in THF/0.1 M nBu4NPF6. Thus reduction of the salt 

can be attempted in order to isolate the dimer and if isolation of the clean dimer is possible, 

depending on the reducing properties of the new dimer; dimer of the salt 7.11 can also be 
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investigated, which not only will be easier for vapor deposition but also there could 

possibly be some change in the C-C bond dissociation energy in the dimer. 

 

Figure 7.4 Structures of ruthenium salts; 7.5 and 7.9 have been studied in this thesis, 7.10 

and 7.11 can be synthesized in future for investigation of reductive dimerization. 

Initial studies suggested that it might be possible to isolate clean iridium 

pentaethylcyclopentadienyl cyclopentadienyl dimer. In the future this needs to be 

investigated in detail and depending on the isomer distribution and the effect of ethyl- 

groups on the bond dissociation energy, synthesis of iridium pentaethylcylopentadienyl di-

tert-butylcyclopentadienyl dimer (shown in Figure 7.5) can be attempted. Apart from the 

chemical reductions using alkali metals discussed in this thesis, there is still scope for 

exploration of electrochemical reductions in order to isolate clean dimers. 
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Figure 7.5 Synthesis of iridium dimers that can be attempted in future in order to introduce 

ring strain in the dimers to weaken the C-C bond in the dimer. 

Previously synthesized dimers and the new dimers were investigated as reducing 

agent/ dopants for a variety of organic semiconductors by conducting solution doping 

studies. It was observed that the ruthenium bis(pentamethylcyclopentadienyl) cyclophane 

internal dimer reduces TIPS-pentacene in the dark, similar to the ruthenium 

pentamethylcyclopentadienyl mesitylene dimer, as well as 

bis(triethylsilylethynyl)anthradithiophene, and very slowly TIPS-anthracene. The reaction 

of the new ruthenium bis(pentamethylcyclopentadienyl) cyclophane internal dimer  was 

observed to be faster with pentacene derivatives than the previously studied mesitylene 

dimer but to proceed by a similar mechanism. The differences in the kinetics might be 

attributable to the differences in the overlap of the orbitals of the dimer and the host. 

Experiments conducted at Princeton University by Xin Lin and Bethold Wegner in order 

to investigate the electrical doping of the OLED electron-transport material demonstrated 

the activation of the electrical doping with UV light exposure. The conductivity of phenyl-

dipyrenylphosphine oxide increased by six orders and four orders-of-magnitude on 
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electrical doping with the ruthenium mesitylene dimer and ruthenium cyclophane internal 

dimer respectively, followed by activation with UV light. The improvement in the 

conductivity are comparable to the previous reports of electrical doping of electron-

transport materials with alkali metals. From the results it appeared that the introduction of 

the ring strain had a limited effect on the overall effective reducing strength of the dimer 

empirically estimated by what is effectively reduced by the dimer, which could be due to 

the fact that the oxidation potential of the monomer of ruthenium cyclophane internal dimer 

is anodically shifted as compared to the ruthenium mesitylene dimer. The investigation of 

electrical doping of naphthalene diimide bithiophene polymer with the iridium 

pentamethylcyclopentadienyl cyclopentadienyl dimer using UPS/XPS, vis/NIR absorption 

spectroscopy, spectroelectrochemistry and NMR spectroscopy indicated doping with no 

evidence of formation of side products. For facilitating easier processing conditions, 

processing in ambient air in the dark was investigated for the iridium dimers with 

subsequent activation with light. The solution doping studies with the iridium dimers 

revealed no doping in the dark for TIPS-pentacene and poly (9,9-dioctylfluorene-alt-

benzothiadiazole) (F8BT), but that activation of electrical doping was possible with 

ambient light exposure. The reactions of the new iridium di-tert-butylcyclopentadienyl 

pentamethylcyclopentadienyl dimer were observed to be even slower than the iridium 

cyclopentadienyl pentamethylcyclopentadienyl dimer. This was consistent with the trend 

in the oxidation potentials of the dimer with latter being easier to oxidize by 200 mV. Also 

due to introduction of the tert-butyl groups around the dimer, slower electron-transfer 

kinetics was expected, since the prefactor, A, in the Marcus expression for the rate constant 

for a non-adiabatic intermolecular electron-transfer is given by A = V2(4π3/(h2λkBT))0.5, 

where h is the Planck’s constant, kB is the Boltzmann’s constant, V is the donor-acceptor 

electronic coupling, λ is the reorganization energy, and T is the temperature.42 The work 

discussed in this chapter can be continued in three parts: 

 Electrical doping of other OLED electron-transport layers, which are easier to reduce 

than phenyl-dipyrenylphosphine oxide such as bis(4,6-diphenyl-1,3,5-triazin-2-

yl)biphenyl with ruthenium dimers and iridium dimer with and without activation.  
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 Fabrication of OLEDs with electrically doped electron-transport layers and comparing 

the performances with OLEDs with undoped electron-transport layers. 

 Activation of electrical doping experiments in films using temperature and conducting 

temperature dependent IV measurements. 

 In order to investigate covalent tethering of the dopant ions with the organic 

semiconductors and surfaces, two different benzocyclobutene groups were introduced on 

to the dimers and discussed in chapter 4. The cyclopentadiene was linked to the two 

benzocyclobutene groups and two new rhodium salts were synthesized and characterized. 

Synthesis of the two new dimers with two different benzocyclobutene derivatives was 

successfully accomplished and was characterized using multidimensional NMR 

spectroscopy with elemental analysis consistent with the formation of both dimers. The 

exothermic peak observed in the DSC of the salts indicated opening of cyclobutene ring, 

and possibly dimerization and formation of other oligomers of the cations. Preliminary 

cross-linking experiments were performed with the polymer and the rhodium salt 

containing bicyclo[4.2.0]octa-1(6),2,4-triene and probed using XPS and mass spec., which 

showed crosslinking of the salt with the polymer. Two new phosphonic acids with the two 

benzocyclobutene groups were successfully synthesized and characterized.  The study 

paves the way for investigation of covalent tethering of the dopant ions with organic 

semiconductors and surfaces for possibly more stable electrical doping results.  

Chapter 5 discussed the estimation of the rates of dimerization and the activation 

parameters for the nineteen-electron sandwich compounds of iron, ruthenium, rhodium and 

iridium by employing scan-rate dependent and temperature-dependent cyclic voltammetry. 

The rates of dimerization followed the order Fe << Rh < Ru ≈ Ir and the correlation between 

the activation barriers for dimerization, ΔGdim
‡; and the DFT-calculated bond dissociation 

energy of the dimers was observed. DFT predicted similar ΔGdim
° for rhodium and iron 

complexes; however, the rates were significantly different. This was correlated with the 

spin-density distribution in the nineteen-electron species. The majority of spin-density in 

the case of iron species is located on the metal, unlike other monomers where only 60% of 

the spin-density is located on the metal. Thus, the rates of dimerization are dependent on 
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both the thermodynamics and the spin-density distribution. This has potential implications 

for future design of activatable dopants where the rates of cleavage and the electron-

transfer reactions have to be low. 

 Chapter 6 investigated hydride-reduced complexes of eighteen-electron sandwich 

compounds of ruthenium, rhodium and iridium as n-dopants and the reductive properties 

were compared to previously reported 1,3-dimethyl-2-aryl-2,3-dihydro-1H-

benzoimidazole derivatives (DMBI-H).18,43 As expected, the oxidation potentials of the 

hydride-reduced compounds were anodically shifted compared to the corresponding 

dimers, which suggests greater air stability for these complexes than for the dimers. The 

oxidation potential of the hydride-reduced product of ruthenium 

pentamethylcyclopentadienyl mesitylene complex was cathodically shifted by 200 mV 

from that of the iridium and the rhodium cyclopentadienyl/pentamethylcyclopentadienyl 

species. Similar to DMBI-H compounds, where the mechanistic studies revealed formation 

of hydrogen-reduced PCBM compounds along with the anion radicals of PCBM, doping 

of PCBM with ruthenium, rhodium and iridium species was expected to involve a hydride 

transfer. The rate constants for the reaction of the ruthenium-H and the rhodium-H with 

PCBM were found to be similar but three orders-of-magnitude greater than what were 

observed for DMBI-H compounds. As TIPS-pentacene is not a good hydride acceptor, no 

doping of TIPS-pentacene was observed with DMBI-H compounds, rhodium and iridium 

complexes. However, the ruthenium-H compound reduced TIPS-pentacene in the dark, 

suggesting the complex is much stronger reducing agent than other similar compounds. 

This study points out possibility of using more a stable ruthenium complex, which is easier 

to synthesize and handle for trap-filling in organic semiconductors or surface doping, 

where formation of side products is not a big concern. Similar to the hydride-reduced 

complexes discussed above, another class of weaker dopant that was studied in this thesis 

was the manganese benzene tricarbonyl dimer. The oxidation potential of the dimer was 

anodically shifted by ca 1.5 V compared to the dimers of nineteen-electron sandwich 

compounds of rhodium and ruthenium. Very slow doping of TCNQ, PCBM was observed 

with the manganese dimer in solution but no doping of TIPS-pentacene, consistent with 

modest oxidation potential of the monomer. A combination of vis/NIR absorption 

spectroscopy and IR spectroscopy revealed that the anion radicals of TCNQ are formed on 
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doping with the manganese dimer with the formation of the manganese benzene tricarbonyl 

cation. However, for both classes of the compounds (hydride-reduced compounds and 

manganese arene tricarbonyl dimers) need to be investigated further as n-dopants to 

establish whether they can be useful in organic electronics. UPS/XPS on the doped films 

with either class of the dopants along with the conductivity measurements will be required 

to further investigate doping properties of these dimers. The manganese benzene 

tricarbonyl dimer, in particular, could be a potential means of achieving processing of 

doped films in air with subsequent activation using light. However, the reactivity of 

manganese benzene tricarbonyl dimer with various acceptors such as PCBM is very slow, 

thus modifications of the dimer can be investigated. It can again be achieved by either 

cathodically shifting the reduction potential of the cation and the dimer by either changing 

the arene or replacing carbonyl ligands with more electron rich ligands such as 

triphenylphosphine, some examples of which have been reported in the literature.44,45 

Another strategy could be to introduce steric-strain around the C-C bond in the dimer. As 

the reduction of the manganese arene tricarbonyl cation involves potassium naphthalide 

derivatives and as discussed in chapter 2, potassium naphthalide leads to the deprotonation 

along with the reduction, arene such as triisopropylbenzene might not be a good choice. 

However, tri-tert-butylbenzene could be a possible approach.  

 Overall, the aim of the thesis was to design and develop n-dopants, which would 

address the main challenges associated with n-doping: 

 Achieving strong reducing effect while retaining at least moderate air-stability 

 Attaining clean redox-chemistry with no formation of side products 

 Controlling the diffusion of the dopants ions in the solid-state 

 Possibly developing weaker dopants for OPVs, OFETs that are easier to handle 

  Chapter 2, 3, and 5 investigated and addressed the first two challenges with 

strategies to minimize the diffusion of dopant ions was introduced in chapter 4. Lastly, an 

initial demonstration of the solution chemistry of some potentially weaker dopants was 

presented in chapter 6. 
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APPENDIX 

A.1. X-ray diffraction details and crystal identification files 

 Evgheni Jucov and Dr. Victor N. Khrustalev in the group of Dr. Tatiana Timofeeva 

in department of chemistry at New Mexico Highlands University did the crystal structure 

determination of all the complexes. 
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