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1. GENERAL INTRODUCTION 

 

‘It is the nature of the eye to love colors’ 

 

It is hard to find words more appropriate than this quote by the Chinese merchant and politician 

L. BUWEI (290 BC - 235 BC) to describe the meaning of color to human beings. All along, the use of 

dyestuffs and paints has always been an integral part of human life. One of the oldest evidences for 

the use of colorants by human beings can be found in the cave paintings of Chauvet-Pont-d'Arc and 

Lascaux, which can be dated back to around 30000 BC.1,2  

In the Dzudzuana Cave (Georgia), pigment-stained flax fibers were found that date back to the same 

time period.3 At this point, it is important to distinguish between pigments and dyes. A pigment is 

insoluble in its application medium (usually consisting of water). Typically, they are incorporated 

into binding agents like oils or, more recently, polymers for the dying process. Going back to the 

ancient cave paintings, it is also possible to simply apply them to a surface.4,5 As pigments mostly 

consist of metal salts or oxides, they are widely and rather easily accessible. So, in prehistoric times, 

they were almost the only available dyes. Classical examples of inorganic pigments are iron oxides 

like C.I. Pigment Yellow 42 (FeO(OH)), C.I. Pigment Red 101 (Fe2O3), or C.I. Pigment Black 11 (mixed 

crystal of Fe2O3 and FeO) with various admixtures of chromium, copper or manganese.4,6 Green or 

blue colors, for example, often consist of copper compounds like Malachite (Cu2[(OH)2|CO3]),7 

Azurite (Cu3(CO3)2(OH)2)7 or Egyptian Blue (CaCuSi4O10 or CaOCuO(SiO2)4).8 Nowadays, one of the 

most commonly used white pigments is C.I. Pigment White 6 

(TiO2) with an annual production of over nine million tons.9–

11 The first synthetic pigment that was produced on an 

industrial scale was the Prussian Blue (C.I. Pigment Blue 27, 

Fe4[Fe(CN)6]3) discovered in 1706.12,13 An interesting fact 

about Prussian Blue is that it is not possible to accurately 

display it on a computer monitor as its chroma lies out of the 

sRGB color gamut. For the same reason, it is impossible to 

print a color that is identical to Prussian Blue. Thus, the 

beautiful color of V. V. GOGH’S The Starry Night (Figure 1) from 188914 can only be admired on looking 

at the original painting. A general problem with the use of pigments is, by definition, their 

insolubility. Even if it is feasible to disperse them in oil, e.g. in order to paint a picture, water-soluble 

compounds bear many advantages when it comes to applications as staining agents. There are 

Figure 1. VINCENT VAN GOGH’S The Starry 

Night (1889). 
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evidences that the dye Indigo Carmine (C.I. Acid Blue 74) was used in Egypt 3000 years ago.15 Its 

parent structure Indigo (C.I. Pigment Blue 66) is one of the most important organic dyes that was 

used since ancient times. For a long time, Indigo was the only available blue dye to color clothing. 

Pure Indigo was already used by the Romans to stain fabrics.15 To be more precise, it is not Indigo 

itself that is used as staining agent but its reduced leuco-form Indigo White (see Scheme 1). 

 

Scheme 1. Indigo (left) and its reduced leuco-form (right). 

 

 

 

This form is water-soluble and can infiltrate the textiles. After re-oxidation, the blue and water 

insoluble Indigo is formed and fixed within the cloth.  In ancient times, and almost throughout the 

entire Middle Ages, Indigo had to be imported from India via Syria and was the only known blue dye 

in Europe.16,17 To replace these expensive imports, dyer's woad (Isatis tinctoria) was cultivated in 

Europe from the 12th to the 17th century. However, the yields were never sufficient, as the original 

Indian Indigo plant is able to provide 30 times more dye as dyer's woad.18 The enormous 

consumption of natural Indigo can be illustrated by the fact that in 1897 7000 km2 of land were 

cultivated solely to produce Indigo. This is around three times the size of Luxembourg.19 It took until 

1870 that the very first successful synthesis of Indigo was devised by A. V. BAEYER.20 Still, it took 

another 27 years until the Badische Anilin und Sodafabrik (BASF) was able to produce Indigo on a 

larger scale. In 1902, BASF’s annual production passed the mark of 7000 tons of Indigo. In 1904, the 

BASF and the Farbwerke Hoechst signed their Indigo Convention to develop, produce and sell 

synthetic Indigo in a joint venture.21 This Indigo cartel was supposed to avoid an ‘unlimited and 

ruinous competition that would be pointless in the long run’. 

Nowadays, Indigo is almost exclusively used in textile 

staining, resulting in approx. 20000 tons of Indigo used every 

year in the production of blue jeans,19 which corresponds to 

nearly 94 % of the annual production. Another famous dye, 

also based on Indigo is 6,6'-dibromoindigo, the so called 

Tyrian Purple (Purpur, C.I. Natural Violet 1). Used since 

antiquity, it always signified wealth, might and power.22,23 

Even today, natural Tyrian Purple remains the most 

expensive dye available with a price of 2050 € per gram.24  Fourteen years before BAEYER synthesized 

Indigo for the first time, it was W. H. PERKIN who synthesized the first artificial dye in 1856. By 

Figure 2. Sample of mauveine dyed yarns at 
the historic dye collection (TU Dresden).1  



General Introduction 

 
3 

oxidizing aniline, which was contaminated with ortho- and para-toluidine, with potassium 

dichromate, PERKIN obtained a black solid. From an organic chemist’s point of view, he first 

considered the reaction to have failed. Not until he cleaned his flask with ethanol, he saw the intense 

violet coloration of the solution of this product, which he then called Mauveine (c.f. Figure 2).25–27 

PERKIN’S discovery marks the beginning of a new era of dye production and usage along with the 

development of a whole new industry. In 1863, Hoechst was founded as ‘Theerfarbenfabrik Meister, 

Lucius & Co’. They became famous for Alizarin, which they produced from 1869 on.28 In that very 

same year, the ‘Friedr. Bayer et comp’ (today Bayer AG) started its production of Fuchsine 

(C.I. Basic Violet 14) and Aniline. In 1865, the ‘Badische Anilin- und Sodafabrik’ was founded in 

Ludwigshafen and started with the conversion of coal tar from coal gasification to aniline and various 

tar colors.21 Thus, PERKIN’s accidental discovery laid the foundation for three of the biggest chemical 

companies worldwide. During this period, to be precise in 1867, C. LAUTH29  prepared a series of 

methylated pararosanilines which were produced and sold by ‘Poirrier et Chappat’ under the name 

Violet de Paris. One component of this mixture was Crystal Violet (C.I. Basic violet 3). In 1883, A. 

KERN (1850–1893), who worked in Basel at the company of ‘Bindschedler & Busch’ (today CIBA / 

Novartis),30–32 was the first to prepare pure Crystal Violet. 

Soon, he realized the potential of Crystal Violet as a dye 

though his synthesis was rather inconvenient as he used 

phosgene gas to link two equivalents of dimethyl aniline in 

order to obtain 4,4'-bis-(dimethylamino)benzophenone, 

just as W. MICHLER proposed in 1876.33 To optimize the 

demanding synthesis, KERN entered into a collaboration 

with the German chemist H. CARO at BASF.34 To this day, 

triphenylmethanes constitute a 

widely used class of dyestuffs, e. g. for 

ball-point pens. Its most important use however, is in the field of medical 

applications, where it is used as a staining agent in the Gram staining of 

bacteria,35 DNA staining in agarose gels,36 or the staining of tissue culture 

monolayers.37 It has also antibacterial, antifungal, antitypanosomal, antiviral 

and anti-angiogenic properties,38,39 which have led to applications in the 

treatment of oral candidiasis in HIV-infected patients40 or in low-budget burn 

wound management.41 The use of triphenylmethanes as dyes, however, is 

not limited to medical applications.  As E133, Brilliant Blue FCF (C.I. Acid Blue 

9) is used as food colorant, providing for example the liqueur Blue Curaçao 

its typical color.42 Other examples of triphenylmethanes in food chemistry are E131 (C.I. Acid Blue 

3) or E142 (C.I. Acid Green 50), which give peppermints their characteristic light green color.43 

Scheme 2. Structure of Crystal Violet. 

Figure 3. E133 colored 
Blue Curaçao liqueur.  
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Crystal Violet and related triarylmethylium compounds are also renowned for their intriguing 

electrochemical properties.44–50 Despite their simplicity, they are capable of forming extended redox 

series that connect Ar3C+ radical cations to neutral Ar3C radicals and, by a second one-electron step, 

to Ar3C
- anions. Numerous accounts have devised and exploited elaborate schemes that relate the 

potentials of the +/ and /- redox couples to fundamental thermodynamic properties of these three 

different amphihydric, trivalent carbon species. Examples for these thermodynamical properties are 

the pKR
+ values, where KR

+ denotes the equilibrium constant of the reaction Ar3C+ + OH2 ⇌ Ar3C-OH 

+ H+, the hydride affinities of Ar3C+, the free enthalpies for homo- or heterolytic dissociation of the 

Ar3C-H bond, the pKa values of the corresponding triarylmethanes Ar3C-H, as well as the absolute 

hardness of the Ar3C radicals.45–47,49,50 Moreover, close correlations between the +/ redox 

potentials and TAFT’S + parameter for solvolysis of substituted cumenes and between the /- redox 

couple and the TAFT’S - parameter have been observed.45 Particularly electron-rich 

triarylmethylium ions with two or three strong NR2 donors are even capable of undergoing further 

oxidation to persistent radical dications, which extends the Ar3C-based redox-series to four 

interconvertible members.51,52 A further elongation of the conjugated -system of triarylmethylium 

dyes by styryl (Ph-CH=CH-) or tolanyl (Ph-CC-) groups has been reported to shift the wavelength of 

the maximum absorption to lower energies, partly down into the near infrared (NIR), as well as to 

further increase the extinction coefficients.48,53–55 While there are several reports on ferrocenyl-

substituted triarylmethylium dyes with a cyclopentadienyl ring of a ferrocene as an aryl substituent 

at the carbonium center or as a pendant in vinylogously extended analogs,55–62 other examples of 

metal organic derivatives of triarylmethylium dyes are rare.  

The reversible redox chemistry of these triarylmethylium dyes paired with their intense coloration 

renders them highly interesting candidates on the recent research field of electrochromic materials. 

R. J. MORTIMER defines electrochromic materials as follows: ‘Electrochromic materials have the 

property of a change, evocation, or bleaching of color as effected either by an electron-transfer 

(redox) process or by a sufficient electrochemical potential.’63 The wide range of colors that can be 

covered with such systems leads to various interesting commercial applications.64,65 Examples are 

smart windows, antiglare car mirrors, battery state-of-charge indicators and electrochromic 

sunglasses or ski goggles. Furthermore, electrochromic dyes have found applications in aircraft 

canopies, camouflage materials, chameleonic fabrics, optical irises for camera lenses and in (non-

emissive) controllable light-reflective or light-transmissive display devices for optical information 

and data storage.63 Nevertheless, changing the color of a compound upon application of a potential 

does not automatically make a good and easily commercialized electrochromic dye. In addition to 

its intrinsic feature of changing its color, it has to meet several further performance parameters. For 

most applications, these are: 
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 contrast ratio 

 the ratio of the transmittance of the electrochromic material in its colored state 

to the transmittance in the bleached (colorless) state 

 coloration efficiency 

 the ratio of the absorbance change to the charge injected per unit electrode area 

 write-erase efficiency 

 the fraction (percentage) of the originally formed colored state that can 

subsequently be electrochemically bleached 

 cycle life 

 the number of write-erase cycles that can be performed before any significant 

extent of degradation occurs 

 response time 

  the time required for some fraction of the color to form or be bleached 

 

Depending on the desired application, the importance of the individual parameters might 

change. Thus, a display will need a short response time, whereas a tintable window does not 

need to change its color within milliseconds. On the other hand, a high coloration efficiency is 

desirable for a large area application as in color-changing windows, which is of secondary 

importance if used, for example, for sun glasses or ski goggles.  

 

Figure 4. Electrochromic smart window based on WO3 and Prussian Blue. Manufactured by Gesimat GmbH Berlin.66 

As a vast variety of materials can be used to build electrochromic devices (ECD), it is necessary to 

categorize them further in order to get a better overview over possible dyes that can be used for 

different applications. Therefore, many different criteria can be conceived, for example 

organic/inorganic compounds, the number of colored states or the sequence of coloration, so 

whether the neutral state is colorless or the electro-generated one.  I. F. CHANG at IBM established 

a simple classification system based on solubility and therefore on the field of application.67  
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His classification system comprises the following three types of electrochromic dyes:  

 

 Type I 

 All redox states are soluble in a given electrolyte solution. Typical examples are 

viologen-type dyes (c.f. Scheme 3). Most metal complexes and organic indicators 

belong to this category.    

 Type II 

 Only one redox-state is soluble. After electron transfer, the dye forms a solid film 

on the electrode surface. This is the case for N,N’-bis(nheptyl)-viologen or the 

reversible electrodeposition of metals.  

 Type III 

 These dyes are insoluble in the electrolyte solution in all redox states and they 

are exclusively used as thin films on electrodes. Typical representatives are 

conducting polymers like polythiophenes or polypyrrols, metal oxides like WO3, 

metallapolymers, or Prussian Blue.  

 

With these different solubility properties come different advantages or drawbacks. Type I systems, 

for example, are easier to manufacture, as they are permanently soluble and can be processed with 

wet chemical techniques. As the dyes are not immobilized on the electrodes, they will migrate back 

to the center of the cell and recombine. This leads to a bleaching of the chromophore. Therefore, 

they require a constant current to maintain their color. Type II or III dyes keep their color once they 

have reached the desired redox-state. Tungsten oxide is by far one of the best studied und most 

widely used chromophores for ECDs. Back in 1815, J. J. BERZELIUS already reported that pale yellow 

WO3 changes its color when heated under a hydrogen atmosphere.68 Nine years later, F. WÖHLER 

observed the same effect by reducing tungsten oxide with sodium.69 During the partial reduction, 

the following reaction takes place: 

WO3 + x(Na+ + e-) → NaxWVI
(1-x)WV

xO3 

As a result of this incomplete reduction, a tungsten (V/VI) mixed-valent oxide is formed. The 

resulting intervalence charge transfer transition between the two different tungsten centers then 

leads to the intense coloration. Subsequently, the coloration vanishes upon full reduction, leaving 

only NaWVO3. Similar reactions can be observed for oxides of molybdenum, vanadium, iridium or 

nickel. In the latter two cases a metal hydroxide/metal oxide equilibrium is responsible for the 

coloration.  

Taking a closer look at Type I or Type II systems, one will inevitably stumble upon viologene dyes 

(vide supra). Similar to WO3, reduction of the dication leads to a mixed-valent state, causing the 
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intense coloration. Modification of the quarternizing agent gives access to a large variety of 

compounds with tunable colors and properties.  

 

Scheme 3. Different redox-states of methyl viologen and their corresponding colors. 

 

  

 

As described above, methyl viologen is highly soluble, whereas longer alkyl chain (> C7) substituted 

viologens lead to type II systems with insoluble reduced forms. Still, the use of alkyl groups leads to 

a blue to violet tinting, whereas the monoreduced 4-cyanophenyl viologen is intensely green. 

Besides purely organic or inorganic compounds, there are also transition metal complexes that are 

used for ECDs.70,71 One commonly used motif that is applied in this case is [MII(bipy)3]2+ with M = Fe, 

Ru, Os. As it is in most cases more feasible to use Type III systems, these complexes are often 

incorporated in redox-active polymers. A common way to achieve such incorporation is to use vinyl 

bearing ligands/complexes like [Ru(4-vinyl-4’-methyl-bipy)3]2+, which can then be 

electropolymerized on, for example, an ITO plate. Another approach is to immobilize adequately 

substituted tris(bipy) complexes on transparent electrodes, e.g. by the use of Pd2+ ions, to generate 

multilayer structures for enhanced contrast.72–74 

Yet, most electrochromic dyes show their absorption in the ultraviolet (UV) to visible (Vis) regions 

with no or only minor alterations in the near infrared (NIR). This is even more surprising as non-

redox-active NIR dyes are widely known and well investigated.75–80 Their low-energy absorption 

profiles render them highly interesting compounds in several areas of applications. NIR dyes are 

employed in medicine to increase the contrast in  spectroscopic optical coherence tomography81 or 

in photodynamic therapy for the treatment of cancer.82 In a more traditional role as dye-stuffs NIR 

absorbers are used for security printing. This aspect is of special interest for printings that shall be 

detectable, yet invisible to the human eye. Typical examples are bank notes, credit cards, identity 

cards, passports and invisible inks.83 Since 2004, BASF developed and  commercialized Lumogen® IR 

765, Lumogen® IR 788 (Figure 5) and Lumogen® IR 1050.84   These tailor-made NIR absorbers are 

highly transparent in the visible region but perfectly block the light of  808 nm NIR lasers that are 

used for laser transmission welding. Moreover, there are numerous applications for NIR 

photosensitizers85 or NIR-fluorescent materials.75 
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Figure 5. Absorption spectra of BASF’s NIR dyes Lumogen® IR 765 and Lumogen® IR 788. (modified version from 
reference 84) 

Driven by the manifold of applications, numerous attempts have been made to design efficient 

NIR absorbing dyes. For purely organic systems, three strategies have been established as shown in 

Figure 6, all aiming for the modification of Vis absorbing dyes. The most obvious way to achieve the 

desired bathochromic shift is to elongate an existing π-system, as it is realized in 

quaterrylenediimide dyes (Figure 6, NIR1).  Another approach, which in some cases might be more 

feasible, is the synthesis of donor-acceptor systems. These are often easier accessible and are 

inherently better soluble than extended and planar π-systems. The blueprint of such a molecule will 

consist of a conjugated bridge or arylene spacer with one electron donating and one electron 

withdrawing group attached to it, usually at opposite positions. Ideally, substituents with a +M effect 

(NR2, NO2; c.f. Figure 6, NIR3) are used to simultaneously increase the π-conjugation. Alternatively, 

it is possible to replace oxygen or sulfur atoms by their heavier homologues selenium or tellurium. 

A scaffold that is predestined for such modifications is the benzothiadiazol or benzoselenodiazol as 

depicted in Figure 6 (NIR2).86,87 Another important and vast class of NIR dyes are cyanine dyes.  These 

are polyenes with an odd number of methine units, capped by an electron donating amino group 

and an electron withdrawing aminium group. By incorporating these end groups into heterocycles 

as well as by variation of the length of the polyene chain, the optical properties of cyanines can be 

drastically modified.88 A typical example for such a system is shown in Figure 6 (NIR4). This dye, 

known as Cy7©, displays an intense absorption at 750 nm (199000 L mol-1 cm-1) with the 

corresponding emission at 773 nm.89 Another type of cyanine dyes that might not be readily 

identified as such are the borondipyrromethenes (Bodipys, Figure 6, NIR5). Still, they include all 

characteristics of cyanines. They contain a nitrogen-based donor and acceptor as well as the polyene 
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bridge. Furthermore, their cyclic structure, due to the coordinated BF2 unit, leads to a more rigid 

system that is beneficial when it comes to fluorescence or phosphorescence properties. 

Furthermore, Bodipys can be easily modified at various positions. This allows for tailor-made 

electronic structures and π-systems, resulting in a vast range of absorption and emission 

wavelengths.88,90–92  

 
 

 

Figure 6. Examples of organic NIR dyes. Quaterrylenediimide (NIR1, elongated π-system), benzo-bis-thia/selenadiazole 
(NIR2, heavy atom effect), bisazomethine-based systems (NIR3, push-pull systems)75 and cyanine dyes (NIR4, Cy7©;89 NIR5, 
Bodipys93). 

 

Besides these organic compounds, it is also possible to use metal oxides or borides like lanthanum 

hexaboride, indium tin oxide, or antimony tin oxide. Compared to organic dyes, inorganic NIR 

absorbers are mostly colorless and inherently more stable and durable. Yet, these advantages come 

at the price of an aggravated processing and a reduced structural flexibility and limited tunability of 

the absorption profile.  

Redox active organometallic compounds may combine several of the previously discussed 

advantageous properties. As they are typically soluble in common organic solvents they are easily 

processible and their optical properties can be manipulated in several ways. The metal/coligand 

moiety can elongate the π-system, whereas their redox switchability enables the generation of 

push-pull systems as the electron density distribution within the molecule changes with the redox 
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state of the metal moiety. Several examples can be found in the literature, ranging from complexes 

with intense absorptions in the NIR region in their ground-state as published by W. KAIM,94,95 to 

compounds where the NIR absorption can be triggered by oxidation of the complex, as presented 

by W. POLIT and R.F. WINTER.96 Furthermore, NIR absorbing complexes in various oxidation states can 

be realized by using squaraine97 or extended dioxolene bridges.98 Beyond that, several examples can 

be found for complexes absorbing in the Vis but emitting in the NIR region. Various ways were 

reported to achieve NIR luminescence.  F. GEIST, P. IRMLER and R.F. WINTER reported the exploitation 

of the remote (external) heavy atom effect to induce efficient intersystem crossing of an attached 

chromophore and energy transfer from a dye-coligand,99,100 whereas M.WARD used an intermetal 

charge transfer between d-block and f-block luminophores.101 

Therefore, redox active organometallic complexes constitute interesting and promising platforms 

for the synthesis of new and tailored NIR dyes. 

This work shall serve to expand the understanding of the principles as well as the synthetic and 

electronic properties of organometallic electrochromic dyes. 
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2. SCOPE AND OBJECTIVE 

The general objective of this work was the synthesis, characterization and investigation of new 

organometallic tritylium dyes with attached redox active ferrocene or vinyl ruthenium entities. This 

is done in the hope to further enhance the advantageous properties of purely organic tritylium dyes 

by incorporating redox active and auxochromic metal-containing entities with redox-switchable 

donor capacities. The tritylium system should be differently substituted in order to investigate the 

influence of electronic and steric factors on their chemical, electrochemical as well as their optical 

properties.  

In the first part of this work (Chapter 3), ruthenium vinyl moieties of the type 

{(HC=CH)Ru(CO)Cl(PiPr3)2} were chosen as redox active, organometallic constituents, linked to the 

4-position(s) of the tritylium system (see Figure 7). In order to modify the electronic properties, H, 

OMe and NMe2 substituents were explicitly chosen to occupy the para-positions at the non-

ruthenium modified phenyl rings. The prepared complexes should then be investigated by means 

of cyclic voltammetry, infrared spectroelectrochemistry (IR-SEC), UV/Vis/NIR 

spectroelectrochemistry and, in their open-shell forms, by electron paramagnetic resonance 

spectroscopy (EPR). Quantum chemical calculations should be employed to gain a deeper 

understanding of their electronic structures and to rationalize their spectroscopic properties. 

 

 

 

 

Figure 7. Molecules investigated in Chapter 3. 

 

The second part deals with ferrocenyl-modified organometallic tritylium dyes, where the 

ruthenium vinyl moiety of the monoruthenium complexes of Chapter 3 is replaced by a ferrocene 

derivative. This represents a different design principle, as one cyclopentadienide (Cp) deck of the 



Scope and Objective 

 
12 

ferrocene replaces an aryl ring of the tritylium system, which brings the metal ion into closer spatial 

proximity to the positively charged carbonium carbon atom of the dye (Figure 8). As substituents for 

the other phenyl rings, para-NMe2, para-OMe and para-OMe with or without additional  

ortho-Me substituents should be used. This will allow for the investigation of electronic as well as 

steric effects on the electronic and spectroscopic properties of the systems. Subsequently, these 

complexes were to be characterized by cyclic voltammetry, UV/Vis/NIR spectroelectrochemistry, 

electron paramagnetic resonance spectroscopy (EPR), Mößbauer spectroscopy and quantum 

chemical calculations.  

 

Figure 8. Molecules investigated in Chapter 4. 

 

The third part of this thesis deals with novel bis(tritylium)ferrocenes (Figure 9), where one strongly 

electron accepting tritylium chromophore is attached to every Cp-deck of the ferrocene core. The 

resulting dicationic 1,1’-ferrocene diyl-bridged A-D-A2+ (A = acceptor, D = donor) architecture might 

exhibit peculiar electronic properties and unexpected reactivity patterns. 

 

 

Figure 9. Molecules investigated in Chapter 5. 

 

 

In the final Chapter 6, a MATLAB script for the analysis of cyclic voltammetric experiments will be 

presented. The aim of this project was to speed up and simplify the processing of standard cyclic 

voltammograms and to simultaneously minimize the risk of errors that might occur during manual 
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analysis. The chapter will provide a detailed overview over the script and will describe in detail the 

different processing steps that are carried out.     

 

 

Figure 10. Results of the different processing steps described in chapter 6. 
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3. VINYL RUTHENIUM-MODIFIED CRYSTAL VIOLET DERIVATIVES 

3.1. INTRODUCTION 

As mentioned above, only a handful of examples of organometallic derivatives of Crystal Violet 

can be found in the literature. They include ruthenium sandwich complexes where one or two 

aromatic rings of Crystal Violet are 6-bonded to one or two Cp*Ru fragments (Cp* = 5-C5Me5),102 

and rhenium carbonyl complexes of pyridine- or 2,2’-bipyridine-modified triarylmethylium ligands 

that are generated in situ.103 Most relevant to the present work are the triarylmethylium complexes 

of LIN and coworkers where one, two, or three NEt2 groups of Ethyl Violet (C(C6H4NEt2)3
+) are 

replaced by Cp(PPh3)2Ru-C≡C- moieties.104 A sizable red-shift of the prominent low-energy band of 

Ethyl Violet from 587 nm to 855 nm, 897 nm and finally to 974 nm on every successive substitution 

was noted. However, no attempts were made to exploit the presence of the additional redox active 

half-sandwich ruthenium entities in redox switching the absorptions of these dyes and further 

enhancing their inherent electrochromism. In our group, we focus on related ruthenium alkenyl- 

and styryl-based redox systems.  

 

 

Figure 11. Molecular structure of a simple ruthenium styryl complex (right) with its calculated HOMO (left).  

Ruthenium styryl complexes of the type [Ru(CO)(CH=CH-R)Cl(L)(PR3)2] (L = free coordination 

site,105–107 PR3
108

 or pyridine,109 see Figure 11, right), as they are used in this work, were synthesized 

for the first time in 1986 by H. WERNER, M.R. TORRES and A. SANTOS. These complexes can be obtained 

by a regio- and stereo-selective insertion of a terminal alkyne into the Ru-H bond of a 

[HRu(CO)Cl(L)(PR3)2] precursor complex.110 A mechanism for this hydroruthenation was proposed 

by WERNER as early as in 1989111 but it took until 2001, when K.G. CAULTON and O. EISENSTEIN revealed 

the underlying mechanism by a combined experimental and quantum chemical study for the 

corresponding osmium analogue (c.f. Figure 12).112 This alkyne insertion resembles the first step of 

the hydrogenation reaction using the Chatt-Hayter catalyst [HRu(CO)Cl(PR3)3].113,114 Here a terminal 

alkene is inserted into the Ru-H bond, and afterwards the metal-carbon bond is cleaved by H2, 

leading to the desired alkane and the regenerated hydride complex.115  
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Figure 12. DFT calculated energy profile for the insertion of an acetylene molecule into the Os-H bond according to 
CAULTON and EISENSTEIN.112 Phosphine ligands are omitted for the sake of clarity. All energies are given in kcal mol-1.  

 

Besides their convenient synthetic availability, their electrochemical and spectroscopic properties 

render these organometallic ruthenium complexes highly interesting systems. As it can be seen in 

Figure 11 (left), the HOMO of a simple ruthenium styryl complex is delocalized over the entire 

organometallic π-system and therefore enables an efficient electronic coupling of the metal 

fragment to the organic ligand. Moreover, these complexes exhibit unexpectedly low oxidation 

potentials. Although alkenyl ruthenium complexes of the type [Ru(CO)(CH=CH-R)Cl(PiPr3)2] achieve 

only a 16 valence electron count and are therefore coordinatively unsaturated species, the parent 

styryl complex oxidizes reversibly at a moderate half-wave potential of 280 mV against the 

ferrocene/ferrocinium standard. Using electron rich (bridging) ligands may shift this potential 

cathodically, even down to E1/2 = -645 mV.116 The ruthenium moiety endows the system with a 

reversible redox process and is furthermore capable of enabling additional ligand based oxidation 

processes and stabilizing even the higher oxidized forms. On the other hand, the styryl unit 

represents an easily modifiable motif, which allows for tailor-made and fine-tuned electronic,117,118 

optical,96,119 chemical120 or structural118,121,122 properties of the designed complexes. Vice versa, the 

ruthenium moiety can serve as auxochromic tag123 if linked to an organic dye.  Based on their 

superior electrochemical properties, alkenyl ruthenium-appended triarylamines, 

tetraphenylethenes and bridged bis(alkenylruthenium)arylenes undergo up to four reversible 
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oxidations, depending on the number of {Ru}-CH=CH entities and the number of further bridge-

based redox processes. Their associated radical cations and higher oxidized forms exhibit a strong 

absorption in the near infrared (NIR) or the low-energy régime of the visible (Vis),116,117,119–122,124–127 

as long as efficient conjugation between the {Ru}-CH=CH-moieties and the parent organic -system 

is maintained.96,97 Moreover, the consequences of a redox process can easily be monitored. For 

instance, the CO stretching frequency of the carbonyl ligand can be observed by infrared 

spectroscopy for different redox states. This provides crucial information about the charge 

distribution within the molecule and allow to evaluate the metal / alkenyl ligand contributions to 

the respective redox processes. In a similar way, EPR spectroscopy can be used to determine the 

spin density distribution of the paramagnetic oxidized or the reduced forms. The phosphine ligands, 

ruthenium atoms or the other EPR active nuclei within the complex may serve as indicative tags, if 

hyperfine splitting interactions are resolved. When investigating mixed-valent forms of polynuclear 

complexes, UV/Vis/NIR spectroscopy can be used to detect intervalence charge transfer (IVCT) or 

charge resonance (CR) bands.  

As shown by WERNER, it is possible to adjust the coordination number of these complexes by using 

different phosphine ligands. This depends almost exclusively on the ligand cone angle (Θ)128 of the 

used phosphine ligands and is a consequence of their steric demand. Small phosphines like PMe3 

(Θ = 118°) lead solely to hexa-coordinated 18 VE complexes, while for medium-sized ligands (e.g. 

PPh3, Θ = 145°), mixtures of complexes containing two as well as three phosphines are obtained. 

Using ligands with even larger cone angles, like it is the case for PiPr3 (Θ = 160°), yield only the penta-

coordinated 16 VE complexes. Over the last years, it could be repeatedly shown that all these alkenyl 

ruthenium complexes, irrespective of their coordination number and valence electron count, 

constitute organometallic redox systems. Yet, the triisopropyl phosphine complexes are generally 

better behaved than complexes with smaller and less electron-donating PR3 units. Complexes of the 

mer-(PMe3)3Cl(CO)Ru or mer-(PPh3)3Cl(CO)Ru fragments have been reported on several occasions, 

but seem to suffer from considerably lower stabilities and less intense low-energy absorptions of 

their oxidized forms.129–137  

As mentioned before, only a few examples are reported in the literature, where transition metal 

complexes were combined with triphenylmethane dyes. Thus, it seemed promising to combine the 

redox-stable and highly electrochromic 16 VE ruthenium vinyl fragment with tritylium dyes to obtain 

conjugates with an amphoteric redox behavior that can cover a wide color range in their native 

states and exhibit (poly)electrochromic behavior on oxidation or reduction, i.e. upon the application 

of a suitable potential. 
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3.2. SYNTHESIS & CHARACTERIZATION 

In order to investigate the influence of the substitution pattern of the triarylmethanes on the 

spectroscopic and electrochemical properties, one di- and four mononuclear ruthenium vinyl-

modified tritylium complexes were generated. To vary the electronic properties of these systems, 

one or two methoxy or dimethylamino functions were introduced. Electron-withdrawing groups 

were not considered, as they are expected to drastically decrease the stability of the oxidized forms. 

The two triarylmethanol precursors OMeH-a and NMe2H-a were obtained via lithiation of 4-

bromoanisole or 4-bromo-N,N-dimethylaniline and subsequent coupling with 4-trimethyl-

silylethynyl benzophenone (Scheme 4, route A). Compounds OMeOMe-a, NMe2NMe2-a and  

NMe2-a were prepared by using benzoic acid esters as the keto source (Scheme 4, route B). Here, 

the corresponding combinations of 4-lithioanisole and 4-trimethylsilylethynyl methylbenzoate 

(OMeOMe-a), 4-lithio-N,N-dimethylaniline and 4-trimethylsilylethynyl methylbenzoate (NMe2NMe2-

a) or 4-lithio-1-trimethylsilylethynylbenzene and 4-N,N-dimethylamino methyl benzoate (NMe2-a) 

were used. Deprotection of the trimethyl silyl group was achieved by using potassium carbonate in 

methanol. The final step involved the formation of the corresponding triphenylmethylium cations 

under acidic conditions with a slight excess of Brookhart’s acid H(Et2O)2
+ tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate138  in diethyl ether. The excess of acid was neutralized with 1,8-

bis(dimethylamino)naphthalene (‘proton sponge’). This step is crucial as the final ruthenium vinyl 

complexes are highly sensitive towards acids. The subsequent hydroruthenation to the final complex 

with [HRu(CO)Cl(PiPr3)2] was carried out in benzene in yields of 46-93 %. The NMR spectra of all 

compounds can be found in the appendix (Figure-SI 1 - Figure-SI 38).The synthesis of the dinuclear 

complex RuRuH+ and of the trinuclear complex RuRuRu+ was not possible. In case of complex 

RuRuH+, a product could be obtained but it seemed to be unstable as it decomposed overnight under 

a nitrogen atmosphere, even under exclusion of light. The synthesis of RuRuRu+ failed already at the 

stage of preparing of the tris(alkynyl) precursor since 4,4’-bis-alkynyl-TMS-ethynylbenzophenone 

did not react with 4-lithio-trimethylsilylethynylbenzene or with the corresponding Grignard reagent. 

In an alternative route, 4,4’-bis-trimethylsilylethynyl-4’’-bromotriphenylmethanol could be 

obtained but the subsequent Sonogashira coupling to the tris(alkynyl) precursor did not yield the 

desired product.  

All successfully prepared compounds could be identified by their characteristic signals in 1H- and 

31P{1H}-NMR spectroscopy. Particularly indicative are the doublet signals for the vinyl protons in the 

proton channel (c.f. Figure 13). 
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Scheme 4. Synthesis of the ruthenium-tritylium-complexes.  
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Figure 13. Chemical shifts of the doublet resonance of the α-vinyl proton in deuterated dichloromethane at room 
temperature. 

Of note is the pronounced low-field shift of the α-vinyl proton to 10 - 13 ppm when compared to 

similar vinyl ruthenium complexes, where the corresponding resonance is observed at 

approximately 8.2 – 8.7 ppm.96,139 The β-vinyl protons are far less affected by the positive charge 

and appear in the typical range of 6.3 – 6.6 ppm.116,117,119–122,124–127  

 

Scheme 5. Mesomeric structures of the complex RuNMe2NMe2
+. 

 

 

 

A reason for this shift is evident from Scheme 5. From the mesomeric structure colored in blue, 

one can clearly see that the α-vinyl carbon atom can adopt a positive formal charge whereas the  

β carbon atom cannot, leading to strong downfield shifts in the first case but not in the latter.  
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Other indicative signals in the 1H NMR spectrum can be found at around 2.5 ppm for the multiplet 

of the methine protons of the isopropyl groups of the phosphine ligands, the corresponding methyl 

groups at ca. 1.0 ppm,116,117,119–122,124–127 as well as the AA’BB’ doublet resonances of the para-

disubstituted phenyl rings. Furthermore, the absence of a signal for the OH-group points to a 

successful cation formation. The 31P{1H}-NMR spectrum shows the expected singlet resonance for 

the two trans-disposed phosphine ligands in the region between 40 ppm and 47 ppm. Just as the α-

vinyl signals in the 1H NMR spectrum, these responses are significantly shifted to lower field 

compared to neutral ruthenium styryl complexes.116,117,119–122,124–127 Nevertheless, the chemical 

shifts of the isopropyl protons directly attached to the phosphorus nuclei remain unaltered. In the 

13C-NMR spectrum, the large downfield shift of the central carbocation between 179 ppm and 182 

ppm should be noted. The corresponding resonance for the triphenyl methanol precursor has a shift 

of 82.0 ppm.140 The strong downfield shift by 100 ppm provides a clear indication of a positive 

charge at the corresponding C atom. Upon comparison of these values with literature data for the 

tetrafluoroborate salts of unsubstituted tritylium (209 ppm141), tris-para-methoxytritylium (192 

ppm142) and tris-para-dimethylaminotritylium (179 ppm45) ions, the stabilizing effect of the 

ruthenium vinyl moiety becomes obvious. In the case of the tris-para-methoxytritylium ion, the 

replacement of a methoxy group by a ruthenium moiety leads to an upfield shift of 13 ppm, whereas 

there is almost no difference between an NMe2-group and a ruthenium vinyl unit. 

3.3. CYCLIC VOLTAMMETRY 

A key feature of ruthenium styryl complexes is their highly reversible redox chemistry. Such 

complexes exhibit at least one chemically and electrochemically reversible oxidation per {Ru}-

CH=CH-moiety. By the use of redox active bridging ligands, the number of redox processes can be 

increased even further. Moreover, a ruthenium vinyl moiety is capable of stabilizing redox states of 

the attached organic ligands that are unstable in the purely organic molecule. This behavior can, for 

example, be observed by bridging two ruthenium vinyl moieties by alkoxy substituted 

oligophenylene ethynylenes (OPEs).143 Cyclic voltammograms of the complexes RuOMeH+, 

RuOMeOMe+ and RuNMe2H+ exhibit one reversible one-electron redox process (see Figure-SI 39 - 

Figure-SI 44 in the appendix; the electrochemical data for all complexes are gathered in Table 1 on 

page 23). The oxidation at a half-wave potential of 530 mV to 710 mV can be assigned to the 

ruthenium vinyl moieties. These values can be compared to other structurally similar ruthenium 

vinyl complexes. The simplest reference system is the styryl substituted complex 

Ru(CO)Cl(PiPr3)2(CH=CH-C6H5) (in the following RuPh). This mononuclear styryl ruthenium complex 

with no electron donating or withdrawing functionalities at the aryl substituent has an oxidation 

potential of 280 mV.123 This is significantly lower than the values observed for the cationic 
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complexes of the present series. A more complex but well suited reference system is the ferrocenyl-

modified ruthenium vinyl complex (FcCH=CH)Ru(CO)Cl(PiPr3)2) (in the following RuFc) prepared by 

K. KOWALSKI.144 With its ferrocene moiety, this complex contains an additional redox center bearing 

the brunt of the first oxidation at -235 mV. After oxidation of the ferrocene unit, the ruthenium 

alkenyl-based oxidation of the now cationic complex occurs at 580 mV.144 This value is comparable 

to, yet still slightly cathodic of the potentials we find for the ruthenium-substituted 

triphenylmethylium complexes. Modified complexes of the RuFc type, where a six-coordinated 

ruthenium center is separated by a phenyl spacer from the ferrocene, exist as different valence 

tautomers in their mono-cationic state, with a predominately ruthenium or ferrocene based 

oxidation.145 A comparable behavior would be imaginable for our Crystal Violet derived ruthenium 

complexes. However, such a valence tautomerism could not be observed.  

 

Figure 14. Cyclic voltammograms (v = 200 mV/s) of the complex RuNMe2NMe2
+ (top) and of the complex RuRuNMe2

+ 
(bottom) in CH2Cl2 at T = 293(± 3) K with the 0.1 mM NBu4

+B{C6H3(CF3)2}4
- electrolyte. 

For the stronger donor substituted compounds RuNMe2NMe2
+ and RuRuNMe2

+, an additional 

oxidation process can be observed (Figure 14). In the case of complex RuNMe2NMe2
+, this redox 

process involves the dimethylaminophenyl groups. Crystal Violet, as reference system, shows only 

one irreversible oxidation at a forward peak potential of 560 mV versus the Cp2Fe0/+ redox couple.  

This, once more, shows the capability of a ruthenium vinyl moiety to render otherwise irreversible 

redox processes of the organic parent structures reversible. Complex RuRuNMe2
+ exhibits two 

overlapping one-electron waves, which correspond to the two styryl ruthenium moieties. The 

potentials for the second oxidation differ significantly (930 mV for RuNMe2NMe2
+ and 590 mV for 

RuRuNMe2
+), as do the E1/2 values of 525 mV for RuNMe2NMe2

+ and 120 mV for RuRuNMe2
+. This 

can be explained with the closer spatial proximity between the NMe2 group and the positive charge 

of the tritylium core in RuNMe2NMe2
+.  
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Table 1. Electrochemical dataa) for all complexes and some related compounds. 

 

complex 
E1/2 Ep E1/2 Ep E1/2 Ep 

(0/+) (0/+) (+/2+) (+/2+) (2+/3+) (2+/3+) 

RuOMeH+ -720 59 710 66   

RuOMeOMe+ -965 59 700 83   

RuNMe2H+ -890 63 530 86   

RuNMe2NMe2
+ -1160 71 405 110 930 100 

RuRuNMe2
+ -980 86 470  590  

Crystal Violet -1290 77 560b)    

(4-OMeC6H4)3C+ -770   

FcRuc) 144  -235  580    

RuPhd) 123 280      

Ru2(dvp)e) 117 -75  175    

a) All potentials in mV ( 3 mV) in CH2Cl2 at T = 293( 3) K relative to the Cp2Fe0/+ couple (E1/2 = 0 mV). Supporting 
electrolyte NBu4

+B{C6H3(CF3)2}4
-. b) Irreversible redox process, potential of the forward peak given. 

c) Fc(CH=CH)Ru(CO)Cl(PiPr3)2, first oxidation is ferrocene based.  
d) Ru(CO)Cl(PiPr3)2(CH=CHC6H5)  

e) Ru(CO)Cl(PiPr3)2(-CH=CH-C6H4-CH=CH-)Ru(CO)Cl(PiPr3)2 

 

Comparing the absolute oxidation potentials of all complexes, it can be clearly seen that the E1/2 

values correlate with the combined donor strengths of the different substituents. It is also evident 

that the quality of the best donor functionality is much more important than the total number of 

electron donating groups. Thus, the difference between one and two methoxy groups for complexes 

RuOMeH+ and RuOMeOMe+ is only 10 mV. From this, we can conclude that in these two complexes 

the {Ru} moiety has the highest ability to stabilize the additional positive charge in the oxidized forms 

of the complexes and is clearly dominating the redox behavior. Here, one has to consider that the 

three aryl substituents adopt a propeller-like arrangement around the carbonium carbon atom with 

various degrees of torsion of the individual phenyl rings with respect to the plane spanned by the 

carbonium center and the three immediately attached ipso carbon atoms. The most favored 

conformers put the aryl ring with the strongest donor capacity in a more coplanar arrangement with 

the electron-deficient carbonium center while the less electron-rich ones are rotated out of this 

plane. The addition of only one dimethylamino group leads to a drastic decrease of the redox 

potential by 170 mV. The latter is undoubtedly due to the better mesomeric stabilization caused by 

the formation of an aminium ion. Although highly capable of stabilizing positive charges, the 

[Ru(CO)Cl(PiPr3)2(CH=CH)]-moiety is the weaker electron donor in comparison to the NMe2 group. 

This explains the fact that complex RuRuNMe2
+ is oxidized at a 65 mV higher potential compared to 
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complex RuNMe2NMe2
+. The values of the oxidation potentials fit, at least quantitatively, to the 

resonances of the α-vinyl protons in the NMR experiments.  

All complexes show one reversible one-electron reduction at a half-wave potential of -720 mV to 

-1160 mV for the reduction of the tritylium cation to the triarylmethyl radical. In this case, there is 

no fully consistent correlation between the substituent and the E1/2 values. Still, the least electron 

rich complex RuOMeH+ shows the most cathodic reduction potential. Yet, there is a remarkable 

difference of 245 mV for complexes RuOMeH+ and RuOMeOMe+. Moreover, one can compare the 

redox potentials of the closely similar organic and organometallic compounds. In the case of alkoxy 

substituted derivatives we have obtained an E1/2 value of -965 mV for complex RuOMeOMe+ and of 

-770 mV for (4-OMeC6H4)3C+, leading to a E1/2 value of -195 mV. Once again, the ruthenium vinyl 

moiety proves to be the stronger electron donor compared to the methoxy group. As expected, this 

effect is inverted when we compare RuNMe2NMe2
+ (-1160 mV) and Crystal Violet (-1290 mV), 

resulting in a E1/2 value of 130 mV. Hence, we can derive with reasonable certainty the following 

order of donor strengths for these three substituents: 

NMe2 > ruthenium vinyl > OMe 

3.4. IR SPECTROELECTROCHEMISTRY 

Besides their highly reversible redox chemistry, ruthenium styryl complexes exhibit some 

additional advantageous properties. The CO ligand bound to the ruthenium center, by virtue of the 

energy of the CO stretch, can serve as a charge-sensitive label that is easily addressed by IR 

spectroscopy. The synergistic nature of the metal-CO bond arises from the interplay between σ-

donation from the CO ligand to an empty orbital of the metal ion (Scheme 6, top), and π-

backdonation from the metal ion into the π* orbitals of the CO ligand (Scheme 6, bottom).  

 

Scheme 6. Schematic sketch of the σ-bonding and π-backbonding in metal carbonyl complexes. 
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Upon oxidation, the electron density at the ruthenium center decreases, which weakens 

backbonding to the π* orbitals of the CO ligand. This, in turn, increases the CO bond order and leads 

to a blue-shift of the CO-stretching vibration. The direct opposite holds true for the reduction of 

such complexes. To monitor these changes, the sample is electrolyzed inside an optically 

transparent thin-layer electrolysis (OTTLE) cell146 under IR monitoring. The resulting band shifts and 

positions provide information on the identity of the respective redox site and the relative 

metal/ligand contributions to the relevant frontier orbital (the so called redox-orbital). In dinuclear, 

ligand-bridged complexes with two appended metal-carbonyl entities, the relative positions and 

band-pattern is also indicative of the charge distribution over the two M(CO)n moieties in the 

monooxidized or -reduced mixed-valent state.  

 

 

Figure 15. Classification of mixed-valent systems according to M.B. ROBIN, P. DAY147 and T.J. MEYER.148,149  

 

ROBIN and DAY developed a classification scheme to distinguish between different types of mixed-

valent systems based on the extent of charge and spin density distribution over the two redox sites. 

Three classes have been identified by them: 
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 Class I 

 The charge is fully localized on one redox unit and there is no communication 

between the redox-active termini over the bridging ligand. The relevant frontier 

orbitals are centered on just one peripheral redox site. Thus, the properties of 

the oxidized and reduced entities are largely identical to the isolated units in their 

corresponding redox states. 

 Class II 

 The charge is partially delocalized and there is weak to moderate communication 

between the redox-active termini over the bridging ligand. The relevant frontier 

orbitals are extended onto the bridge. The redox states of the two redox-active 

units can nevertheless be distinguished by at least one spectroscopic method. 

The energies of the frontier orbitals do not comply with integer redox states. 

 Class III 

 The fully delocalized frontier orbital is extended over the whole molecule and 

both termini cannot be distinguished with respect to their charge states by any 

spectroscopic method anymore. The properties of the mixed-valent state differ 

drastically from those of the isovalent fully oxidized or reduced forms.  

 

The energy difference ��� of the CO vibration in adjacent redox states illustrates the innocence or 

non-innocence of the ligand (c.f. Figure 16). Whilst strongly metal based redox processes lead to 

shifts of about 120-130 cm-1,150 this value decreases with increasing ligand contribution to the redox 

process.  

 

 

Figure 16. Changes of the stretching frequencies of the CO ligand in metal carbonyl complexes upon oxidation or 
reduction as basis of GEIGER’S formalism. 151  
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W.E. GEIGER and C.G. ATWOOD were the first to employ a band splitting and the magnitude of CO 

band shifts to quantitatively determine the charge density distribution in mixed-valent dinuclear 

metal carbonyl complexes.151 According to Equation 1 the charge density distribution parameter Δρ 

can be calculated from the positions of the CO band in three consecutive redox states (c.f. Figure 16), 

where the middle one is mixed-valent in nature.  
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The unitless Δρ parameter may adopt values between 0.0 and 0.5. A value of Δρ = 0.0 results when 

����� = �����
� , ���� = ����

�  and Δ����� = Δ���� = 0. This translates into a system where one redox 

center is fully oxidized whereas the other stays in its original redox state, complying with a Class I 

system according to ROBIN and DAY, as it is described in Figure 15.147 The other borderline case of 

Δρ = 0.5 arises when �����
� = ����

� . This is typical for a Class III system where the charge is evenly 

distributed over the entire system. For all systems that show a partial charge (de-)localization, Δρ 

values range between those two extremes. 

IR spectroelectrochemical (SEC) experiments were performed for all ruthenium tritylium 

complexes in order to specify the nature of the observed redox processes (vide supra) as well as to 

determine the degree of electronic coupling between the different ruthenium centers in the case 

of the one-electron oxidized form of the dinuclear complex RuRuNMe2
+. 

 

Table 2. IR dataa) of the ruthenium tritylium complexes in their various oxidation states. 

complex 1+ 2+ 3+ 0 

RuOMeH+ 1945 1987  1911 

RuOMeOMe+ 1937 1986  1912 

RuNMe2H+ 1924 1981  1913 

RuNMe2NMe2
+ 1921 1980 1960 1911 

RuRuNMe2
+ 1922 1927 1978 1982 1913 

a) All band positions given in cm-1. Measured in 1,2-C2H4Cl2/0.25 mM NBu4
+B{C6H3(CF3)2}4

- at 293 ( 3) K.   

 

 

In Figure 17, the results for the compound RuOMeOMe+ are shown. The starting band at  

1937 cm-1 for the monocationic species is completely bleached upon oxidation. At the same time, a 

new band at 1986 cm-1 grows in. This significant blue shift of 49 cm-1 indicates a decisive 

participation of the ruthenium styryl unit to the oxidation process but also an even larger 

participation of the tritylium ligand, considering that a CO bond shift of 120 – 130 cm-1 is to be 
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expected for a genuine metal-centered oxidation. On the other hand, the same band undergoes a 

red shift of only 25 cm-1 upon reduction. This smaller shift hints at an even more triphenylmethane-

based reduction process. The resulting band at 1911 cm-1 is characteristic for ruthenium vinyl 

complexes with neutral ligands, such as [Ru(CO)Cl(PiPr3)2(CH=CH-C6H5)].123 However, upon oxidation 

of [Ru(CO)Cl(PiPr3)2(CH=CH-C6H5)] the CO band shifts to 1976 cm-1, which is closer to the dicationic 

form of RuOMeOMe+ than to its monocation. As even the parent styryl ligand is redox non-innocent 

in this particular coordination environment (see Figure 11), this even more the case for RuOMeOMe+ 

and the other tritylium complexes of this work (see Figure-SI 45 - Figure-SI 55 in the appendix). 

 

 

Figure 17. Changes of IR spectra of complex RuOMeOMe+ (1,2-C2H4Cl2, NBu4
+B{C6H3(CF3)2}4

-, T = 293( 3) K) in the Ru(CO) 
region during the oxidation (blue to red, top) and the reduction (blue to yellow, bottom). 

As observed before in the voltammetric investigations, there exists a direct correlation between 

the substitution pattern and the energy of the CO vibration for the monocationic species. The most 

electron-rich complexes RuNMe2NMe2
+ and RuRuNMe2

+ show the most red shifted CO stretching 

frequencies at 1921 cm-1 and 1922 cm-1, respectively. By contrast, the least electron rich complex 
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RuOMeH+ has its a band at 1945 cm-1, which is at 23 cm-1 higher energy (see Figure 18). As was 

already mentioned, these values are generally higher than the stretching frequencies of neutral 

ruthenium styryl complexes. In such cases, one can find values of around 1908 cm-1 for electron rich 

para substituents like NMe2 or OMe, and values of around 1917 cm-1 for electron withdrawing 

substituents like CF3 or NO2.152,153 This impressively shows, like the NMR spectra and the 

cyclovoltammetric data, the huge impact of the positively charged ligand on the entire system, as 

even the tritylium complex with the strongest donor substituent displays a higher CO stretching 

frequency than strongly acceptor substituted, neutral complexes. The energy of the CO stretch of 

the two least electron rich complexes of this series, RuOMeH+ and RuOMeOMe+, resembles that of 

an electron rich, oxidized ruthenium vinyl complex where the positive charge is distributed over a 

second redox center, like it is the case in the dimethylamino substituted complex [{Ru}-CH=CH-C6H4-

4-NMe2]+ (��(CO) = 1950 cm−1) or the methoxy substituted complex [{Ru}-CH=CH-C6H4-N(C6H4OMe-

4)2]+ (��(CO) = 1944 cm−1).119  

 

 

Figure 18. Comparison of the CO bands for the monocations of the five investigated ruthenium complexes. 

Nevertheless, differences can be found between the electrochemical and spectroscopic 

properties of the analyzed complexes. Cyclic voltammetry shows an almost negligible difference 

between RuOMeH+ and RuOMeOMe+ whereas the energy difference of 8 cm-1 of the Ru(CO) stretch 

in IR spectroscopy is significant for such compounds. The exactly opposite behavior can be found 

for RuNMe2NMe2
+ and RuRuNMe2

+. In IR spectroscopy, the CO stretches differ by merely 1 cm-1, but 

cyclic voltammetry shows E1/2 values for the first oxidation that differ by 65 mV, respectively. The 
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bands of the fully oxidized di- or tricationic forms are located between 1980 cm-1 and 1987 cm-1, 

revealing an only small contribution of the para substituents in the corresponding redox state. This 

indicates, that the main brunt of the electron loss is borne by the ruthenium styryl unit. Still, the 

energy ordering of the CO stretches is in accordance with the electron-donating capacities of the 

substituents on the phenyl rings, even in the dicationic complexes (ν(CO) = RuOMeH+ > RuOMeOMe+ 

> RuNMe2H+ > RuNMe2NMe2
+ > RuRuNMe2

+). Nevertheless, substituent effects are considerably 

attenuated when compared to the unipositively charged native state.  

Complex RuNMe2NMe2
+ shows an additional interesting feature. As it could already be seen in its 

cyclic voltammogram, an additional oxidation state is accessible. Against our expectations, this 

second oxidation did not lead to a further blue-shifted Ru(CO) band, but to a red shift of 20 cm-1, 

from 1980 cm-1 to 1960 cm-1 (see Figure 19). This suggests that the second oxidation is accompanied 

by a charge redistribution from the ruthenium vinyl moiety to the two dimethylaniline rings. 

Unfortunately, this second oxidation process is not fully reversible and results in the decomposition 

of the compound and consequently, no full recovery of the reduced forms could be achieved. 

 

 

Figure 19. Changes of IR spectra of RuNMe2NMe2
+ (1,2-C2H4Cl2, NBu4

+[B{C6H3(CF3)2}4]- , T = 293( 3) K) in the Ru(CO) 
region during the second oxidation (red to green). 

In addition to complex RuNMe2NMe2
+, the dinuclear complex RuRuNMe2

+ also allows for a second 

oxidation (Figure 20). Compared to complex RuNMe2NMe2
+, this redox process occurs at a 340 mV 

lower potential of 590 mV. Therefore, the origin of this oxidation is most like different from that in 

the complex RuNMe2NMe2
+. The first oxidation of complex RuRuNMe2

+ produces a pattern of two 

Ru(CO) bands at 1927 cm-1 and 1978 cm-1. This species can be reversibly converted back to the 

reduced form. The two-band pattern arises from the incomplete charge delocalization in the mixed-

valent form between the two ruthenium centers. Applying GEIGER’S formalism151 to this system (see 

Figure 16 and Equation 1), a charge distribution parameter Δρ of 0.08 can be derived from the 

relative positions of these two bands. This implies that in the mixed-valent form of RuRuNMe2
+, 92% 

of the overall charge are situated on one [Ru(CO)Cl(PiPr3)2(CH=CH-C6H4)] subunit whereas the 
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remaining 8 % reside on the other ruthenium center. This makes RuRuNMe2
2+ a weakly coupled 

mixed-valent system of Class II according to the ROBIN and DAY classification.147 On further oxidation 

to the trication RuNMe2NMe2
3+, the two bands merge into one single band at 1982 cm-1 again. Once 

more, this proves the superior capability of the ruthenium styryl motif to stabilize high oxidation 

states.  

 

Figure 20. IR spectra of complex RuRuNMe2
+ (blue), RuRuNMe2

2+ (red) and RuRuNMe2
3+ (green) (1,2-C2H4Cl2, 

NBu4
+B{C6H3(CF3)2}4

-, T = 293( 3) K) in the Ru(CO) region.  

After reduction, all complexes show just one single CO band at 1911 cm-1 to 1913 cm-1. As 

mentioned before, the values are characteristic for neutral ruthenium vinyl complexes. 

Nevertheless, it is striking that all bands now concentrate in a very narrow energy range of only 

three wavenumbers. This can be explained by the fact that the trityl carbon atom, that is generated 

on one-electron reduction, is more electron-rich than the oxidized form with a carbonium carbon 

center. In contrast to a positively charged methylium carbon atom, a trityl radical is much less prone 

to resonance stabilization by electron donating substituents. In addition, aryl C-C stretching modes 

can be observed by IR spectroscopy. Though not as sensitive as the CO bands, some information can 

nevertheless be extracted from them. In the case of complex RuOMeOMe+, the bands between 1550 

cm-1 and 1620 cm-1 (the so-called quadrant-stretches) gain drastically in intensity and are slightly 

red-shifted. During the reduction, on the other hand, their intensity nearly vanishes to zero. This 

can be traced to a more pronounced change of dipole moment during the underlying vibrations for 

the positively charged forms compared to the neutral radical. Moreover, the quinoidal distortion of 

the phenyl rings is by far more relevant for the cationic forms than for the reduced ones. 
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3.5. EPR SPECTROSCOPY 

Electron paramagnetic resonance spectroscopy is a powerful tool to probe the spin density 

distribution in a paramagnetic molecule. In this study, we investigated the neutral and dicationic 

paramagnetic species of all five ruthenium vinyl-modified tritylium complexes, which could be 

obtained by chemical or electrochemical oxidation or by chemical reduction. For the synthesis of 

the complexes RuOMeH2+•, RuOMeOMe2+•, RuNMe2H2+•, RuRuNMe2
2+• and RuRuNMe2

3+•• magic blue 

(tris(4-bromophenyl)ammoniumyl hexafluoroantimonate) was used as the oxidizing agent, whereas 

cobaltocene served as reducing agent to generate the neutral trityl radicals. The neutral radicals of 

RuNMe2NMe2
• and RuRuNMe2

• were generated via in situ electrolysis of the respective compound 

inside an EPR tube. All EPR spectra and calculated spin density plots, except the one shown in this 

chapter, can be found in the appendix (Figure-SI 57 - Figure-SI 67).   

Table 3. EPR parameters of the paramagnetic forms of the complexesa). 

 

complex n giso-value A(31P)b) A(99/101Ru)b) A(1H)b) 

RuOMeHn+ 
0 2.0117    

2 2.0493 18.6 (2)  8.6 (1) 

RuOMeOMen+ 
0 2.0112    

2 2.0491 18.6 (2) 7.1 (1) 8.6 (1) 

RuNMe2Hn+ 
0 2.0014    

2 2.0421 20.0 (2) 7.1 (1) 7.9 (1) 

RuNMe2NMe2
n+ 

0 2.0135    

2 2.0552 19.6 (2) 7.1 (1) 8.6 (1) 

3c) 2.0146    

RuRuNMe2
n+ 

0 2.0000    

2 2.0286 12.5 (2)   

  7.9 (2)   

3 2.0526 12.5 (2) 10.7 (2) 9.6 (1) 

    7.9 (1) 

a) In CH2Cl2 solution. All hyperfine coupling constants are given in G. b) The number of interacting nuclei is given in 
parentheses. c) A(14N) = 8.2 G. 

 

The radical dications of the mononuclear complexes show hyperfine couplings to two equivalent 

phosphorus nuclei, to one proton and, with the exception of RuOMeH2+•, to one ruthenium atom 

(see Figure 21, top). The phosphorus hyperfine splittings (hfs) of 19 G to 20 G as well as the 
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ruthenium hyperfine coupling of 7 G are in the typical range of oxidized ruthenium styryl 

complexes.123,125,126,153,154  This points to a high spin density on the ruthenium styryl units, marking 

them as the primary redox site. Compared to the Landé giso-factor of 2.002319 for the free electron, 

the giso-factors of these species are increased to values of 2.0421 to 2.0552 due to the metal 

contribution to the unpaired spin density. This result is further underpinned by DFT calculations. 

They predict that 45 – 50 % of the spin density is located on the ruthenium nucleus and up to 92 % 

on the entire ruthenium styryl unit (compare Figure 21, bottom).  

 

 

  

 
 

Figure 21. Top: Experimental (top left) and simulated (bottom left) EPR spectra of RuOMeH2+• and RuOMeH• (right) in 
CH2Cl2 solution at r. t. Bottom: Contour plots of the calculated spin densities of RuOMeH2+• (left) and RuOMeH• (right) 
(pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl)). 

 

Upon further oxidation of RuNMe2NMe2
2+• to RuNMe2NMe2

3+••, which is the only accessible 

trication, the signal changes to a three line spectrum which can be simulated with a hyperfine 

coupling to one 14N nucleus of 8.2 G (Figure 22, right). This spin redistribution is in perfect agreement 

with the results obtained by IR spectroelectrochemistry, where a charge redistribution from the 
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ruthenium center to the tritylium ligand could be observed. Therefore, this oxidation can be 

assigned to the dimethylamino substituted phenyl rings.  

 

 

Figure 22. Experimental (top curve) and simulated (bottom curve) EPR spectra of RuNMe2NMe2
2+• (left) and 

RuNMe2NMe2
3+• (right) in CH2Cl2 solution at r.t. 

Despite the presence of two unpaired spins in RuNMe2NMe2
3+•• no half-field signal was observed. 

This is most probably a consequence of their large spatial separation. Similar findings have been 

made on previous occasions for dications of 

arylene-bridged diamines with extended 

spacers.155 IR spectroscopy indicated that the 

radical dication RuNMe2NMe2
2+• is a partially 

delocalized mixed-valent system of Class II. The 

same information can be gathered from EPR 

spectroscopy. The EPR spectrum of RuRuNMe2
2+• 

(c.f. Figure 23) shows hyperfine couplings to two 

sets of two equivalent phosphorus nuclei, 

indicating that both ruthenium vinyl moieties 

contribute to the SOMO. Based on this result, it 

seems possible to quantify the spin distribution in 

such mixed-valent systems in a similar way as GEIGER 

did for the charge distribution based on infrared measurements.151 All oxidized mononuclear 

complexes show phosphorus hfs of 18.6 to 20 G. In the case of RuRuNMe2
2+• we observe A(31P) hfs 

constants of 12.5 and 7.9 G. Moreover, we could derive from DFT calculations that the spin density 

of the monooxidized forms resides almost exclusively on the ruthenium vinyl moieties. On adding 

up these two hfs constants, we arrive at an overall-hyperfine splitting of 20.4 G, which matches well 

with the values of the mononuclear complexes. Following Equation 2, one can now calculate the 

spin density distribution Δω over the ruthenium centers. 

Figure 23. Experimental (top curve) and simulated 
(bottom curve) EPR spectrum of RuRuNMe2

2+• (left) in 
CH2Cl2 solution at r.t. 
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∆!" =  
ℎ$%&

ℎ$%& + ℎ$%"
 ;      ∆!" =  

ℎ$%"

ℎ$%& + ℎ$%"
     (2) 

  

For complex RuRuNMe2
2+•, this results in Δω1 = 0.39 and Δω2 = 0.61, translating into a spin density 

distribution of approx. 40 : 60 for the two alkenyl ruthenium moieties. According to the ROBIN and 

DAY classification,147  this would correspond to a moderately to strongly coupled mixed-valent 

system of Class II. The stronger coupling compared to Δρ is perfectly reasonable, as the EPR 

experiment has a much slower inherent timescale (10-8 s - 10-9 s) compared to IR spectroscopy (10-

12 s),156 which should lead to a higher degree of delocalization. Moreover, charge and spin density 

distributions of mixed-valent systems need not be identical. This formalism can also be transferred 

to other systems. Experimental IR data as well as the simulated EPR data for the mixed-valent forms 

of various bridged bis(alkenyl) ruthenium complexes with two different sets of CO stretching 

frequencies and A(31P) hfs constants as obtained from simulated spectra and the resulting 

distribution parameters are collected in Table 4. The corresponding complexes are shown in 

Figure 24. 

 

Table 4. IR and EPR data for complexes RuRuNMe2
+, OPE2, OPE3, OPE4, RuMeBiPh, RuMe2BiPh and KT-gem. 

 

complex 
�����  �����

� ����
�⁄  ���� ∆* ℎ$%& ℎ$%"⁄  ∆! 

cm-1 cm-1 cm-1  G  

RuRuNMe2
+ 1922 

1927 
1982 0.08 

7.9 
0.39 

1978 12.5 

OPE2143 1914 
1923 

1959 0.21 6.0 0.50 
1947 

OPE3143 1914 
1915 

1958 0.02 
5.2 

0.42 
1958 7.2 

OPE4143 1914 
 

1959 0.00 
5.4 

0.38 
 8.6 

RuMeBiPh157 1912 
1914 

1973 0.031 
4.9 

0.43 
1971 6.4 

RuMe2BiPh157 1910 
1911 

1974 0.033 
4.3 

0.46 
1971 5.0 

KT-gem158 1911 
1912 

1969 0.076 
8.7 

0.41 
1965 12.5 
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From the date gathered in Table 4 we can derive the following two results:  

1. For the series of related complexes (OPE2, OPE3, OPE4 and RuMeBiPh, RuMe2BiPh) there 

is at least a qualitative correlation between Δρ and Δω.  

2. The Class II / Class III limit on the EPR timescale seems to be at a Δρ parameter of ca. 0.2. 

 

 

Figure 24. Structures of the complexes discussed in Table 4. 
 

After further oxidation to RuRuNMe2
3+•• the 

simulated signal fits to two equivalent ruthenium 

moieties, resulting in hyperfine couplings to two 

identical phosphorus and, two inequivalent 

hydrogen atoms and one ruthenium atom (see 

Figure 25).  

The reduced forms of all complexes show one 

isotropic singlet with g-values between 2.000 and 

2.0135, which are typical for trityl radicals (compare 

page 33; Figure 21, top right). Hyperfine couplings to 

the phosphorus nuclei of the ruthenium vinyl units 

Figure 25. Experimental (top curve) and simulated 
(bottom curve) EPR spectrum of RuRuNMe2

3+•• (left) in 
CH2Cl2 solution at rt. 
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or the nitrogen atoms of the NMe2 substituents could not be detected. As expected, and in good 

agreement with the results from IR-spectroscopy, these signals prove that the reduction of these 

systems predominantly involves the central tritylium carbon atom. Moreover, the experimental 

results agree well with our quantum chemical calculations. They predict a spin density of 60 % on 

the central carbon atom and of up to 20 % on each aryl ring (see Figure 21 on page 33). Only a small 

contribution of 5 % of the metal centers to the SOMO at most can be observed. This may explain 

the unusually broad EPR signals. Typically, one would expect resolved hyperfine couplings to the 

various aryl protons with hfs of 1 - 3 G.159–162 However, none of the investigated complexes showed 

any hyperfine structure in their EPR spectra, which is again in line with the contributions of the metal 

ion, resulting in a broadening of the linewidth and additional unresolved hfs to the phosphorus 

nuclei.163         

3.6. UV/VIS/NIR SPECTROELECTROCHEMISTRY 

All complexes are designed as redox-active dyes, inspired by Crystal Violet and Malachite Green. 

Thus, their optical properties play a central role in this work. Crystal Violet, as its Cl- salt, shows its 

typical absorption in water at 595 nm with an extinction coefficient M of  

85000 L mol-1 cm-1.164 Changing the counterion to PF6
- and using acetonitrile as the solvent shifts 

these values to 589 nm and 62900 L mol-1 cm-1.165 The tetrafluoroborate salt of malachite green in 

dichloromethane shows the most red shifted absorption at 620 nm (M of 102000 L mol-1 cm-1).166–

168  Y.S. WEN reported a shift of max upon replacing the NEt2 groups of Ethyl Violet by Cp(PPh3)2Ru-

acetylide moieties from 587 nm to a wavelength as large as 974 nm.104 Consequently, the same 

trend should be observable for the present ruthenium vinyl-modified tritylium dyes. Indeed, 

UV/Vis/NIR spectroscopy shows intense absorptions for the investigated complexes peaking at 

628 nm and 773 nm. The sizable red-shift of λmax of the investigated compounds compared to their 

organic counterparts underlines once more the distinct ability of the ruthenium styryl moiety to 

efficiently incorporate into and to enlarge π-conjugated systems. Nevertheless, it is slightly excelled 

by the −C≡C−Ru(PPh3)2Cp group, at least when it comes to the red shift of the HOMO-LUMO 

transition.   
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Table 5. Comparison of the most red-shifted absorptions for the investigated complexes with some related 
counterparts. a) 

 

 RuOMeH+ RuOMeOMe+ RuNMe2H+ RuNMe2NMe2
+ RuRuNMe2

+ 

 773 773 753 682 768 

(4-OMeC6H4)2(C6H5)C+142 497     

(4-OMeC6H4-CH=CH- 
C6H4)(C6H5) 2C+53 

687     

(4-OMeC6H4-CH=CH-C6H4)2 
(C6H5) C+53 

726     

Ph(4-OMe-C6H4)C+ 

{C6H4−C≡C−Ru(PPh3)2Cp}104 
819     

(4-OMeC6H4)3C+169  486    

Malachite Green166–168   620   

Crystal Violet165    589 

a) All values given in nm. 

 

The spectroscopic data collected in Table 5 mirror the intense green to blue coloration of these 

complexes, as it is shown exemplarily for complex RuOMeH+ in Figure 30 on page 44. Figure 26 (left) 

depicts the absorption spectra of the monocationic complexes. For all complexes, the most intense 

absorption consists of two overlapping bands. 

 

 

Figure 26. Comparison of the UV/Vis spectra of all five complexes in their monocationic forms (left) and of the x- and y-
bands of complexes RuOMeOMe+ and RuNMe2NMe2

+ (right).  
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These can readily be identified as the so-called x- and y-bands according to G.N. LEWIS and M. 

CALVIN.170,171 In compliance with this formalism, asymmetric tritylium dyes with two different 

substituents R1 and R2 should show two intense absorption 

bands. One band arises from charge transfer of the two identical 

rings to the central cationic carbon atom, and the other from the 

charge transfer (CT) of the remaining, differently substituted ring 

to the methylium core as it is depicted in Figure 27. The energy 

difference between the two bands depends on the symmetry of 

the molecule. In the fully symmetric limit, where R1 equals R2, the 

two bands will consequently merge into one single band. This is, for example, the case for Crystal 

Violet, which shows only one band at around λ = 590 nm. The asymmetric malachite green on the 

contrary exhibits two bands at 427 nm and 621 nm. The bigger the difference in electronic 

properties between R1 and R2, the larger will be the energy difference between the x- and the y-

bands. As we can conclude from the experimental spectra, this formalism also holds for ruthenium 

vinyl-modified tritylium dyes. All complexes exhibit two prominent bands in the visible region. Figure 

28 shows the electron density difference maps (EDDMs) for the calculated low-energy transitions 

for the complexes RuOMeOMe+ and RuNMe2NMe2
+. A complete list of all transitions for the 

complexes in their various oxidation states can be found in Table 6 on page 42. 

 

 x-band y-band 

RuOMeOMe+ 

  

 465 nm (428 nm) 766 nm (590 nm) 

RuNMe2NMe2
+ 

 

 610 nm (605 nm) 682 nm (507 nm) 

Figure 28. EDDM plots for the x- and y-bands of complexes RuOMeOMe+ and RuNMe2NMe2
+ with their corresponding 

absorption wavelengths (calculated values given in brackets). Electron density gain is marked in red and electron density 
loss is depicted in blue color.  

Figure 27. Definition of the x- and y-
band in triphenylmethane dyes. 
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Just as described, the two bands originate from charge transfer of the differently substituted rings 

to the central carbocation. Again, as reported by LEWIS and CALVIN, the energy difference between 

the bands increases with decreasing symmetry and increasing electronic disparity of the tritylium 

system. Here, charge transfer from the ruthenium vinyl and dimethylamino moieties leads to 

energetically rather close-lying bands with a difference of only 72 nm (1730 cm-1). The charge 

transfer from the methoxy substituents in RuOMeOMe+ on the other hand, differs from that from 

the ruthenium-styryl one by 301 nm (8450 cm-1). Not only the band positions are varying compared 

to Crystal Violet,164,165 but also the intensities vary significantly. The extinction coefficients of the 

most intense absorption bands of complexes RuOMeOMe+ (M = 88700 L mol-1 cm-1), RuNMe2NMe2
+  

(M = 97400  L mol-1 cm-1) and RuRuNMe2
+ (M = 75000  L mol-1 cm-1) are by  12000 L mol-1 cm-1 to 

34000 L mol-1 cm-1 larger compared to Crystal Violet.165 Thus, the influence of the ruthenium vinyl 

moiety on the optical properties seems to be rather substantial. This conclusion is supported by TD-

DFT calculations. For tritylium cations in general, the HOMO is predominantly located on the most 

electron rich aryl unit. The LUMO is, as expected, mostly located on the central carbocation and its 

immediate neighbor atoms.142,172 The same situation is encountered for the complexes of this series. 

Quantum chemical calculations predict a strongly ruthenium styryl-based HOMO (>80 %) and a 

contribution of the carbocation to the LUMO of approx. 30 %. Nevertheless, the HOMO – LUMO 

transition does not necessarily comply with the most intense absorption band. The former holds 

true for the first three complexes of the series (RuOMeH+, RuOMeOMe+, RuNMe2H+), but in case of 

the more electron rich complexes RuNMe2NMe2
+ and RuRuNMe2

+, the HOMO-1 to LUMO transition 

has a much stronger intensity. Comparing the two borderline cases RuOMeH+ and RuNMe2NMe2
+, 

this observation seems to be quite reasonable, when taking a closer look on the involved orbitals 

(see Figure 29). The HOMO of all complexes is, as mentioned above, more or less delocalized but 

always ruthenium-based. Therefore, the HOMO – LUMO transition is a charge transfer (CT) from 

one redox center to the other. Yet, this changes for the HOMO-1 – LUMO transition. For RuOMeH+, 

the HOMO-1 is entirely localized on the ruthenium center. Consequently, this transition again 

corresponds to a charge transfer originating from only one redox center. For RuNMe2NMe2
+ the 

situation is different, as the HOMO-1 is based on the two electron rich aniline rings, thus resulting 

in a charge transfer from two redox centers to the carbocation with an increased intensity compared 

to RuOMeH+.  

 



Vinyl Ruthenium-Modified Crystal Violet Derivatives - UV/Vis/NIR Spectroelectrochemistry 

 
41 

 

Figure 29. Contour plots of the calculated LUMO (top), HOMO (center) and HOMO-1 (bottom) of complexes RuOMeH+ 
and RuNMe2NMe2

+ (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl).  

Spectroelectrochemical experiments support the assumption that the HOMO-LUMO transition 

can be assigned to a charge transfer from the electron rich ruthenium vinyl moiety to the tritylium 

cation by the fact that these bands collapse upon oxidation or reduction of every complex. As a 

consequence, the absorption profiles in the Vis spectra of the investigated compounds change 

drastically on changing their redox states. This is exemplified in Figure 30, which shows the visual 

color impressions of the complex RuOMeH+ in three adjacent redox states. On comparing the band 

positions of the most y-band, one notes a direct correlation between the electron richness of the 

tritylium substituents and the energy of this band:  

 

RuOMeH+ (773 nm) = RuOMeOMe+ (773 nm) > RuNMe2H+ (616 nm) ≈ RuNMe2NMe2
+ (610 nm) 

 

For the dinuclear complex RuRuNMe2
+, we find a band at 768 nm, which is significantly red-shifted 

compared to the compounds RuNMe2H+ and RuNMe2NMe2
+. These data again show that the 

predominant effect of the ruthenium vinyl moiety is to extend the conjugated π-system of the 

attached organic ligand, rather than acting as a mere electron donor. Moreover, the data agree well 

with the known trend that the most electron rich aryl ring maximizes its overlap with the empty pπ 

orbital of the carbocation and hence dominates the electronic properties of a tritylium dye.172  
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Table 6. UV/Vis/NIR dataa) of the complexes in their various oxidation states. 

complex 
max  

major contribution to the transition 
/ nm / M-1 cm-1

RuOMeH• 

347 9000 HOMO(A)->L+3(A) (17%), HOMO(B)->L+3(B) (49%) 

393 4700 HOMO(A)->L+2(A) (67%) 

458 7800 HOMO(A)->L+1(A) (49%), HOMO(B)->LUMO(B) (34%) 

RuOMeH+ 

393 11500 H-9->LUMO (10%), H-7->LUMO (42%), H-6->LUMO (30%), 
H-5->LUMO (10%) 

441 13700 H-3->LUMO (97%) 

773 63100 HOMO->LUMO (99%) 

RuOMeH2+ 

371 5500 H-2(A)->LUMO(A) (35%), H-1(B)->L+1(B) (48%) 

450 20800 H-1(A)->LUMO(A) (25%), H-10(B)->LUMO(B) (14%),  
H-9(B)->LUMO(B) (14%) 

488 18900 H-2(A)->LUMO(A) (14%), H-6(B)->LUMO(B) (38%),  

H-1(B) ->LUMO(B) (16%), H-1(B)->L+1(B) (13%) 

586 26400 HOMO(A)->LUMO(A) (40%), H-4(B)->LUMO(B) (12%), 
H-1(B)->LUMO(B) (12%) 

774 1700 H-2(A)->LUMO(A) (10%), H-1(B)->LUMO(B) (63%),  
H-1(B)->L+1(B) (10%) 

1180 1500 HOMO(B)->LUMO(B) (87%) 

RuOMeOMe• 
385 12700 HOMO(A)->L+5(A) (61%) 

457 21300 HOMO(A)->L+1(A) (34%), HOMO(A)->L+2(A) (25%), 
HOMO(B)->LUMO(B) (24%) 

RuOMeOMe+ 

420 16600 H-4->LUMO (85%) 

465 33200 H-3->LUMO (99%) 

511 8500 H-1->LUMO (99%) 

773 88700 HOMO->LUMO (99%) 

RuOMeOMe2+ 

423 6400 HOMO(A)->L+2(A) (26%), H-5(B)->L+1(B) (32%) 

470 7700 H-4(A)->LUMO(A) (22%), HOMO(A)->L+2(A) (17%),  
H-5(B)->L+1(B) (17%), H-3(B)->L+1(B) (12%) 

497 31200 H-1(A)->LUMO(A) (44%), H-1(B)->L+1(B) (55%) 

518 62700 HOMO(A)->LUMO(A) (62%), H-3(B)->LUMO(B) (13%) 

568 33100 HOMO(A)->LUMO(A) (15%), H-3(B)->LUMO(B) (63%) 

781 3700 H-1(A)->LUMO(A) (13%), H-1(B)->LUMO(B) (78%) 

1500 1300 HOMO(B)->LUMO(B) (88%) 

RuNMe2H• 
452 9600 HOMO(A)->L+1(A) (30%), H-1(B)->LUMO(B) (31%),  

HOMO(B)->LUMO(B) (17%) 
751 56000 HOMO(A)->L+1(A) (34%), HOMO(B)->LUMO(B) (48%) 

RuNMe2H+ 

324 16500 HOMO->L+2 (81%) 

366 16000 H-7->LUMO (50%), H-6->LUMO (32%) 

491 18000 H-2->LUMO (96%) 

753 54200 HOMO->LUMO (100%) 

RuNMe2H2+ 

383 16900 HOMO(A)->L+2(A) (35%), H-17(B)->LUMO(B) (10%),  
H-15(B)->LUMO(B) (14%) 

452 25000 H-1(A)->LUMO(A) (63%), HOMO(B)->L+1(B) (19%) 

623 34100 HOMO(A)->LUMO(A) (53%), HOMO(B)->L+1(B) (11%) 

1127 2900 HOMO(A)->LUMO(A) (12%), H-1(B)->LUMO(B) (12%),  
HOMO(B)->LUMO(B) (54%), HOMO(B)->L+1(B) (13%) 
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RuNMe2NMe2
• 

306 38800 H-2(A)->L+1(A) (36%), H-1(B)->L+2(B) (52%) 

338 35000 H-1(A)->L+1(A) (27%), HOMO(A)->L+13(A) (20%),  
HOMO(B)->L+2(B) (16%) 

400 24700 HOMO(A)->L+7(A) (77%) 

460 19800 HOMO(A)->L+4(A) (13%), H-1(B)->LUMO(B) (75%) 

605 13400 HOMO(A)->L+1(A) (51%), HOMO(B)->LUMO(B) (33%) 

RuNMe2NMe2
+ 

327 33500 HOMO->L+2 (87%) 

418 20200 H-4->LUMO (11%), H-2->L+1 (77%) 

610 97400 H-1->LUMO (100%) 

682 48400 HOMO->LUMO (99%) 

RuNMe2NMe2
2+ 

448 33200 HOMO(A)->LUMO(A) (53%), HOMO(B)->L+1(B) (47%) 

611 23300 H-2(B)->LUMO(B) (60%), H-1(B)->LUMO(B) (21%) 

950 - H-2(B)->LUMO(B) (23%), H-1(B)->LUMO(B) (68%) 

1430 - HOMO(B)->LUMO(B) (92%) 

RuRuNMe2
• 

323 50000  
446 24000  
607 7300  
689 15400  
786 12000  

RuRuNMe2
+ 

289 52000  
370 21500  
472 5000  
658 26800  
690 75000  
768 57000  

RuRuNMe2
2+ 

289 58800  
368 17900  
439 7000  
620 12000  
658 15700  
689 17000  
754 34400  
966 11300  

RuRuNMe2
3+ 

290 48000  
293 102600  
300 42000  
349 25700  
622 19000  
705 22900  

a) All band positions given in nm. All extinction coefficients given in L mol-1 cm-1. Measured in  
1,2-C2H4Cl2/0.25 mM NBu4

+B{C6H3(CF3)2}4
- at 293 ( 3) K. 

 

The direct coupling of UV/Vis/NIR spectroscopy with an in-situ electrolysis of a compound provides 

information about the spectroscopic signatures of the oxidized and reduced forms of these 

complexes. Up to now, this aspect has been completely neglected in triphenylmethane chemistry, 

especially when it comes to organometallic tritylium compounds. The combination of an oxidizable 

organometallic entity with a reducible organic dye should lead to pronounced electro-

chromism.63,173,174 As it could be shown by cyclic voltammetry and IR spectroelectrochemistry, the 

reduced species are well accessible. The same holds for UV/Vis/NIR spectroelectrochemistry. Upon 

reduction, the intense chromophoric bands in the Vis and NIR regions bleach out almost completely 
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(c.f. Figure 32 and Figure 34). This bleaching has an enormous effect on the color impression. 

Figure 30 shows that the formerly green color of the complex RuOMeH+ changes to a red color for 

its reduced form RuOMeH•. The color of the latter is dominated by the ruthenium styryl unit, which 

is responsible for the typical red tint.    

 

 

Figure 30. Colors of complex RuOMeH+ in its various redox states (from left to right radical, monocation, dication). 

TD-DFT calculations indicate that the red color of the neutral vinyl ruthenium-modified trityl 

radicals arises from transitions from the 4-NMe2-, the OMe-substituted, or the unsubstituted 

phenyl rings to the ruthenium styryl unit (α-HOMO → α-LUMO+1) or from minor charge transfer 

from the styryl ruthenium- and the 4-NMe2-substituted phenyl rings to the less-electron-rich 

one(s) (β-HOMO → β-LUMO). This corresponds to an overall charge transfer from the terminal 

substituents as well as the trityl center to the styryl ring as shown in Figure 31.  

 

 

Figure 31. EDDM plot for the most red shifted band (605 nm) of complex RuNMe2NMe2
•. Electron density gain is marked 

in red and electron density loss is depicted in blue color.  
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Figure 32. Changes of UV/Vis/NIR spectra of complex RuNMe2H+ (1,2-C2H4Cl2, NBu4
+B{C6H3(CF3)2}4

-, T = 293( 3) K) during 
the oxidation (blue to red, top) and the reduction (blue to yellow, bottom). 

 

Removal of an electron from the system also leads to a pronounced color change. As the oxidation 

predominantly affects the HOMO, the most electron rich aryl ring is most affected. As a 

consequence, the energy of the HOMO is lowered much more than the energy of the LUMO, leading 

to a blue shift of the absorption band. This can be seen rather nicely for complex RuNMe2H+ in Figure 

32 (top), where the most intense band is shifted from 753 nm to 623 nm, leading to a color change 

from green to dark blue. This general behavior can be observed for all complexes (c.f Figure-SI 68 - 

Figure-SI 70 and Table-SI 1 - Table-SI 5 in the appendix). Yet, this is not the most red-shifted 

absorption. Complex RuNMe2H2+, for example, exhibits another weak band at 1127 nm (ε = 2900 L 

mol−1 cm−1). This band has mainly charge transfer character from the organic donor substituents to 

the oxidized ruthenium styryl moiety (c.f. Figure 33).  
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Figure 33. EDDM plot for the most red shifted band (1127 nm) of complex RuNMe2H2+. Electron density gain is marked 
in red and electron density loss is depicted in blue color. 

 

IR spectroelectrochemistry indicated already an electronically moderately coupled mixed-valent 

state for RuRuNMe2
2+. Further evidence for a mixed-valent behavior can be found in the UV/Vis/NIR 

spectrum of RuRuNMe2
2+ (Figure 34). During the oxidation of RuRuNMe2

+ to RuRuNMe2
2+, a new band 

grows in at 966 nm (ε = 11300 L mol−1 cm−1). Such a band is highly suggestive of an inter-valence 

charge transfer between the reduced and oxidized ruthenium centers (see Figure 34, top left). Upon 

further oxidation to RuRuNMe2
3+, this band vanishes again as now both ruthenium styryl moieties 

are oxidized. 

 

 

Figure 34. Changes of UV/Vis/NIR spectra of complex RuRuNMe2
+ (1,2-C2H4Cl2, NBu4

+ {C6H3(CF3)2}4
-, T = 293( 3) K) 

during the first oxidation (blue to red, top left), the second oxidation (red to green, top right),  and the reduction (blue to 
yellow, bottom). 
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3.7. SUMMARY 

In this chapter, five new triphenylmethylium dyes are discussed, where one or two aryl 

substituents are constituted by a styryl ruthenium unit. All complexes were fully characterized by 

means of NMR spectroscopy backed by combustion analyses and ESI-MS measurements (p. 18). For 

better compatibility with these organometallic substituents, the usually used chloride, perchlorate 

or tetrafluoroborate anions were replaced by the ‘non-coordinating’ and inert tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate). In NMR experiments, the extent of π-conjugation between the 

central cationic carbon atom and the styryl ruthenium substituent becomes most evident in the 

high-field shift of the carbonium carbon atom and the low-field shift of the α-vinyl proton 

resonances as well as the 31P shift.  Cyclic voltammetry (p. 21) reveals one reversible reduction, 

located on the tritylium core and one oxidation per ruthenium unit. The potentials for these 

oxidations resemble those of the second oxidations of anisyl or styryl ruthenium complexes with an 

additional, appended redox site, which are oxidized first. Still, NMR spectroscopy unambiguously 

shows that all unipositively charged compounds are diamagnetic Ru(II) complexes and do not  show 

any valence tautomerism in the sense {Ru(II)}-CH=CH-C+Ar2 ↔ {Ru(III)+}-CH=CH-C•Ar2. In the case of 

complex RuNMe2NMe2
+, an additional oxidation process can be observed, which is based on one of 

the amino substituted aryl rings. The oxidation potentials correspond to the electron richness of the 

two most strongly electron donating aryl substituents while the third one exerts an only minor 

effect.  

A similar behavior can be observed in IR spectroscopic experiments (p. 24). Again, the 

hypsochromic shifts of the Ru(CO) stretching vibrations compared to neutral ruthenium vinyl 

complexes reveal a strong influence of the carbocationic C+Ar2 substituent on the styryl ruthenium 

moiety. These effects are considerably attenuated on one-electron oxidation, as the Ru(CO) bands 

fall in a much narrower range of 1978 cm-1 to 1987 cm-1 when compared to the monocationic  

complexes (��(CO) 1921 cm-1 to 1945 cm-1). This is due to the fact that the strongest respective donor 

substituent (Ru-styryl in the methoxy substituted complexes or 4-dimethylaminophenyl) is most 

strongly involved in the first oxidation process. The bands for the reduced forms, on the other hand, 

appear at basically the same positions as in neutral, diamagnetic ruthenium complexes.  

On the further oxidation of complex RuNMe2NMe2
2+ to the trication, a charge redistribution away 

from the {Ru} center to a dimethylaniline functionalities occurs. Applying GEIGER’S formalism to the 

dinuclear complex RuRuNMe2
2+ leads to a charge distribution between the two styryl ruthenium 

moieties of about 92 % : 8 %, rendering it a weakly coupled mixed-valent system of Class II according 

to ROBIN and DAY.147  

All accessible paramagnetic states were investigated by EPR spectroscopy (p. 32). For the reduced 

forms of all complexes, a broad isotropic signal with no hyperfine splittings and a 
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giso-value between 2.00 and 2.01 was obtained. Oxidation to the dications led to triplet signals 

caused by the hyperfine coupling of the unpaired spin to the phosphorus nuclei at the ruthenium 

atom with underlying couplings to the vinyl protons. The charge redistribution for complex 

RuNMe2NMe2
3+, as observed in IR spectroscopy, goes hand in hand with a spin redistribution, 

indicated by resolved hyperfine coupling to the 14N nuclei as the only observable hyperfine 

interaction. Finally, a comparison of the A(31P) hfs in the dinuclear complex RuRuNMe2
2+ with those 

of its mononuclear analogs allows us to propose the Δω parameter. This parameter allows for a 

quantitative description of the spin density distribution in mixed-valent complexes with two styryl 

ruthenium moieties. It appears that Δω attains a value of 0.5, indicating complete spin 

delocalization, as Δρ approaches a value of 0.2. This discrepancy arises from the difference of the 

inherent time scales of the IR and EPR experiments of ca. 10-12 s and 10-8 s for IR and EPR 

spectroscopy, respectively.   

UV/Vis/NIR spectroscopy (p. 37) revealed a strong influence of the ruthenium centers on the 

optical properties of the dyes. For all complexes, significant red shifts of the HOMO-LUMO transition 

were observed, with complexes RuOMeH+ (773 nm) and RuOMeOMe+ (773 nm) absorbing in the 

near infrared. Moreover, these complexes are intensely colored, excelling even Crystal Violet in 

terms of their extinction coefficients. With the oxidized and reduced states available, a pronounced 

polyelectrochromic behavior could be established, which covers an optical range from red over 

green to blue, depending on the redox-state. For the oxidized, dinuclear complex RuRuNMe2
2+, an 

IVCT band could be observed that underpins its mixed-valent character. 
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4. FERROCENE MONO-TRITYLIUM DYES 

4.1. INTRODUCTION 

Unintentionally synthesized for the first time by T.J. KEALY and P.L. PAUSON in 1951,175 ferrocene is 

perhaps the most paradigmatic and most important molecule in organometallic chemistry. Already 

in the early 1920’s and 30’s several chemists tried to use iron(III) chloride and Grignard reagents to 

generate organo-iron compounds.176,177 Though none of these attempts were really successful, G. 

CHAMPETIER was able to develop a homo-coupling protocol of aryls by oxidatively coupling their 

Grignard reagents with ferric chloride. Based on this procedure, KEALY and PAUSON tried to synthesize 

fulvalene as shown in Scheme 7 (top). 

 

Scheme 7. Intended (top) and actual (bottom) synthesis by T.J. KEALY and P.L. PAUSON leading to the first isolation of 
ferrocene.175,178 

 

 

 

Having obtained a red, air stable and easy sublimable compound, the authors soon realized that 

they were unable to prepare the desired fulvalene, but that a new organo-iron compound had 

formed instead. They correctely predicted a stabilization of the compound by forming aromatic, 
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negatively charged cyclopentadienide rings, but failed to predict the correct structure as shown in 

Figure 35. 

 

 

Figure 35. Originally proposed structure of dicyclopentadienyl iron by T.J. KEALY and P.L. PAUSON. 

Meanwhile, S.A. MILLER, J.A. TEBBOTH and J.F. TREMAINE published another synthesis for the same 

compound, starting from Fe(0) and cyclopentadiene.179 This new compound attracted the interest 

of numerous scientists. Simultaneously, E.O. FISCHER in Munich and G. WILKINSON as well as R.B. 

WOODWARD at Harvard University in Boston started to investigate this new and odd molecule. 

WILKINSON tried to extend the variety of such compounds by using other transition metals like nickel, 

cobalt, chromium and ruthenium, whereas WOODWARD was more interested in the reactivity of the 

cyclopentadienide rings. During these investigations he came up with the idea of using a Friedel-

Crafts reaction to probe for the aromaticity of the rings (Figure 36).180–182 FISCHER, on the other hand, 

used X-ray crystallography to correctly derive the sandwich structure of ferrocene (Figure 36, 

right).183  

 

 
 

Figure 36. Structure of ferrocene according to WILKINSON182 (left) and FISCHER183 (right).  
 

Compared to this more direct approach, WILKINSON derived an analogous structure from IR 

experiments (Figure 36, left). This prototypical metallocene structure was revolutionary at that time 

and, shortly after WILKINSON’S publication, J.D. DUNITZ, a prestigious structure chemist, said: 
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‘One afternoon, I opened the Library copy of JACS [in Cambridge, England] and came across R. B. 

Woodward’s proposal that the molecule consists of two parallel cyclopentadienyl rings with the iron 

atom sandwiched between them. I was skeptical. Nothing like this had ever been seen before. On my 

way out of the Library I met Leslie [Orgel] and asked if he had seen this astonishing proposal. He was 

as skeptical as I was. When we found that the compound was relatively easy to prepare in crystalline 

form, I decided to determine its crystal structure and so demonstrate the incorrectness of the 

proposed molecular structure. Within a few weeks, it became clear to us that Woodward’s proposal 

was correct after all. There was no doubt about it.’184 

 

Hence, the efforts to refute WILKINSON’S structure proposal even led to its approval. The term 

‘sandwich’ complex was coined by J.D. DUNITZ and L. ORGEL in their work about the MO structure of 

ferrocene.185 22 years after its discovery, the unraveling of the structure of ferrocene awarded a 

Nobel Prize for E.O. FISCHER and G. WILKINSON. The reason why Woodward, the third big player in this 

game, did not receive this honor, though it would have been technically possible, is unknown to the 

present day. However, this story about the discovery of ferrocene would not be as fascinating as it 

is, if ferrocene itself as the main protagonist would be of low interest. By now over 18000 

publications dealing with ferrocene, its many derivatives, their properties and use have appeared in 

the literature, following KEALY’S and PAUSON’S initial paper.  

 

 

Figure 37. Publications on ferrocene and its derivatives from 1951-2017 according to Web of Science.186 

 

Web of Science lists 850 publications dealing with ferrocene solely for 2017. This results in an 

average of 2.3 new publications on ferrocene every day. At this point, the following question 

emerges: 
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‘Why is Ferrocene so Exceptional?’187 

  

One reason is its 18 VE configuration. This explains the extraordinary stability of the ferrocene 

molecule and its heavier homologues. Compared to this, its neighbors manganocene and 

cobaltocene, having a 17 or 19 valence electron count, are highly reactive. Forcing them into 

ferrocene-like electronic configurations as in the decamethyl manganocene anion188 or the 

cobaltocinium cation leads again to stable complexes.189 Another reason can be found in the MO 

scheme of ferrocene as depicted in Figure 38. The sandwich structure enables an efficient overlap 

of the iron’s 4s-, 4p- and 3d-orbitals with the corresponding π-orbitals of the Cp rings, forming 

 σ-, π- and δ-bonds (c.f. Figure 38). Nevertheless, the main contribution to the overall Fe-ligand 

bonding comes from MOs of overall π-bonding symmetry (65 %), whereas the contribution of the 

δ- (20 %) and σ-bonds (15 %) are smaller. The dz²-based a1g HOMO is almost non-bonding (σnb). 

 

 

Figure 38. MO scheme of ferrocene. 

Moreover, the benzene-like reactivity, that actually led to the name ferrocene,190 makes it 

amenable to a large variety of organic follow reactions, allowing for many different modifications.191  

Some of the most important derivatization reactions that can be applied to ferrocenes are 

acetylation, lithiation and stannylation. Those derivatives serve as building blocks for many further 

syntheses.192–194 This large structural diversity made ferrocene an interesting scaffold for the 

construction of ligands that can bind other transition metal ions.187 One of the most prominent 

examples is the 1,1'-bis(diphenylphosphino)ferrocene (dppf),195 which is widely used in various 

types of catalytic cross-coupling reactions. Moreover, the easy introduction of chiral centers into 

the ferrocene backbone has led to numerous applications of ferrocene-based ligands in 
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enantioselective synthesis and catalytic reactions.196 Oxidation of the ferrocene pendants to the 

ferrocinium redox state switches the ferrocene donor to an acceptor. This can be used to switch 

catalysis on or off as to alter the mode of reactivity.197–203 Another comparably recent ligand class, 

where ferrocenes are increasingly used, are N-heterocyclic carbenes (NHC). Here, the cylindrical 

shape of the ferrocene substituents causes an unusually high steric demand. In addition, they 

stabilize of the electron-deficient centers due to their donor properties.204–206  

The stabilizing effect of ferrocene towards electron deficient moieties is of great importance when 

it comes to the formation of stable α-ferrocenylcarbonium ions, which will play a key role in this 

work.207 A large series of publications deals with the different resonance and electronic structures 

of the ferrocenyl methylium template. They are concerned with the location of the positive charge 

on the aryl rings (Scheme 8, II,III) as well as with the participation of the iron atom in stabilizing the 

carbocation and the resulting structural changes in the system (Scheme 8, IV-V).208–211 

 

Scheme 8. Resonance structures of ferrocenyl methylium ions. 

 

 

 

As ferrocene is also renowned for its superior redox properties, they will be explained in more 

detail in the following. Since 1984, ferrocene is officially recommended by IUPAC as the redox 

standard in organic solvents,212 for several reasons. Its redox potential of 0.40 V vs. SCE213 is well 

accessible and only moderately influenced by most common solvents and supporting electrolyte 

mixtures. Moreover, oxidation of the neutral ferrocene to the cationic ferrocinium ion causes only 

marginal structural changes, resulting in fast and reversible electron transfer kinetics. The high 

chemical stability of the ferrocinium ion is another important asset.214 These superior redox 

properties in combination with an almost linear dependency of the redox potential on the Hammett 

parameters of the ring substituents render ferrocinium ions and ferrocenes versatile and mild 

1e- oxidants or reductants.213,215–217 Typical examples are methyl- and acetyl substituted ferrocenes, 

where each additional methyl group shifts the redox potential by -55 mV, while each additional 

acetyl group increases the original potential by 270 mV.218 If other redox active groups are used as 

substituents, mixed-valent compounds with various degrees of electronic coupling between the 

equal or different redox sites can be realized.144,145,187,219 Another field, where one might not expect 

to find ferrocenes, is medicine and drug design. As most famous example, the antimalarial drug 

ferroquine shall be mentioned. This chloroquine analogue is currently in clinical phase II trials.220,221 
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Besides this, their application in the field of cancer treatment becomes further established, as 

compounds like ferrocifenes and hydroxyferrocifenes attract more and more attention.222–225 

Several publications address the field of ferrocene-triphenylmethane conjugates. One typical 

group are ferrocenes that are linked to a perchlorinated triphenyl methane (PTM) anion or radical 

(c.f. Scheme 9, left). Such complexes were intensively studied by J. VECIANA.226–230 In-depth 

investigations of such complexes in their various oxidation states were carried out, using 

electrochemical as well as spectroscopic methods. Yet, there are no examples where the Cp ring of 

a ferrocene is directly incorporated into the PTM system. Still, there are literature-known examples 

for the cationic forms of such compounds (vide supra).208–211 Further contributions to this field came 

from AZ. KREINDLIN and H. BUTENSCHÖN, who synthesized tritylium cations made up entirely of 

ferrocenes.231–233 Furthermore, many investigators dealt with the reactivity or the pKa-values for the 

reaction of the cation with water.59,234–239 To the best of our knowledge, however, only little is known 

about the electrochemical and spectroscopic characteristics of complexes of this type, let alone 

those in their other redox states.  This and the following chapter shall contribute to closing this gap 

in the literature and to provide some insight into so far unreported characteristics. 

 

Scheme 9. General structures of ferrocene-triphenylmethane conjugates that are reported in the literature. 

 

4.2. SYNTHESIS & CHARACTERIZATION 

Three donor substituted pseudo-tritylium ferrocenes (see Scheme 10) were synthesized in order 

to compare them with parent Crystal Violet. Moreover, different substituents were used in the para- 

and meta-positions of the phenyl rings in order to investigate the influence of inductive, mesomeric 

and steric effects on their spectroscopic and electrochemical signatures. Therefore, a 4-NMe2 

(FcMonoNMe2
+), a 4-OMe (FcMonoOMe+) and, as an extension of FcMonoOMe+, an additional 2-Me 

substituent (FcMonoMeOMe+) were introduced.  
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Scheme 10. Synthesis of the ferrocene mono-tritylium-complexes FcMonoNMe2
+, FcMonoOMe+ and  

FcMonoMeOMe+.  

 
 

For reasons that will become clear later on, a fourth complex, Fc*MonoOMe+, the 

pentamethylcyclopentadienide analog of FcMonoOMe+, was synthesized. Starting from methyl 

ferrocenecarboxylate, the respective lithiated bromobenzenes were used to obtain the triaryl 

methanol precursors. Consecutive treatment with Brookhart’s acid H(Et2O)2
+ tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate-138 led to the final cationic complexes (see Scheme 10). All 

compounds could be identified by the characteristic signals in their 1H-NMR spectra as well as by 

their intense coloration. The most striking feature in all of the NMR spectra are the proton signals 

of the substituted cyclopentadienyl ring that are shifted to unusually low field (6.74 – 4.92 ppm) and 

the 13C-NMR signals of the central carbonium carbon atom (196.5 – 176.0 ppm). A detailed listing 

of the most important NMR signals can be found in Table 7, additional NMR spectra a collected in 

the appendix (Figure-SI 71 - Figure-SI 84). Especially the 13C-NMR shift of the carbocation δC+ is very 

sensitive to the electronic influences of the para-substituents.172 The δC+-values that were obtained 

for our complexes range between the values obtained for bis- or tris(4-anisyl)methylium cations (δC+ 

= 201.0 and 194.0 ppm) and Crystal Violet (δC+ = 179.0 ppm). 
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Table 7.  Characteristic NMR signals for the new ferrocene tritylium ions and the literature-known, unsubstituted 
FcCPh2

+.a) 

complex δH1 δH2,2’ δH3,3’ δC2,2’ δC3,3’ δC4 δC+ δC+ -  δC4 

FcMonoNMe2
+ 4.35 4.92 5.72 78.1 77.6 82.7     188.0 105.3 

FcMonoOMe+ 4.51 5.24 6.01 79.0 87.0 89.6 192.8 103.2 

FcMonoMeOMe+ 4.62 5.23 6.11 79.1 88.2 94.3 196.5 102.2 

Fc*MonoOMe+ - 4.98 5.64 78.7 94.8 98.0 176.0 78.0 

FcCPh2
+ b) 4.93 5.26 6.74 94.9 79.6 101.8 171.6 69.8 

FcH c) 4.34        

a) Numbering see Figure 39. b) 1H-NMR236 and 13C-NMR data according to literature. 240 c) 1H-NMR data according to 
literature.241  

 

 

Figure 39. Numbering of atomic positions discussed in Table 7. 

For the investigated complexes the δC+-value increases in the order Fc*MonoOMe+<FcMonoNMe2
+ 

< FcMonoOMe+ < FcMonoMeOMe+. On first glance, the positioning of the latter two compounds 

seems counterintuitive as FcMonoMeOMe+ with its two additional methyl groups in the 2-position 

should be nominally more electron rich than FcMonoOMe+. This trend can also be observed for the 

other shift values (δH2,2’, δH3,3’, δC2,2’, δC3,3’ and δC4). The underlying reason for this at first sight 

unexpected finding is the increased steric demand of the ortho-methyl groups. This prevents a more 

coplanar arrangement of two such phenyl rings with the plane of the sp2-hybridized carbocation. As 

a consequence, only one of the two phenyl rings can interact electronically with the central cation. 

This leads to a less well stabilized methylium center and therefore to more downfield shifted 

resonances.172,242,243 Furthermore, the influence of the five additional methyl groups in complex 

Fc*MonoOMe+ is worth mentioning. The more pronounced donor character of the 

pentamethylferrocenly unit (Fc*MonoOMe+) compared to the unsubstituted ferrocenyl moiety 

(FcMonoOMe+) leads to a high field shift of δC+ by 16.8 ppm. In 1981, E. WATTS proposed to use the 

difference between δC+ and  δC4, to determine whether the positive charge of ferrocene-substituted 

tritylium ions is more compensated by the phenyl rings or by the ferrocenyl unit.210 Here, a large 

difference indicates stabilization of the cation by delocalizing the charge onto predominantly the 
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phenyl substituents, whereas a small difference points at an inductive stabilization mainly from the 

ferrocenyl moiety.  

 

 

Figure 40. Graphical explanation for the shift difference (δC+ -  δC4) described by WATTS.210 The area marked in grey 
denotes the main contributor(s) to stabilizing the positive charge at the central carbocation. 

 

The complexes of this series fit quite well to this proposal as it can be seen in Table 7. Hence, we 

find the largest difference for complex FcMonoNMe2
+ (Δδ = 105.3 ppm) as the dimethylamino 

functions have a high ability to stabilize the positive charge via resonance as depicted in Figure 40 

(left hand side). In good accordance with the trend observed before, less electron donating 

substituents lead to smaller shift differences (FcMonoOMe+, Δδ = 103.2 ppm; FcMonoMeOMe+, 

Δδ = 102.2 ppm; Fc*MonoOMe+, Δδ = 78.0 ppm). If one compares these values with the 

unsubstituted FcCPh2
+ (Δδ = 69.8 ppm), the general stabilizing effect of the donor substituents 

becomes apparent. The proton resonances of the unsubstituted Cp ring provide another interesting 

marker for the charge distribution in these molecules. Here, the proton shift of FcMonoNMe2
+ (4.35 

ppm) is almost identical to the value for unsubstituted ferrocene, where it appears at 4.34 ppm. 

With decreasing electron donor capacity of the phenyl substituents, this value rises to 4.93 ppm for 

FcCPh2
+, thus indicating an increasing positive charge on the ferrocenyl moiety. The values of 4.51 

ppm for FcMonoOMe+ and 4.62 ppm for FcMonoMeOMe+ are in between these two extremes, but 

closer to the value for FcMonoNMe2
+. 

For the precursor complexes FcMonoNMe2-OH and FcMonoMeOMe-OH, single crystals, suitable 

for X-ray analysis, could be obtained (see Figure 41). The relevant crystallographic data are collected 

in Table 8 on page 59 and in the appendix (Table-SI 6 and Table-SI 7). 
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Figure 41. Perspective view of one of the independent molecules in the unit cell of complex FcMonoNMe2-OH and 
FcMonoMeOMe-OH. Hydrogen atoms are removed for reasons of clarity. The ellipsoids are displayed at a 50% probability 
level. 

At first glance, these two complexes show exactly the structures one would expect. To reduce the 

steric hindrance, one aryl ring (exo) points to above the substituted Cp deck. Thus, only one ring 

(endo) and the small OH group sterically interfere with the ferrocene moiety. The four substituents 

around the central carbinol atom adopt a tetrahedral arrangement with angles between 106° and 

112°. If one takes a closer look, some differences become apparent. The higher steric demand 

imposed by the ortho-methyl groups in FcMonoMeOMe-OH is manifested in the torsion angles of 

the individual aryl rings. In case of complex FcMonoNMe2-OH, all three aromatic rings are rotated 

by 82° – 85° against each other, leading to a quite symmetric twisting of the rings with a maximal 

spacing between them. For complex FcMonoMeOMe-OH, one observes a torsion of only 71.7° to 

74.3° between the phenyl rings and the substituted Cp deck. The two phenyl rings still maintain a 

torsion angle of 84.0° between them. When taking a closer look at the tetrahedral arrangement 

around the carbinol atom, another consequence of the 2-methyl groups becomes evident. For the 

complex FcMonoMeOMe-OH the angle Cipso-C+-Cipso between the exo and the endo rings is by 2.4° 

larger (110.2° vs. 112.6°) than for the bis(dimethylamino) derivative so that the distance between 

the two phenyl rings is increased further. Both complexes show a tilting of the Cp decks so that the 

CAr2+ group is located at the more open side. Here we find an opening angle of 4.9° for the 

bis(dimethylamino) complex and one of 3.9° for the bis(anisyl) one. 
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Table 8. Selected crystallographic data for complexes FcMonoNMe2-OH and FcMonoMeOMe-OH. All distances are 
given in pm. 

 

 FcMonoNMe2-OH FcMonoMeOMe-OH 
 

∡Cp-Cp 4.9° 3.9° 

∡Cp-exoPh 85.0° 71.7° 

∡Cp-endoPh 82.6° 74.3° 

∡exoPh-endoPh 85.7° 84.0° 

∡C16-C27-C24 

∡C20-C11-C12 
110.2(1)° 112.6(2)° 

dC5-C27 

dC5-C11 
152.2(3) 152.4(3) 

dC16-C27 
dC20-C11 

 

152.5(2) 153.8(4)   

dC24-C27 
dC12-C11 

154.2(2) 154.7(3)  

dO1-C27 
dO1-C11 

144.6(2)  145.3(3)  

dtopCp-Fe1 164.5  165.2  

dbottomCp-Fe1 165.0  165.7  

 

Even more interesting than the structure of the individual molecules is their packing in the crystal 

lattice. Complex FcMonoNMe2-OH forms an (OH)-bridged dimer comparable to the carbinols 

described by A.S. FERGUSON.244,245 The O…O and O…HO distances of 290.6(2) pm and 244.6 pm are 

close to the values of 281.6(2) pm to 293.2(14) pm and 252.0 pm, which FERGUSON presented for his 

diphenyl and phenyl furanyl derivatives FcPh2COH and FcPhMeCOH.  
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Figure 42. Comparison of the association motifs leading to dimers of complexes FcMonoNMe2-OH and FcMonoMeOMe-
OH derived from the X-ray single crystal structure analysis.  

 

As it can be seen in Figure 42 (left), the hydroxyl functionalities constitute the structure-directing 

groups in this dimer. The resulting double hydrogen bond is supported by weaker interactions of 

259.2 pm between the oxygen atoms and the opposing Cp protons (O1-H19’) as well as contacts of 

285.5 pm between the Cp rings and the aryl protons (H15-C9’).  

 

Figure 43. One-dimensional, interlinked chains formed by complex FcMonoMeOMe-OH. 
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In contrast to this, the additional ortho-methyl group in complex FcMonoMeOMe-OH prevents the 

formation of this kind of a dimer. Here, the dimeric structure is exclusively formed by hydrogen 

bonds between protons and oxygen atoms of the methoxy groups dH19’-O3 = 263.5 pm, supported by 

interactions between the ortho-protons and the ipso-carbons dH24’-C15 = 281.9 pm. The hydroxyl 

groups on the other hand, serve as linkers between these dimers with an O…O distance of 

290.0(2) pm and an OH…O distance of 232.1 pm. 

It was also possible to obtain single crystals of the tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

salt of complex Fc*MonoOMe+ suitable for an X-ray analysis. Figure 44 depicts the structures of the 

cation and the anion. Selected bond lengths and angles for the complex Fc*MonoOMe+ are collected 

in Table 9 and in the appendix (Table-SI 8). 

 

 

Figure 44. Perspective view of the tetrakis[3,5-bis(trifluoromethyl)phenyl]borate salt of complex Fc*MonoOMe+. 
Hydrogen atoms are omitted for the sake of clarity. The ellipsoids are displayed at a 50 % probability level. 

One of the first things attracting attention is the large distance between the methylium 

carbocation C16 and the anionic boron center B1. Although the two ions are intertwining via their 

phenyl substituents, the interatomic distance B1 C16 is as large as 795.7[4] pm. This illustrates 

directly the non-coordinating character of the BArF- anion. Furthermore, as a carbocation is sp2-

hybridized, one would expect a trigonal planar arrangement of the ipso carbons of the attached aryl 

substituents at the carbonium center, while the steric repulsion between the ortho-protons of the 
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aryl rings lead to a propeller shaped structure. It is well known that the ring with the strongest donor 

capacity will preferably planarize with the trigonal plane of the cation (C5, C17, C24) at the expense 

of the other rings. This holds true also for complex Fc*MonoOMe+. While the Cp*-ring is tilted by 

only 12.1°, the anisyl rings are rotated by 34.3° and 41.5° out of this plane. However, the three ipso 

carbon atoms still form an almost perfect trigonal arrangement with angles of 118.0°, 119.1° and 

122.7°, just as expected for an sp2-hybridized carbon atom. 

 

Table 9. Selected crystallographic data for complex Fc*MonoOMe+.  
 

ferrocene carbocation anisyl rings 

∡Cp-Cp 11.95° ∡C5-C16-C24  122.67° dC24-C25 141.4(4) pm 

∡Cp-Ph(O1) 30.79° ∡C24-C16-C17  117.99° dC25-C26 137.0(4) pm 

∡Cp-Ph(O2) 66.80° ∡C5-C16-C17 119.13° dC26-C27 139.1(4) pm 

∡Cp-rotation 16.85° ∡+pl-Ph(O1)
a)   34.28° dC27-O1 135.2(4)  pm 

∡Cp-C16 10.82° ∡+pl-Ph(O2)
a)   41.51° dC17-C18 141.7(4) pm 

∡+pl-Cp
a)   12.12° dC16-C5  142.5(4)  pm dC18-C19 136.9(4) pm 

∡+pl-bottomCp
a)   0.23° dC16-C17 145.5(4)  pm dC19-C20 139.4(3) pm 

dtopCp-Fe1 166.5 pm dC16-C24 146.2(4)  pm dC20-O2 135.6(3) pm 

dbottomCp-Fe1 167.8 pm dC16-B1 795.7(4) pm   

a) +pl = plain of the carbocation (C5, C17, C24) 

 

Thee stronger interaction of the Cp-ring, compared to the anisyl rings, with the methylium core is 

further mirrored by the shorter bond length of 142.5(4) pm between the ipso carbon of the 

ferrocenyl substituents C and the carbonium atom C16, compared to the longer bonds to the anisyl 

substituents (C16-C17 = 145.5(4) pm and C16-C24 = 146.2(4) pm).  

 

 

Figure 45. Side view of one of the independent molecules in the unit cell of complex Fc*MonoOMe+. Hydrogen atoms 
are omitted for the sake of clarity. The ellipsoids are displayed at a 50 % probability level. 
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A side view of the Fc*MonoOMe+ cation in Figure 45 shows that the C(Anisyl)2
+ substituent, despite 

its bulkiness, is displaced out of the plane of the Cp-ligand towards the Fe atom. This is 

counterbalanced by a tilting of the corresponding Cp-deck in the opposite direction. Still, the Fe-Cipso 

bond length of 206.1(3) pm is shorter than most other Fe-C bond lengths of the same ring. This is 

the consequence of a slight displacement of the Fe ion out of the center of the Cp-deck towards 

carbon atoms C4 and C5. As a further consequence of the proximity of the bulky C(Anisyl)2
+ 

substituent to the Fe atom, the Cp*-ring of the lower deck is bent away from the monosubstituted 

upper deck. This results in a tilt angle of 12.0° between the two Cp-rings and particularly long bonds 

of 210.2(2) pm and 211.2(3) pm to atoms C6 and C7 of the Cp*-ring, which are in closest proximity 

to the C(Anisyl)2
+. Another interesting detail is that the Fe-C bond length to the more electron-rich 

Cp*-ring are, on average (206.2 pm vs. 207.5 pm), even longer than those to the electron-deficient 

C(Anisyl)2
+ substituted Cp-ring, which is the exact opposite to what is normally observed  

(c.f. dFe-C = 205.2 pm for the Cp-ring and dFe-C = 202.8 pm for the Cp*-ring in the mixed ferrocene 

CpFeCp*).246 All these observations point to a certain contribution of the resonance structures 

shown below (c.f. structures IV and V depicted in  Scheme 8 on page 53) to the  overall bonding 

description in Fc*MonoOMe+ tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. 

 

 

Figure 46. Resonance structures of the Fc*MonoOMe+ ion, leading to a tilting of the Cp-rings. 

Another interesting feature of this structure is the quinoidal distortion of the anisyl rings induced 

by the delocalization of the positive charge. A common, semi-quantitative parameter to describe 

this distortion is the q-value as explained in Figure 47.247     
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C OMe

C OMe
d1 d1

d2

 

Figure 47. Schematic sketch and equation for the calculation of q, d’1 = 144.4 pm and d’2 = 135.4 pm as average values 
for the C-C and C=C bond lengths in quinodimethanes.     

 

From the structure data, we obtain a quinoidal distortion of 36 % and 40 % for the two anisyl rings.  

These values seem reasonable as the positive charge is distributed over three aromatic rings.  

The packing pattern of complex Fc*MonoOMe+ shows some other interesting features (c.f. Figure 

48). The crystal lattice exhibits a tubular structure made up from alternating infinite chains of 

Fc*MonoOMe+ and BArF- ions. This is a bit surprising, as for the comparable  ferrocenyl- 

diphenylcarbonium tetrafluoroborate complex, published by U. BEHRENS, the packing pattern 

resembles more a sodium chloride-like structure.238 The origin of this difference is the size of the 

counter ion. For the smaller tetrafluoroborate, the tritylium complexes form a three-dimensional 

checkerboard pattern with the anions filling the remaining gaps in between them. The bulky 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate however, is too large to fit into such voids and 

therefore is enforcing the tubular structure depicted in Figure 48. Another curiosity is the positioning 

of the ferrocene units themselves. Neighboring cations within the Fc*MonoOMe+ stacks are related 

by an inversion center. Consequently, in each second layer, the Cp*-decks point upward and vice 

versa.  
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Figure 48. Packing pattern of complex Fc*MonoOMe+ viewed along the Fc*MonoOMe+ /BArF- chains. Hydrogen atoms 
are omitted for the sake of clarity. 

As it is evident from the packing scheme on the bottom right of Figure 48, every cation is 

surrounded by four anions, just as every anion is surrounded by four cations. This generates several 

close interionic contacts, mainly by hydrogen bonding interactions between protons at the various 

aryl rings and fluorine atoms of the BArF- anions. Hence, we find CH…F contacts of 244.2 pm and 

254.1 pm between F atoms F6 and F22 to methyl protons H14 and H15 of the Cp*-ligand, which are 

by 22.8 pm or 12.9 pm shorter than the sum of the Van der Waals radii. Further short contacts exist 

between anisyl protons H19, H25 and fluorine atom F4 (dH19…F4 = 254.1 pm, dH19…F4 = 247.9 pm), 

methoxy proton H30 and fluorine atom F18 (dH…F = 248.8 pm), anisyl proton H18 and fluorine atom 

F11 (dH…F = 260.3 pm). Proton H2 of the monosubstituted ferrocene ring engages in a CH…π 

interaction with an arene ring of the BArF- anion (dH2…C56 = 287.2 pm, dH2…C57 = 275.6 pm, which is by 

2.8 pm and 14.4 pm shorter than the sum of the Van der Waals radii). This is complemented by an 

additional CH…π interaction between proton H26 at an anisyl ring and carbon atom C60 of 273.9 

pm. Figure 50 shows the arrangement of four anions around each cation while Figure 50 displays 

the four cations around each anion as well as the hydrogen bonding interactions between them.  
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Figure 49. Surrounding of the Fc*MonoOMe+ cation by four BArF- anions with the most relevant short contacts. 

 

  

Figure 50. Surrounding of the BArF- anion by four Fc*MonoOMe+ cations with the most relevant short contacts. 
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4.3. ELECTRONIC PROPERTIES 

In order to gain a better understanding of the redox behavior of the investigated compounds, 

cyclovoltammetric measurements were carried out. These experiments reveal two redox processes 

for every complex. FcMonoNMe2
+ shows a reversible reduction at -1160 mV versus the 

ferrocene/ferrocinium redox couple. This amounts to an anodic shift of 130 mV compared to Crystal 

Violet (-1290 mV relative to the Cp2Fe0/+ couple in CH2Cl2 at T = 293( 3) K with the 0.1 mM 

NBu4
+B{C6H3(CF3)2}4-electrolyte), which indicates a weaker electron donating capability of the 

ferrocene moiety compared to a dimethylanilino group. The one-electron oxidation of the 

ferrocenyl substituent constitutes an only quasireversible process at a half-wave potential of 490 

mV. 

 

 

Figure 51. From top to bottom: Comparison of cyclic voltammograms of Crystal Violet, FcMonoNMe2
+, Fc*MonoOMe+, 

FcMonoOMe+ and FcMonoMeOMe+ (v = 100 mV/s) in CH2Cl2 at T = 293(± 3) K with the 0.1 mM NBu4
+B{C6H3(CF3)2}4

- 
electrolyte. 

As a consequence of the inferior electron-donating properties of the anisyl compared to the 

dimethylanilino substituents, the reduction as well as the oxidation potentials of the complexes 

FcMonoOMe+ and FcMonoMeOMe+ are both shifted by about 350 mV to more anodic potentials 

compared to FcMonoNMe2
+. The additional five methyl groups for the complex Fc*MonoOMe+ lead 

again to a decrease of its oxidation potential to 690 mV. This cathodic shift of -140 mV compared to 

complex FcMonoOMe+ is reasonable yet smaller than expected. Usually, five additional methyl 

groups should lead to a cathodic shift of approximately -270 mV.  Another interesting finding in the 

cyclic voltammograms of these complexes is the impact of the sterically induced torsion of the 

substituted phenyl rings on the redox potentials. Whilst complex FcMonoMeOMe+ comprises of a 

stronger donor substitution, its redox potentials are anodically shifted compared to FcMonoOMe+. 
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This can again be explained by the lower degree of coplanarity of the aryl rings to the plane spanned 

by the carbocationic carbon atom and the immediately attached ipso-carbon atoms. Due to the 

lesser resonance stabilization, the nominally more electron rich FcMonoMeOMe+ is reduced and 

oxidized at a 40 mV higher potential than FcMonoOMe+.  

 

Table 10. Electrochemical dataa) for all complexes. 

 

complex 
E1/2 Ep E1/2 Ep 

(0/+) (0/+) (+/2+) (+/2+) 

FcMonoNMe2-OH   20 57 

FcMonoOMe-OH   80 57 

FcMonoMeOMe-OH   90 124 

FcMonoNMe2
+ -1160 57 490 91 

Fc*MonoOMe+ -870 63 690 136 

FcMonoOMe+ -780 57 830 79 

FcMonoMeOMe+ -740 72 870 224 

FcCPh2
+ 248 -680 n.p. 780b) n.p 

CPh3
+ 248 -240 n.p - - 

C(C6H4NMe2)3
+ -1290 64 52051 n.p 

C(C6H4OMe)3
+ 242 -720 n.p. - - 

a) All potentials in mV ( 5 mV) in CH2Cl2 at T = 293( 3) K relative to the Cp2Fe0/+ couple 
(E1/2 = 0 mV). Supporting electrolyte NBu4

+B{C6H3(CF3)2}4
-. b) Peak potential of irreversible 

process. 

 

Even more striking than the reduction potentials are the rather positive potentials for the 

oxidation of the respective ferrocene units. To the best of our knowledge, FcMonoOMe+ and 

FcMonoMeOMe+ show the highest known E1/2 values for monosubstituted ferrocenes reported so 

far.249 This is accompanied by another atypical feature for ferrocene redox chemistry, namely a non-

ideal redox behavior. Genuinely known for its highly reversible redox chemistry and ΔEp values close 

to the ideal of 57 mV, the ferrocene moieties in these complexes show unusually large peak 

potential differences of 95 mV for FcMonoNMe2
+ to 230 mV for FcMonoMeOMe+ at a scan rate of 

100 mV s-1. This peak splitting becomes even more pronounced on increasing the scan rates, leading 

to almost completely irreversible oxidations at 2000 mV s-1. This might be ascribed to the steric 

hindrance of the methyl groups and the resulting high reorganization energy upon oxidation due to 

a more coplanar arrangement of the phenyl rings with the C+(Cipso)3-plane. 
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 The complexes were also studied by Mößbauer spectroscopy in order to elucidate whether the 

strongly electron withdrawing CAr2
+ substituent (σP of CPh2

+ = 0.74 as compared to CN σP = 0.60250 

and NO2 σP = 0.65)250 influences the electron density of the Fe(II) nuclei to a detectable degree.  

To further elucidate if these high oxidation potentials are caused by electrostatic repulsion or if 

they are due to the electron-deficient character of the tritylium systems, Mößbauer spectroscopy 

experiments were carried out. These measurements provided quadrupole splittings (ΔEQ) and 

isomeric shifts (δ) of 2.15 mm s-1 / 0.53 mm s-1 (FcMonoNMe2
+), 2.08 mm s-1 / 0.53 mm s-1 

(FcMonoOMe+) and 2.11 mm s-1 / 0.55 mm s-1 (FcMonoMeOMe+). Compared to typical values for 

ferrocenes, which range from 2.05 mm s-1 / 0.50 mm s-1 for (C5H5FeC5H4)3C+ ClO4
- to 2.54 mm s-1 / 

0.57 mm s-1 for {(tertC4H9)2C5H4}2Fe,251 the obtained values support the results of the 

cyclovoltammetric experiments in marking the investigated complexes as extremely electron poor 

representatives of ferrocenes. However, they still contain Fe in the oxidation state +II, as quadrupole 

splittings for ferrocinium compounds have typical values of near zero.251 

 

 

 

 

 

 

 

Figure 52. Mößbauer spectra of FcMonoNMe2
+ (top left), FcMonoOMe+ (top right) and FcMonoMeOMe+ (bottom) at 

T = 80 K. 

In 1984, R. SILVER proposed a correlation of quadrupole splittings and E1/4 values obtained from 

chronopotentiometric measurements (c.f. Figure 53).252–257 By investigating a large series of mono- 

and disubstituted ferrocenes, he could establish the following empirical relationship: 
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�+, = −0.42 ∙ +& /⁄
0 + 2.49     (3) 

SILVER found an E1/4 potential for ferrocene of 315 mV. In order to adopt his equation to our results, 

these values have to be converted into E1/2 values as provided vs. the Cp2Fe0/+ potential scale (E1/2 = 

0 mV). Conversion between the potential scale used by SILVER and the one employed in this work 

can be done by subtracting 315 mV from the E1/4 values of SILVER’S compilation. Applying this 

equation, one can either calculate the theoretical QS values based on the experimental redox 

potentials obtained by cyclic voltammetry or vice versa. 

 

Table 11. Experimental and calculated Mößbauer data (at 80 K) in relation with their redox potentials. 

 

complex 
ΔEQ (exp.) ΔEQ (calc.) E1/2 (ox, exp.) E1/2 (ox, calc.) E1/2 

/ mm s-1 / mm s-1 / mV / mV / mV 

FcMonoNMe2
+ 2.15 2.15 490 495 +5 

FcMonoOMe+ 2.08 2.01 830 660 -170 

FcMonoMeOMe+ 2.11 2.00 870 590 -280 

ferrocene 2.40  0   

 

The complexes discussed herein all bear cationic CAr2
+ ligands. However, R. SILVER established his 

correlation merely for neutral ferrocenes. Therefore, the oxidation potentials are not perturbed by 

electrostatic repulsion between the positively charged CAr2
+ substituent and the developing positive 

charge on the Fe ion as it is the case for FcMonoNMe2
+, FcMonoOMe+ and FcMonoMeOMe+. Hence, 

the oxidation potentials of these complexes might be higher than the quadrupole splitting indicates. 

However, this assumption applies only for the two methoxy substituted complexes whilst complex 

FcMonoNMe2
+ provides an almost exact match with the calculated potential. This can be explained 

by the mesomeric stabilization of the positive charge at the carbocationic center by the NMe2 

substituents. This ‘’dilutes’’ the positive charge and diminishes the Coulomb repulsion during the 

oxidation process. In contrast to this, the positive charge of FcMonoOMe+, and, even more so, for 

the complex FcMonoMeOMe+ is much more delocalized onto the ferrocene substituents and on the 

central carbon atom due to weaker mesomeric and inductive stabilization by the methoxy groups. 

In case of FcMonoMeOMe+, only one anisyl ring is in conjugation with the carbocationic center 

because of the torsion induced by the ortho-methyl group, hence the even larger discrepancy 

between estimated E1/2 values by SILVER and our experimental values. It thus appears that, besides 

the strongly electron withdrawing character of the CAr2
+ substituent as expressed by the very 

positive σP Hammett parameter of 0.74 for CPh2
+, Coulombic repulsion between the carbonium 

center and the nearby Fe nucleus strongly contributes to the large anodic shift of E1/2 values in the 

anisyl-substituted derivatives.  



Ferrocene Mono-Tritylium Dyes - Electronic Properties 

 
71 

 

 

Figure 53. Correlation of Mößbauer quadrupole splittings ΔEQ and the corresponding redox potentials for 
FcMonoNMe2

+, FcMonoOMe+ and FcMonoMeOMe+ based on the work of R. SILVER.256 
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4.4. UV/VIS/NIR SPECTROELECTROCHEMISTRY  

The tritylium dye motif, common to all ferrocenes presented herein, renders UV/Vis/NIR 

spectroscopy a powerful and indispensable tool to investigate their optical properties. Moreover, it 

is possible to obtain deeper insight into their electronic properties, if not only the monocationic 

parent state but also the other accessible redox states are investigated. As it was done before, the 

neutral and dicationic forms were generated  inside an optically transparent thin layer electrolysis 

(OTTLE) cell146 with simultaneous monitoring of UV/Vis/NIR spectra. 

All complexes of this series show intense absorptions in the visible region, as one would expect 

for triarylmethane dyes (see Figure 55, blue lines). Quite interestingly, the most red-shifted band is 

by far not the most intense one. The two most prominent bands can be found in between 400 nm 

and 600 nm. Using TD-DFT methods, they can be identified as the x- and y-bands of these complexes 

just as previously shown in Figure 27 on page 39. Moreover, an additional band at approx. 700 nm 

to 740 nm can be detected. As this band is obviously neither the x- nor the y-band, it consequently 

must have a different origin. Evidently, the largest difference to conventional tritylium dyes is the 

incorporated ferrocene moiety.  

 

 

Figure 54. Explanation of the additional yM-band in ferrocene based tritylium cations. 
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Figure 55. Changes of UV/Vis/NIR spectra of complexes FcMonoNMe2
+, FcMonoOMe+, FcMonoMeOMe+

 and 
Fc*MonoOMe+ (1,2-C2H4Cl2, NBu4

+B{C6H3(CF3)2}4
-, T = 293(± 3) K) during the oxidation (blue to red, left) and the reduction 

(blue to yellow, right). 
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Quantum chemical calculations showed that this additional low-energy band is due to charge 

transfer from the Fe(II) ion to the carbocationic center. Therefore, it is be best denoted as yM-band 

(see also Figure 54). The orbitals involved in these main three transitions of complex FcMonoOMe+ 

along with the accompanying charge density differences are depicted in Figure 56.   

 

 

Figure 56. TD-DFT calculated UV/Vis/NIR spectrum (black) and the corresponding transitions (blue) of complex 
FcMonoOMe+ (bottom right) and the molecular orbitals involved in the major absorptions. Molecular orbitals are plotted 
in blue and white. EDDM plots are displayed in blue and red, with electron density gain marked in red and electron density 
loss depicted in blue color. 

The most red-shifted band at 740 nm (calcd. 707 nm, Figure 56 yM) is the HOMO to LUMO 

transition, which goes along with charge transfer from the iron atom to the tritylium center and the 

adjoined phenyl rings. It can therefore be denoted as the yM-band within the formalism of LEWIS and 

CALVIN.170 The intense band at 464 nm (calcd. 431 nm, Figure 56 x) originates from a charge transfer 

from the HOMO-2, which is based on the two substituted phenyl rings, to the LUMO just as it is the 

case for the classical x-band. The second band in close proximity to the x-band, which is located at 

435 nm (calcd. 389 nm, Figure 56 y), can be denoted as y-transition from the HOMO-3 to the LUMO. 

Furthermore, the work of LEWIS and CALVIN indicates that the energy difference between the x- and 

the y-band increases with the electronic disparity of the two donors. This also holds true in our case. 

For complex FcMonoNMe2
+ with its two strong donor functionalities, we see a difference between 
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the x- and the y-band of 144 nm (5100 cm-1). For the complexes FcMonoOMe+, FcMonoMeOMe+ 

and Fc*MonoOMe+ this difference becomes significantly smaller and attains values of 29 nm (1440 

cm-1), 45 nm (2000 cm-1) and 60 nm (3500 cm-1) respectively, merging them almost into one single 

band. The yM-band of 740 nm, 750 nm and 743 nm is at a nearly identical position for the three 

anisyl complexes. For the aniline complex on the other hand, this band is blue-shifted to 685 nm, 

reducing it to merely a shoulder on the intense x-band. This blue-shift is a token of the higher-lying 

LUMO as a consequence of a stronger donor substitution of the carbonium center.   

 

Table 12. UV/Vis/NIR dataa) of the ferrocene mono-tritylium complexes in their various oxidation states. 

 

complex charge max in nm ( in L mol-1 cm-1) 

FcMonoNMe2
+ 

0 305 (15000), 346 (10000), 405 (10000), 450 (5000), 584 (3600), 610 (4000) 

1+ 310 (15000), 437 (10400), 464 (15000), 608 (71000), 685 (7000) 

2+ 314 (19000), 473 (15000), 530 (3300), 614 (23000), 725 (30000) 

3+ 424 (18000), 603 (1300), 729 (1000) 

FcMonoOMe+ 

0 291 (15000), 332 (20000), 358 (29000), 532 (7700) 

1+ 291 (13000), 344 (8620), 435 (29000), 464 (31000), 740 (8300) 

2+ 301 (15000), 428 (21000), 573 (29000) 

FcMonoMeOMe+ 

0 334 (19000), 359 (21000), 539 (5400) 

1+ 355 (12000), 415 (9300), 452 (30000), 497 (44000), 750 (16000) 

2+ 307 (22000), 454 (33000), 497 (35000), 618 (29000) 

Fc*MonoOMe+ 

0 335 (16000), 362 (16000), 442 (19000), 741 (4600) 

1+ 333 (10000), 386 (14000), 446 (36000), 743 (9400) 

2+ 456 (26000), 515 (33000), 545 (40000), 754 (3800) 

a) All band positions given in nm. All extinction coefficients given in L mol-1cm-1. Measured 1,2-C2H4Cl2/0.25 mM 
NBu4

+B{C6H3(CF3)2}4
- at 293 ( 3) K.  

 

Just like it could already be observed in the electrochemical experiments, the difference between 

the three methoxy derivatives is significantly smaller than the difference between every one of them 

and the complex FcMonoNMe2
+. All relevant Vis bands of complex FcMonoMeOMe+ are red-shifted 

by 10 – 30 nm with respect to FcMonoOMe+. Such a trend has already been described by BARKER, 

BRIDGE and STAMP in the late 1950ies and theoretically treated by DEWAR.171,258,259 These authors 

concluded that the bathochromic shift induced by the introduction of an ortho-methyl group arises 

from a larger lowering at the LUMO as compared to the donor orbitals and is accompanied by a 

decrease of the extinction coefficient. The exact opposite holds, however, true when comparing the 



Ferrocene Mono-Tritylium Dyes - UV/Vis/NIR Spectroelectrochemistry 

 
76 

x-bands of complexes FcMonoOMe+ and FcMonoMeOMe+. Here, the introduction of the additional 

methyl group increases the intensity of the x-band from 31000 L mol-1cm-1 to a value of 44000 L mol-

1cm-1.  

 

 

Figure 57. TD-DFT calculated UV/Vis/NIR spectrum (black) and the corresponding transitions (blue) of complex 
FcMonoOMe• (left) and FcMonoOMe2+.   

A central idea underlying this project is the addition of a secondary redox center to the tritylium 

core with a well accessible oxidation process, allowing us to reversibly switch one of the aryl 

substituents from an electron donor to an electron acceptor. Again, UV/Vis/NIR 

spectroscopy is a powerful method to probe the ‘amphoteric’ redox behavior of 

these complexes. Changing the chromophoric tritylium cation to a trityl radical 

upon reduction bleaches the initally intense Vis bands massively. Nevertheless, 

some weaker bands in the near UV region around 300 nm to 350 nm remain. 

These bands  are predominantly based on π→π* transi{ons of the Ar2C• unit, as 

the TD-DFT results shown in Figure 57 and Figure-SI 87 illustrate. Furthermore, a 

new band arises at 530 nm (FcMonoOMe• and FcMonoMeOMe•) or remains at 610 

nm (FcMonoNMe2
•) with significantly lower intensity compared to the previous x- 

or yM-bands. Quantum chemical calculations suggest that this band is dominated 

by a α-HOMO-2 to α-LUMO+1 transition. This goes along with charge transfer from 

the now electron rich Ar2C• moiety to the ferrocene. Although all relevant bands 

massively decrease in their intensities, the resulting neutral complexes remain 

quite colorful as it is shown in Figure 58. Upon reduction, the amino complex 

changes its appearance from a deep green coloration to a bright red one. The 

initially yellow-brownish ortho-methylated complex appears even more colorful 

after reduction, showing a shiny pink hue. 

 Removing an electron from the monocationic complexes changes the electronic situation even 

more drastically. Upon oxidation, the electron donating ferrocene moiety is transformed into an 

electron accepting ferrocinium cation, leaving behind the dimethylaniline or anisole rings as the only 

donors. Hence, the ferrocene-based yM-bands at ca. 700 nm collapse completely. Consequently, 

Figure 58. Color 
impression of the 
complexes 
FcMonoNMe2 and 
FcMonoMeOMe in 
the monocationic 
and reduced redox-
state. 
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they are by far more affected than the aryl based x- and y-bands. Still, both bands of the respective 

complexes lose intensity. On the other hand there is now an additional charge transfer pathway to 

the newly formed ferrocinium acceptor. For all four complexes, this results in a new intense Vis band 

at shorter wavelengths of ca. 550 nm to 610 nm for the methoxy-substituted complexes to 725 nm 

for the NMe2-substituted complex. The electronic excitation underlying those bands is composed of 

a charge transfer (HOSO to LUSO or HOSO to LUSO+1, c.f. Figure 57 and Figure-SI 86) to both cationic 

centers, the tritylium as well as the Fe (III) one (see Figure 59 for complex FcMonoOMe2+).  For 

complex Fc*MonoOMe2+ the situation is comparable, yet somewhat different. The increased 

electron density at the ferrocene due to the five additional methyl groups prevents a compleate 

bleaching of the yM-band. 

 

  

Figure 59. EDDM plots for the dominating electronic transitions in complex FcMonoOMe2+. Electron density gain is 
marked in red and electron density loss is depicted in blue color.  

4.5. EPR SPECTROSCOPY 

With a diamagnetic ground-state and two accessible paramagnetic redox states, these ferrocene 

derivatives are highly suited for 

EPR spectroscopic 

investigations. However, the 

spin in the oxidized forms is 

mainly iron based as it can be 

seen from the calculated spin 

densities of oxidized complex 

FcMonoOMe2+ (c.f. Figure 60). 

Thus, an EPR signal should only 

be obtained at around 20 K or 

below, which actually is the case 

Figure 60. Spin density plots of complex FcMonoOMe2+ (left) and
FcMonoOMe• (right). 
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for most ferrocinium ions. Besides the oxidized forms, the reduced neutral complexes are also 

paramagnetic. In this case, the spin density is mainly centered on the triphenyl-methyl unit. As there 

are no nuclei inducing large hyperfine couplings like phosphorus or nitrogen, one would expect a 

single isotropic singlet broadened by small and unresolved hydrogen hyperfine splittings. This holds 

true for all complexes with exception of FcMonoOMe•. For this compound it was possible to resolve 

the comparably small hyperfine coupling constants to all aromatic protons at the triarylmethyl 

system.   

 

 

Figure 61. Experimental (top left) and simulated (bottom left) EPR spectrum of complex FcMonoOMe• in CH2Cl2 solution 
at r. t.  

Four sets of mutually equivalent protons are required for reproducing the signal shape (c.f. Figure 

61). The two with the larger couplings, 2.1 G (H1) and 1.4 G (H2), are located at the Cp-ring whereas 

the ones that belong to the anisyl rings display hyperfine couplings of 1.1 G (H3) and 0.7 G (H4). 

These results are in good agreement with the DFT calculated spin densities shown in Figure 60 (right) 

indicating a basically organic radical. The giso value of 2.0131 on the other hand reveals that there is 

still a significant influence of the Fe nucleus to the SOMO when compared to a value of approx. 

2.0030 for purely organic trityl radicals.161 The giso values of the other complexes of 2.0093  for 

Fc*MonoOMe•, 2.0104 for FcMonoNMe2
• and of 2.0191 for FcMonoMeOMe•, agree well with the 

substitution pattern, with a more organic value for the more delocalized dimethylamino complex 

and a more metal-based spin for complex FcMonoMeOMe•. Again, this relates to the torsion of one 

phenyl ring, leading to a higher spin density on the central carbon atom, which is therefore in closer 

proximity to the iron atom. 

  Even more interesting than the pure existence of these EPR signals is their temperature 

dependence. Based on the regular behavior according to the equation  

 

∆3 ≈ 3 ∙
5 ∙ 67 ∙ 80

2 ∙ 97 ∙ :
    (4) 

 

one would expect an increase of the signal intensity on decreasing the temperature. In contrast, 

the signal intensity decreases with decreasing temperature for all investigated complexes as it is 
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shown in Figure 62. A decay due to decomposition of the complexes over time as a first possible 

explanation can be ruled out as the changes of signal intensity with temperature are reversible in 

every case. Moreover, between 20 °C and -55°C, complex FcMonoMeOMe• shows a distinct gain in 

intensity according to Boltzmann’s law, which is then followed by a gradual intensity loss at even 

lower temperatures. 

 

 

Figure 62. Temperature dependent EPR spectra of complexes FcMonoNMe2
• (top left), FcMonoOMe• (top right), 

FcMonoMeOMe• (bottom left), and Fc*MonoOMe• (bottom right) in CH2Cl2 after chemical reduction of the cationic 
complexes with cobaltocene. 

Another possible explanation of this behavior would be valence 

tautomerism, leading to an Fe(I) fulvene complex as depicted in Figure 63. 

This structure could result from an intra-molecular reduction of the Fe(II) 

center to Fe(I) and a concurrent formation of a neutral diphenylfulvene 

ligand. Such Fe(I) complexes are known but rare260 and can be typically found 

in proteins or protein mimics.261 Still, there are examples of CpFe(arene) 

complexes, but these are rather unstable.262 A third possible reason for this 

phenomenon would be a dimerization process which eliminates the radical 
Figure 63. Structure of 

a hypothetical Fe(I) 
fulvene complex. 
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centers and hence leads to a decrease in signal intensity. This seems to be the most probable 

explanation as dimerization is a widely known feature of trityl radicals. As early as in 1900, 

M. GOMBERG described the formation of a peroxo-bridged dimer of the type(C6H5)3C-O-O-C(C6H5)3, 

formed by the reaction of the trityl radical with molecular oxygen.263 In the following years, GOMBERG 

also discussed the structure of the triphenylmethane dimer as hexaphenylethane. The latter was 

purposefully formed by the reaction of metals with chlorotriphenylmethane.264,265 In 1905, 

P. JACOBSON proposed in his publication ’Zur «Triphenylmethyl»-Frage’ the correct α,p-dimer 

structure as the product of this reaction. Unfortunately, he did not have adequate analytical facilities 

to prove his theory.266 Only 63 years later, in 1968, H. LANKAMP, W.T. NAUTA and C. MACLEAN finally 

confirmed the α,p-structure of the triphenylmethyl dimer. This dimer is commonly known as the 

Jacobson-Nauta-structure (c.f. Figure 64).267,268 

 

 

Figure 64. Jacobson-Nauta-structure presented in 1968.267 
 

Quantitative and T-dependent EPR experiments that were performed on the paramagnetic 

complexes FcMonoNMe2
•, FcMonoOMe• and FcMonoMeOMe• led to the Arrhenius plots shown in 

Figure 65. Here, the experimental data fit well with the behavior expected of the dimerization of 

two identical building blocks (vide infra). The thermodynamic data derived from these plots can be 

found in Table 13. 

 

Table 13. Thermodynamic data for the dimerization of the paramagnetic neutral complexes. 
 

complex 
giso G H S K 

 kJ/mol kJ/mol J/K·mol  

FcMonoNMe2
•  2.0104 -14.5 / -29.8 a) -91.6 -263 380 / 3 370 000 a) 

FcMonoOMe•  2.0131b) -6.5 / -20.3 c) -89.1 -251 11 / 7900 c) 

FcMonoMeOMe•  2.0191 -0.6 / -6.0 d) -22.5 -85 1 / 47 d) 

Fc*MonoOMe•  2.0093 -4.6 / -15.0 e) -51.7 -166 7 / 3200 e) 

a) 20 °C / -35 °C, b) A(1H) = 2.1 G (2x), A(1H) = 1.4 G (2x), A(1H) = 1.1 G (2x), A(1H) = 0.7 G (2x), 

c) 45 °C / 0 °C, d) -25 °C / -85 °C, e) 10°C / -50 °C  
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Figure 65. Arrhenius plots for the dimerization of complexes FcMonoNMe2
• (top left), FcMonoOMe• (top right) 

FcMonoMeOMe• (bottom left) and Fc*MonoOMe• (bottom right). 

The two para-only substituted complexes behave rather similarly. Both show H values of approx. 

-90 kJ mol-1. These values are by a factor of three larger than the bond formation enthalpies for 

normal Jakobson-Nauta dimers.161 Complexes FcMonoMeOMe• and Fc*MonoOMe• deviate from 

this behavior. The bond formation enthalpy for FcMonoMeOMe• is down to -22.5 kJ mol-1. This 

significantly smaller value can be explained by the higher steric strain arising from the ortho-methyl 

groups. In case of complex Fc*MonoOMe•, the additional electron density introduced by the 

electron-donating methyl groups lead to a better stabilization of the radical, resulting in a bond 

formation enthalpy of -52 kJ mol-1. Moreover, all temperature-dependent experiments give strongly 

negative values for S of -85 J K-1 mol-1 to -263 J K-1 mol-1, just as one would expect for a dimerization 

process.  

Besides using spectroscopic means, the dimerization process can also be monitored by naked eye. 

Figure 66 shows a solution of complex FcMonoNMe2
• at different temperatures. One can clearly see 

that the color changes drastically upon cooling. Whereas, at room temperature, an intense red 
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coloration is present, only a yellow to light orange tint remains at -78 °C. This light orange color 

strongly resembles the color of a neutral, diamagnetic ferrocene. 

 

  

Figure 66. Color changes of FcMonoNMe2
• at different temperatures. [a] after five cycles of cooling to -78 °C and 

warming to room temperature again. [b] after storage at -20 °C for two days followed by cooling to -78 °C and warming 
to room temperature again. 

Taking a closer look at the possible structures of the dimers that can be formed by the investigated 

complexes, a ‘classical’ Jacobson-Nauta structure seems to be unlikely. Possible structures of a 

Jacobson-Nauta dimer are depicted in Figure 67 (structures D1-D4). One possible structure is the 

classical type of structure with one peripherally attached aryl ring on each former trityl radical 

replaced by a ferrocenyl substituent (Figure 67, D1). This structure can, however be excluded due 

to the para-substitution at the phenyl rings, which normally blocks radical attack at this position. 

Another type of dimer could arise from attack of the trityl radical center of one molecule onto a 

cyclopentadienide ring of another. This results in mesomeric structures with a cyclopentadiene 

(Figure 67, D2a) or an exo-methylene cyclopentenide (Figure 67, D2b) substructure and a positively 

charged Fe(II) ion. Depending on whether or not the Fe atom binds to the diaryl substituted, 

negatively charged carbanionic center of the mesomeric structure D2a, it achieves a 16 or an 18 

valence electron count. The same consideration can be made for the mesomeric structure D2b, 

where the Fe atom can have either 16 or 18 valence electrons, depending on whether it binds both 

the negatively charged carbon atom at the Cp-ring and the exo-methylene double bond or just one 

of these two donor functions. Nevertheless, their zwitterionic nature renders the Jacobsen-Nauta 

dimers arising from radical attack onto the Cp-ring less probable structures.    
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Figure 67. Mesomeric forms of FcMonoOMe• (upper box) and the possible structures resulting from their dimerization 
(lower box). 

Still, there are other possibilities to form a dimer from two of these radicals. Attack of the radical 

center of one or both monomers onto the unsubstituted Cp-ring would lead to the formation of 

either an ‘offset’ Jacobson-Nauta dimer (Figure 67, D3) or the formation of a bridged bis- 

(exomethylene)(cyclopentadiene)Fe(0) structure with either 16 VE or 18 VE Fe atoms depending on 

the relevance  of the interaction of the Fe nucleus with the exo-methylene double bond (Figure 67, 

D4). Both possibilities lead to one or two Fe(0) fulvene-type complexes, which are far less stable 

than a classical ferrocene. In addition, one may conceive a simple hexaarylethane structure as 
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originally proposed by GOMBERG (Figure 67, D5). Just as in a Jacobson-Nauta structure resulting from 

radical attack on an anisyl or dimethylaminophenyl ring, the ferrocene entities remain unperturbed. 

One might expect that a classical hexaarylethane structure is associated with particularly high steric 

strain. Moreover, examples of unbridged hexaphenylethanes (HPEs) are rare in literature.269–272 

 

 

Figure 68. Structure of complex Fc*MonoOMe+. 

Blocking the lower deck from radical attack eliminates two of the possible structures, namely the 

stepped Jacobson-Nauta dimer (Figure 67, D3) or the bis(exomethylene)(cyclopentadiene) structure 

(Figure 67, D4). As depicted in Figure 62 on page 79, complex Fc*MonoOMe• shows the same 

dimerization behavior as the other complexes of this series. The ability of the Fc*MonoOMe• to also 

dimerize with grossly similar H and S values of -51.7 kJ mol-1 and S = -166 J K-1 mol-1 as its Fc 

analog provides additional evidence against ‘offset’ Jacobson-Nauta structures as expressed by 

structures D3 and D4, since this is not possible for Fc*MonoOMe•.  

Taken all these results together, the hexaarylethane structure appears to be the most likely 

structure of those dimers. Unfortunately, all attempts to prove this structure by low-temperature 

NMR spectroscopy gave no unambiguous results due to the large fraction of paramagnetic 

monomer remaining at even the lowest accessible temperature of 230 K. Nevertheless, other 

literature data lend further credibility to such a structure. T. VREVEN and K. MOROKUMA used a three-

layer ONIOM (Own N-layer Integrated molecular Orbital molecular Mechanics)273 method to the S6 

symmetric HPE system and obtained a bond dissociation energy (BDE) of 16.6 kcal mol-1 

(69.5 kJ mol-1). This value is in good agreement with our experimental data.274 Empirical force field 

calculations showed that a hexaphenylethane structure is feasible.275 By using bulky substituents in 

order to suppress the formation of an α,p-dimer, A. RIEKER was able to synthesize the first unbridged 

hexaarylethane, namely hexakis(2,6-di-tert-butyl-4-biphenyl)ethane.269  
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Figure 69. Crystal structure of RIEKER‘S unbridged hexakis(2,6-di-tert-butyl-4-biphenyl)ethane, with the central 
hexaarylethane motif highlighted in blue color. 

Later, the length of the central C-C bond of this dimer was determined by K.J. MISLOW and co-

workers as 167.(3) pm.276 Quantum chemical calculations on the HPE-type dimer of the complex 

FcMonoNMe2
• confirm that such a structure is conceivable (c.f. Figure 70). The geometry-optimized 

structure shows a bond length of 168 pm for the central C-C bond. Furthermore, A. ZAVITSAS 

established a linear correlation between the BDE in kcal mol-1 and the length of C-C single bond in Å 

with r = 1.748 - 0.002371 · BDE. Using our value for the BDE of the dimer (FcMonoNMe2)2 of 

91.6 kJ mol-1 (21.9 kcal mol-1), we can estimate a C-C bond length of 1.70 Å in excellent match with 

the calculated value. 
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Figure 70. Optimized structure of the dimer (FcMonoNMe2)2 as obtained by DFT calculations. 

Bringing all these results together, there seems to be little doubt that the complexes presented in 

this chapter are rare examples of unbridged277 genuine hexaarylethanes. One key factor that 

facilitates the dimerization to an HPE structure might be the larger angle between the ortho-protons 

in a five-membered ring (144°), compared to a phenyl ring (120°). It would therefore be of interest 

to synthesize di- or even tri-ferrocenylmethanes and to investigate their dimerization behavior in 

more detail. Considering the fact that several di- and triferrocenylmethylium cations have been 

prepared,231–233,240,248,278 it is quite surprising that only one single study seems to have addressed 

their corresponding neutral radicals.233 In these studies, no dimerization of the ferrocenyldiphenyl- 

or diferrocenylphenylmethyl and the triferrocenylmethyl radical have been observed. In contrast, 

the ferrocenylphenylmethyl radical dimerizes to give FcPhHC-CHPhFc.278 
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4.6. SUMMARY 

In this chapter, a series of four organometallic tritylium dyes is presented, where one ferrocenyl 

substituent is incorporated into the tritylium scaffold. All precursors and complexes were fully 

characterized by one- and two-dimensional NMR spectroscopy, as well as ESI mass spectrometry. In 

the 1H-NMR spectra, the adjacent CAr2
+ unit leads to strong and atypical shifts of the proton 

resonances of the monosubstituted cyclopentadienyl ring (p. 54). For the precursors FcMonoNMe2-

OH, FcMonoMeOMe-OH and the complex Fc*MonoOMe+, single crystals could be obtained that 

were suitable for X-ray analysis. The structure of the latter complex showed a high degree of 

coplanarity between the stronger CpFeCp* donor and the plane around the cationic methylium 

carbon atom and the immediately attached ipso carbon atoms and a larger rotation of the anisyl 

rings. Nevertheless, a sizable quinoidal distortion of ca. 40 % was observed which indicates that the 

anisyl rings still contribute to delocalizing the positive charge.  

All complexes exhibit two reversible redox processes (p. 67). With oxidation potentials of greater 

than 800 mV vs. the ferrocene/ferrocinium redox couple, complexes FcMonoOMe+ and 

FcMonoMeOMe+ demonstrate the highest E1/2 values for monosubstituted ferrocenes reported so 

far. This result is backed by the Mößbauer spectra of these complexes, which show smaller 

quadrupole splittings ΔEQ than usual.  As conceived, all complexes display an intense green to yellow 

coloration (p. 72). This can be attributed to strong absorptions between 400 nm and 700 nm with 

molar extinction coefficients of up to 80000 L mol-1 cm-1. These ferrocene-based tritylium ions 

exhibit an additional band of lower energies which is not found in ordinary tritylium dyes. This band 

results from charge transfer from the Fe(II) ion to the CAr2
+ acceptor. Trends in the relative 

positioning of the x- and y-bands, which originate from charge transfer from the donor-substituted 

aryl (x-band) or the Cp rings (y-band) to the same acceptor unit, follow the electron richness of the 

corresponding donors. Thus, replacement of the anisyl- by the dimethylamino-substituted phenyl 

rings causes a stronger red-shift of the x- versus the y-band whereas the opposite holds true for the 

FcMonoOMe+ / Fc*MonoOMe+ pair of complexes.  

Moreover, the spectroscopic signatures for the oxidized and reduced forms were investigated. 

These experiments demonstrated the pronounced electrochromic behavior of these compounds, 

making a large variety of colors accessible by merely changing the oxidation state of the compounds. 

Finally, EPR experiments (p. 77) were conducted on the reduced forms of the complexes, as the 

oxidized dicationic complexes give no detectable signature in a temperature range from 20 °C to -

150 °C. Yet, the neutral forms gave slightly broadened isotropic signals, whose intensity reversibly 

decreases on cooling. This behavior could be explained by a dimerization of the monomeric radicals. 

While different possible structures of these dimers can be conceived, the para substitution of the 

aryl rings, the only moderately effect of replacing the unsubstituted Cp ring by Cp*, and the 
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disruption of the stable ferrocene structure(s) in the other possible dimers leave an authentic 

hexaarylethane as the most probable structural alternative. This is further supported by DFT-based 

geometry optimization, which results in a relatively long central C-C bond, yet a reasonably 

unstrained structure. We also note that the calculated C-C bond length is in excellent agreement 

with the estimated value of 170 pm based on an empirical correlation. 
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5. FERROCENE BIS-TRITYLIUM DYES 

5.1. INTRODUCTION 

Based on the promising and in some parts astonishing results for the mono-tritylium modified 

ferrocenes discussed in the previous chapter, it seemed worthwhile to expand the series of mono-

tritylium substituted ferrocenes to bis-tritylium systems. Modification of the second Cp-deck adds 

an additional positive charge to the molecules, leading to dicationic complexes. As tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (BArF-) has proven itself as a suitable counterion for all complexes 

during this work and for reasons of comparability, it was also used for the dicationic compounds.  

Bis-tritylium substituted ferrocenes are expected to be highly reactive and extremely electron-

deficient ferrocenes, but still have an oxidizable iron center, flanked by two positively charged CAr2
+ 

units. This situation, enhanced by the non-coordinating BArF- anions, should lead to interesting 

properties. Moreover, upon reduction, a diradical can be formed. Using the ferrocene moiety as an 

intramolecular hinge will allow for interactions between the two cofacially stacked ·CAr2 radical 

centers. Such diradicals have already been reported by M. TACKE in 1997.279,280 His work (vide infra) 

nicely shows the different reaction pathways that can be pursued, starting from the bis-fulvene 

complex or the resulting diradical, yielding the neutral and saturated dialkyl or diaryl methane 

derivates or the ansa-ferrocene, respectively. 

 

Scheme 11. Preparation of Fe(fulvene)2 complexes and their follow products according to M.TACKE.279  

 

 

 
 
 
 
The preparation of such 1,1’-disubstituted ferrocenes of the type Fc(CHR2)2, with R being an 

aliphatic or aromatic substituent, dates back to works by PAUSON in 1954.281 Recently, H. SITZMANN 
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reported the crystal structure of the neutral 1,1′-bis[bis(4-tert-butylphenyl)methyl]ferrocene as 

shown in Figure 71 .282 

 

 

Figure 71. Crystal structure of 1,1′-bis[bis(4-tert-butylphenyl)methyl]ferrocene, as presented by SITZMANN.  

As examples of ferrocenes with cationic CAr2
+ substituents are generally scarce and as, until now, 

even less was known about their electrochemical and electrochromic properties, it is hardly 

surprising that no examples of such compounds are reported in the literature. To fill this gap, we 

present a series of three complexes of the type Fc(CAr2
+)2 together with their electrochemical and 

optical properties, as well as the interesting reactivities that arise from this structural motif.    
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5.2. SYNTHESIS & CHARACTERIZATION 

As this chapter is a sequel to chapter 4, the preparation of the complexes follows an adapted 

version of the syntheses of the mono-tritylium ferrocenes discussed previously.  

 

Scheme 12. Synthesis of the ferrocene bis-tritylium-complexes FcBisNMe2
2+, FcBisOMe2+ and FcBisMeOMe2+. 

 

 

 

 

Starting from ferrocene, lithiation with nBuLi / TMEDA in diethyl ether gave 1,1’-dilithioferrocene, 

which was quenched with dry CO2. Acidic workup gave the desired ferrocene-1,1’-dicarboxylic acid 

that could then be converted to the corresponding methyl ester using Fischer esterification 

conditions. This precursor was reacted with four equivalents of a suitable lithiated arene to provide 

the corresponding triaryl methanol compounds. These were then transformed into their cationic 

forms using Brookhart’s acid. All complexes were readily available and could be identified by their 

intense green to violet color. Another attempt was made to prepare FcBisoMe2+ (R1 = H, R2 = Me). 

Although the preparation of the OH-precursor was successful, the following dicationic complex was 

not sufficiently stable. All complexes could be characterized by means of NMR spectroscopy and/or 

mass spectrometry. Typical NMR responses for these complexes are the lowfield shifted signals for 

the Cp-protons at δ = 6.34 ppm to 4.85 ppm, as well as the strongly shifted signal of the central 

carbonium carbon atoms at 181.5 ppm. Yet, only complex FcBisNMe2
2+ seems to be fully suited for 

NMR spectroscopy. Complexes FcBisOMe2+ and FcBisMeOMe2+ show drastically broadened NMR 

spectra with FIDs of ca. 50 ms. This finding will be discussed in greater detail in Chapter 5.4.   
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5.3. CYCLIC VOLTAMMETRY 

As shown in chapter 4.3 (Electronic Properties), the positive charge located on the tritylium moiety 

leads to a drastical change of the oxidation potential of the ferrocene center. Introducing a second 

tritylium moiety in the 1’-position even enhances this effect.  All three complexes (FcBisNMe2
2+, 

FcBisOMe2+, FcBisMeOMe2+) show in their cyclic voltammograms two reversible one-electron 

reductions.  

 

 

 

Figure 72. From top to bottom: Comparison of cyclic voltammograms of FcBisNMe2
2+, FcBisOMe2+ and FcMonoMeOMe2+ 

(v = 100 mV/s) in CH2Cl2 at T = 293(± 3) K with the 0.1 mM NBu4
+B{C6H3(CF3)2}4

- electrolyte. 

 

The observation of two separate one-electron reduction waves with a rather substantial splitting 

od half-wave potentials by 405 to 740 mV (see Figure 72 and Table 14) is quite remarkable by itself, 

because only a single two-electron reduction would be expected in the absence of any interaction 

between the +CAr2 substituents, be it of electrostatic or electronic origin. The second remarkable 

fact is the large anodic shift of the first reduction process when compared to analogous mono-

tritylium complexes of chapter 4. This is obviously the result of attaching another strongly electron 

withdrawing +CAr2 substituent to the ferrocene nucleus. 
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Table 14. Electrochemical dataa) for all complexes 

 

complex 
E1/2 Ep E1/2 Ep E1/2 Ep 

(0/+) (0/+) (+/2+) (+/2+) (2+/3+) (2+/3+) 

FcBisNMe2
2+ -1340 57 -935 57 670  89 

FcMonoNMe2
+   -1160b)    

FcBisOMe2+ -880 70 -140 70 1640c) - 

FcMonoOMe+   -780b)    

FcBisMeOMe2+ -690 70 -20 100 1870c) - 

FcMonoMeOMe+   -740b)    

a) Potentials in mV ( 3 mV) in CH2Cl2 at T = 293( 3) K relative to the Cp2Fe0/+ couple (E1/2 = 0 mV). Supporting 
electrolyte NBu4

+B{C6H3(CF3)2}4
-. b)  Potentials for the corresponding reduction E1/2 (0/+). c)  Potentials were determined 

via square wave voltammetry in liquid SO2 at T = 253( 3) K relative to the Cp2Fe0/+ couple (E1/2 = 0 mV). Supporting 
electrolyte NBu4

+B{C6H3(CF3)2}4
-.  

 

For complex FcBisNMe2
2+, this shift amounts to 225 mV compared to FcMonoNMe2

+. For the even 

more electron-deficient complexes FcBisOMe2+ and FcBisMeOMe2+ the deviation from the mono-

tritylium systems is far more pronounced. Here the first reduction is shifted anodically by 640 mV 

to for FcBisOMe2+ and by 720 mV in the case of FcBisMeOMe2+. In all three cases there is a second 

reduction process at a half-wave potential of -690 mV to -1340 mV.  For the anisyl-substituted 

congeners FcBisOMe2+ and FcBisMeOMe2+ the second reduction potential is rather close to the 

reduction potentials of their mono-tritylium-substituted counterparts, while for FcBisNMe2
2+ it is by 

180 mV more negative. Comparing the reduction potentials of the dicationic complexes, one can 

easily discern that the second reduction process of complexes FcBisOMe2+ and FcBisMeOMe2+ takes 

place at a more anodic potential than the first reduction of FcBisNMe2
2+. With other words, the 

dication FcBisNMe2
2+ has a smaller electron affinity than the monocationic complex FcBisOMe+•. This 

indicates that the 4-NMe2 substituent is far better suited to compensate the increased electron 

deficiency caused by the second positive charge in the molecule due to its mesomeric and inductive 

properties. Moreover, the results described in the previous chapter showed that the inductive effect 

of the additional ortho-methyl groups in FcBisMeOMe2+ is overcompensated by the larger torsion of 

the trisubstituted phenyl rings. Still, a potential difference of 795 mV for the first reduction of 

FcBisNMe2
2+ and of FcBisOMe2+ seems to be exceptionally large when comparing two donor-

substituted systems.  
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The unusually large anodic shift of the half-wave 

potential for the first one-electron reduction of the 

anisyl substituted complexes FcBisOMe2+ and 

FcBisMeOMe2+ as opposed to the rather small shift for 

FcBisNMe2
2+ can also be traced to the fact that the 4-

dimethylaminophenyl-substitutens of the latter 

constitute the stronger donors and thus can efficiently 

delocalize the two positive charges onto the periphery. 

In the mono-tritylium complexes FcMonoOMe+ and 

FcMonoMeOMe+, however, ferrocene is the strongest 

donor. In the dicationic bis-tritylium complexes the 

ferrocene nucleus is, however, electron-poor and 

cannot anymore compensate the two strong appended 

acceptors. On the other hand, the rather anodic first 

reduction potential and the strongly increased have-

wave potential splitting between the first and the 

second reduction in the anisyl substituted congeners points at an increasing stability of the mixed-

valent mono-reduced form with one trityl- and one tritylium-like substituent. Such stabilization most 

likely arises from a through-space interaction as it is illustrated in Figure 73.  Such interaction is 

probably stronger for FcBisOMe2+, where the positive charge is more concentrated on the tritylium 

carbon atom. This overlap, and consequently the stabilization resulting from it, will be decreased in 

complex FcBisNMe2
+•, as the positive charge is more delocalized over the entire system.  Another 

hint that supports this assumption can be obtained when one also includes the ruthenium 

complexes discussed in chapter 3.3 on page 21 in this discussion. The data in Table 15 clearly show 

that the reduction potential for a bis-dimethylamino-substituted tritylium substituent remains 

rather constant at ca. -1000 mV, no matter which metal center (Ru-styryl of Fc) is bound to it or how 

many tritylium units are present.  Even the reduction potentials of the methoxy substituted mono-

tritylium complexes RuOMeOMe+ and FcMonoOMe+ differ by less than 200 mV. Thus the structures 

of complexes FcBisOMe+•and FcBisMeOMe+• must play crucial role for shifting the first reduction 

potential of these compounds to such positive values.  

 

Table 15. Comparison of the half-wave 
potentialsa) of the first reduction for all 
complexes bearing two anisyl or dimethylamino 
substituents. 

 

complex 
E1/2 E1/2 

(0/+) (OMe/NMe2) 

RuOMeOMe+ -965 
195 

RuNMe2NMe2
+ -1160 

FcMonoOMe+ -780 
380 

FcMonoNMe2
+ -1160 

FcBisOMe2+ -140 
795 

FcBisNMe2
2+ -935 

a) Potentials in mV ( 3 mV) in CH2Cl2 at 
T = 293( 3) K relative to the Cp2Fe0/+ couple 
(E1/2 = 0.000 V). Supporting electrolyte 
NBu4

+B{C6H3(CF3)2}4
-.  
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Figure 73. Possible intramolecular interactions of the trityl radical and the tritylium cation subunits of the complexes 
FcBisOMe+• (left) and FcBisNMe2

+• (right). 

Hence, it might be more the formation of a more stable configuration in the monoreduced state 

that leads to this anodically shifted redox potentials rather than the minor donor capacity of the 

methoxy functionality. The latter will of course still contribute to this shift, but probably not be the 

dominant effect.    

Besides their interesting and unexpected reduction behavior, these complexes still bear a 

nominally oxidizable ferrocene unit. The mono-substituted complexes of chapter 4 already showed 

a strong impact of the adjacent positive charge on the oxidation potential of the Fe(II) ion. Thus, one 

might expect that an additional positive charge leads to an even higher oxidation potential. For 

complex FcBisNMe2
2+, the ferrocene oxidation at 670 mV is still within in the potential window 

available when using NBu4
+B{C6H3(CF3)2}4

- in dichloromethane as the electrolyte. For the less 

electron-rich complexes, no oxidation process could be observed under these conditions. Changing 

the solvent to liquid sulfur dioxide at -20 °C renders this oxidation tangible. Yet, due to the low 

temperatures needed to liquefy SO2 and the kinetically slow oxidation the waves were highly 

distorted. For this reason, the oxidation potentials of FcBisOMe2+ and FcBisMeOMe2+ were 

determined by square wave voltammetry as shown in Figure 74. Still, these voltammograms show a 

pronounced tailing, indicating sluggish electron transfer. Fortunately, complex FcBisOMe2+ exhibits 

an almost fully reversible oxidation at 1640 mV with only a small offset of the baseline after 

oxidation. Complex FcBisMeOMe2+ features an only partially reversible oxidation process at an even 

higher potential of 1870 mV.  
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Figure 74. Comparison of square wave voltammograms of FcBisOMe2+ and FcBisMeOMe2+ (step height = 4 mV, sweep 
rate 25 mV/s) in liquid SO2 at T = 253(± 3) K with the 0.1 mM NBu4

+B{C6H3(CF3)2}4
- electrolyte. The peak at 0 mV 

corresponds to the ferrocene / ferrocinium redox couple used as internal reference. 

 

 
In contrast to the reduction of the CAr2

+ units, the oxidation potentials of the ferrocenes, though 

appearing at extremely high values, are not as unexpected as one might think. Ferrocenes are known 

for the linear correlation between the electronic properties of their substituents and oxidation 

potential.213,215–217 One of the best examples for that is the homologous series of methyl-substituted 

ferrocenes ranging from ferrocene to decamethyl ferrocene. Here, each additional methyl group 

added to the ferrocene reduces the oxidation potential by approximately 55 mV until for decamethyl 

ferrocene a value of -550 mV is reached. Looking now at the potentials for the compounds with 

zero, one, and two CAr2
+ units attached to the ferrocene core, one again obtains a linear correlation 

between the number of substituents and the resulting oxidation potentials. Consequentially, the 

oxidation potentials seem to be subject to purely electronic influences with no or only negligible 

structural effects.   
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Figure 75. Plot of the oxidation potentials of complexes FcMonoNMe2
+, FcMonoOMe+, FcMonoMeOMe+, FcBisNMe2

2+, 
FcBisOMe2+ and FcBisMeOMe2+.   

 

5.4. EPR SPECTROSCOPY 

As EPR spectroscopy of the mono-tritylium ferrocenes led to some highly interesting and 

unexpected results, these measurements are of great interest for the bis-tritylium substituted 

complexes discussed in this chapter. The spectroscopic data of all the complexes are collected in 

Table 16.  

 



Ferrocene Bis-Tritylium Dyes - EPR Spectroscopy 

 
99 

Table 16. EPR parameters of the complexesa) 

 

complex multiplicity giso-value hyperfine couplings 

FcBisNMe2
+• s 2.0115  

FcBisOMe2+  s 2.0086  

FcBisOMe+• s 2.0301  

FcBisOMe2• 
s 2.0283  

s 2.0144  

FcBisMeOMe+• 

s 2.0181  

tttt 2.0006 
2 x A(1H) = 3.6, 2 x A(1H) = 3.9, 
2 x A(1H) = 5.0, 2 x A(1H) = 5.7 

a) In CH2Cl2 solution. All hyperfine coupling constants are given in G. 

Dications 

It was not possible to obtain NMR spectra of complex FcBisMeOMe2+, and NMR spectra of the 

complex FcBisOMe2+ were also difficult to obtain with broad resonance signals in deuterated 

chloroform, dichloromethaned2, benzened6, THFd8, diehtyletherd10 and acetic acidd4. It was therefore 

mandatory to check for paramagnetic species by recording EPR spectra of the nominally 

diamagnetic dications (c.f. Figure 76). Complex FcBisMeOMe2+ does not show any EPR signal. 

Complex FcBisOMe2+, however, shows an isotropic signal without any hyperfine splittings with a giso 

value of 2.0086. Yet, this signal appears, with a reasonable accumulation time, only upon heating to 

60 °C. Successive cooling to 20 °C does not lead to any change in signal intensity. A reversible fading 

of the signal can only be observed after cooling to temperatures of -20 °C or below.  

  

 

Figure 76. Time dependent EPR spectra of complex FcBisOMe2+ at 60 °C (left, green to blue) and on cooling to -20 °C for 
the indicated time (right, blue to green) in CHCl3 solution. 
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This reversible in- and decrease of the signal intensity combined with the large temperature 

hysteresis points to the existence of a thermally activated triplet state with a high activation barrier 

for the interconversion of these isomers (c.f.  Scheme 13).  

 

Scheme 13. Singlet (left) and triplet (right) forms of complex FcBisOMe2+. 
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 In an attempt to further support this hypothesis, quantum chemical calculations for triplet 

FcBisOMe2+ were performed. Figure 77 shows the resulting spin density plot, revealing that the 

unpaired spins are almost entirely located on the ferrocene unit and the carbonium centers. Only 

the trityl-component can be detected by EPR spectroscopy under those conditions. Overall, our 

results point to a T-dependent valence tautomeric equilibrium between a bis-(tritylium)ferrocene 

ground state and a thermally populated (tritylium)(trityl)ferrocinium state with a hysteresis and slow 

equilibration between them. This augments VECIANA’S ferrocene-(perchlorotriphenyl)methyl / 

ferrocinium-(perchlorotriphenyl)methanide pair of valence tautomers involving a ferrocene and an 

acceptor substituted trityl system. Due to the different electronic characters of the trityl(ium) 

substituents, the phenomenon of valence tautomerism, however, occurs for different oxidation 

states and for a 1,1’-disubstituted instead of a monosubstituted ferrocene trityl derivative.    

 

Figure 77. Contour plot of the calculated spin density of triplet FcBisOMe2+ (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 
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Monoreduced Radical Cations 

From cyclovoltammetric measurements one can derive that the monoreduced forms of all three 

complexes should be accessible by treatment with a chemical reductant. The fully reduced form of 

complex FcBisNMe2
2+ is formed at a potential of -1340 mV against the ferrocene/ferrocinium couple, 

which is only slightly more cathodic than the reducing capability of cobaltocene (-1330 mV213). The 

anisyl-based complexes, with second reduction potentials of -690 mV (FcBisOMe2+) and -880 mV 

(FcBisMeOMe2+), are easily reduced by cobaltocene.   

The temperature dependent EPR spectra of complex FcBisNMe2
+• (Figure 78) show a decrease of 

the intensity of the isotropic signal at giso = 2.0115 upon cooling. As the parent complex 

FcMonoNMe2
• displays the same behavior, this result is in line with our expectations. Presumably, 

again a dimer is formed, which eliminates two unpaired spins per dimer by C-C bond formation and 

leaves the two remaining terminal tritylium groups untouched. A general structure for such a 

dicationic dimer is shown in Figure 79. 

 

 

 

Figure 78. Temperature dependent EPR spectra of complex FcBisNMe2
+• in CH2Cl2. 

Compared to complex FcMonoNMe2
• no complete dimerization is, however, observed. One can 

reasonably assume that the unpaired spin density in complex FcBisNMe2
+• is not only delocalized 

over the two aniline rings but also over the second tritylium moiety as is expressed by the two 

resonance structures in Figure 79 (left). 
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Figure 79. Right: General structure of an EPR silent dimer formed from two monoreduced bis-tritylium complexes. Left: 
Resonance structures for FcBisNMe2

+• indicating delocalization   

A similar behavior can be observed for complex FcBisOMe+•. Once more, the intensity of the signal 

at giso = 2.0301 decreases on lowering the temperature, indicating the same dimerization as 

previously discussed. However, in the range between 30 °C and -20 °C, the signal intensity increases 

in line with ordinary Curie behavior. It thus seems that FcBisOMe+• dimerizes only at temperatures 

below -20 °C to an appreciable level. 

 

Figure 80. Temperature dependent EPR spectra of complex FcBisOMe+• in CH2Cl2. 

 

For complex FcBisMeOMe2+ the results are more difficult to interpret. In a first attempt, complex 

FcBisMeOMe2+ was reduced to its radical cation using one equivalent of decamethylferrocene. This 

led to a two-component signal as shown in Figure 81 (blue). The observed signal is composed of an 

unstructured isotropic signal at giso = 2.0181 and a structured and more ‘organic’ resonance at 

 giso = 2.0006. A first possible explanation for such a spectrum would be to assume that it is a mixture 
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of the radical cation and the neutral diradical formed due to a slight excess of oxidant. To probe for 

this, the dication was reduced with 0.5 and 2.0 eq. of cobaltocene (Figure 81 black and gray lines).  

 

 

Figure 81. Comparison of the EPR spectra of complex FcBisMeOMe2+ obtained after reduction with 1.0 eq. of 
decamethylferrocene, 0.5 eq. of cobaltocene and 2.0 eq. of cobaltocene. 

The stronger reductant cobaltocene was used to ensure that the diradical would be quantitatively 

formed. Therefore, in the sub-stoichiometric experiment also cobaltocene was used to get 

comparable results. Both experiments led to the same pattern of two separate EPR signals as before 

with decamethylferrocene as the reductant. While the hyperfine couplings of the more organic 

signal are less resolved, one can still recognize that the signal is identical for all three experiments. 

Consequently, over-reduction of the sample leading to a mixture of FcBisMeOMe+• and 

FcBisMeOMe2• can be excluded as the origin of this phenomenon. As the spectrum collected after 

reduction with decamethylferrocene shows the better resolution, further investigations are based 

on these data. 

 

Figure 82. Experimental (top) and simulated (bottom) EPR spectrum of complex FcBisMeOMe2+ reduced with 1.0 eq. of 
decamethylferrocene in CH2Cl2 solution at 20 °C.  

Simulation of this spectrum (c.f. Figure 82) gave a giso-value of 2.0181 for the unresolved signal 

and, for the structured part, a giso-value of 2.0006 with hyperfine couplings to four sets of two 
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protons each with values of 2 x A(1H) = 3.6 G, 2 x A(1H) = 3.9 G, 2 x A(1H) = 5.0 G and 2 x A(1H) = 5.7 

G. This hyperfine coupling pattern indicates that the probed spin interacts with all protons in its 

vicinity. To elucidate the final assignment of the coupling constants and the corresponding protons, 

deuteration experiments would be needed. This would, however require unreasonable and 

unfeasible preparative efforts. 

Fully Reduced Diradicals 

Unfortunately, the fully reduced complex FcBisNMe2
2• was not sufficiently stable to be 

characterized by means of EPR spectroscopy. In case of complex FcBisOMe2+, however, 

temperature-dependent EPR spectra for the fully reduced complex could be obtained. Here, an 

entirely new behavior can be observed. At 20 °C, the signal consists of two singlets at giso = 2.0283, 

which is comparable to the singlet at giso = 2.0301 for complex FcMonoOMe•, and another one at 

giso = 2.0144. Upon cooling, signal at giso = 2.0283 vanishes, whereas the intensity of the second 

signal increases. The most probable reason for this behavior is depicted in  Figure 84. Just as for 

complex FcMonoOMe•, the decreasing intensity of the signal at giso = 2.0283 indicates dimerization 

of two complexes. This is also in line with the notion that the combined signal intensities of the two 

EPR signals reversibly decrease on cooling. In contrast to the ferrocenyl monotrityl radicals of 

chapter 5, however, the dimer still contains two trityl centers, which are then held to be responsible 

for the signal at giso = 2.0144. On close inspection of Figure 83 one can also note that, despite a 

decreasing intensity of the signal at giso = 2.0283, the intensity of the other EPR signal does not 

increase further. This points to a further association of such diradicals to higher oligomers by C-C 

bond formation and the concomitant elimination of a corresponding number of unpaired spins. A 

detailed analysis of such a complex behavior was, however, not deemed feasible.     

  

 

Figure 83. Temperature dependent EPR spectra of complex FcBisOMe2• in CH2Cl2. 
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Figure 84. General structure of an EPR active dimer formed from two fully reduced bis-tritylium complexes. 

 

5.5. OPTICAL PROPERTIES 

To further investigate the properties of the bis-tritylium complexes UV/Vis/NIR spectroscopic and 

spectroelectrochemical experiments were conducted. As the monosubstituted systems already 

show a pronounced electrochromic behavior, a similar behavior should be expected for their 

dicationic congeners. Figure 85 depicts the changes of the UV/Vis/NIR spectra of complex 

FcBisNMe2
2+ during the oxidation, as well as the first reduction and the second reduction. The 

spectra of the dications offer no big surprises. At the first glance this spectrum looks rather similar 

to the UV/Vis/NIR spectrum of complex FcMonoNMe2
+. However, the yM-band that was detectable 

for the monosubstituted counterparts is almost completely absent apart from an insignificant 

shoulder at ca. 850 nm. There are some weaker absorptions between 350 nm and 550 nm that are 

towered by a prominent absorption at 653 nm, just as one would expect for a triarylmethane dye. 

It comes, however, as a bit of a surprise that the most intense tritylium band is only equally intense  

(ε = 80000 L mol-1 cm-1) as that in the related mono-tritylium complex FcMonoNMe2
+, despite the 

presence of two chromophoric units in the same molecule. In FcMonoNMe2
+, the underlying 

absorption was identified as primarily the so-called x-band with charge transfer from the 

dimethylamino-substituted phenyl rings to the carbonium C-atom and a weaker, overlapping y-band 

resulting from charge transfer from the ferrocene donor to the same acceptor site. The overall 

increased acceptor substitution causes a red shift of this prominent band from 608 nm in 

FcMonoNMe2
+ to 653 nm in the bis-tritylium analog (∆�� = 1130 cm-1). On the other hand, the Fe 

nucleus itself seems to be so electron-poor that either no yM-band (Fe to tritylium charge-transfer) 

is present or it is shifted to considerably higher energy than in FcMonoNMe2
+ (λmax = 725 nm). 
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Figure 85. Changes of UV/Vis/NIR spectra of complex FcBisNMe2
2+ (1,2-C2H4Cl2, NBu4

+B{C6H3(CF3)2}4
-, T = 293(± 3) K) 

during the oxidation (blue to red, top), the first reduction (blue to yellow, bottom left) and the second reduction (bottom 
right). 

 

Unfortunately, complexes FcBisOMe2+ and FcBisMeOMe2+ did not show sufficient optical stability 

in the UV/Vis spectrometer. Even without any potential applied a constant and swift decrease of the 

overall intensities of the absorptions was observed. Thus, no meaningful spectroelectrochemical 

investigations were possible. Nevertheless, these two complexes exhibit other very interesting 

optical properties.  
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Figure 86. Comparison of the UV/Vis/NIR spectra of complexes FcMonoOMe+ and FcMonoMeOMe+ (top) and their 
mono-tritylium substituted analogues FcBisOMe2+ and FcBisMeOMe2+ (bottom) in dichloromethane.  

 Figure 86 (top) shows the UV/Vis/NIR spectra of complexes FcBisOMe2+ and FcBisMeOMe2+ in 

dichloromethane. For the mono-tritylium substituted complexes, it could be observed that an 

increasing acceptor character of the attached substituents leads to a red shift of the yM-bands (740 

nm and 750 nm for complexes FcMonoOMe+ and FcMonoMeOMe+). This holds also true for the 

comparison of the complexes FcBisOMe2+ and FcBisMeOMe2+ with their monosubstituted 

analogues. Again, the stronger acceptor character of the substituents leads to a further red shift of 

the yM-bands to 779 nm and 765 nm. Yet, for the two bis-tritylium substituted complexes 

themselves, this trend seems to be inverted. Concerning the x-bands of the bis-tritylium substituted 

complexes the same phenomenon can be observed. Again, the increasing acceptor character of the 

attached substituents leads to an overall red shift of the x-bands when compared to the mono-

tritylium substituted congeners, yet from complex FcBisOMe2+ to complex FcBisMeOMe2+ the x-band 

is blue shifted (464 nm and 497 nm for complexes FcMonoOMe+ and FcMonoMeOMe+ vs. 527 nm 

and 512 nm for the complexes FcBisOMe2+ and FcBisMeOMe2+). 
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Figure 87 shows the color of the complex FcBisOMe2+ as obtained 

after synthesis. Here, the corresponding hydroxyl precursor was 

dissolved in diethyl ether and treated with Brookhart’s acid. The 

initially yellow color of the diol changed instantaneously to dark 

green. During the subsequent removal of the solvent a red solid was 

formed at the wall of the Schlenk tube. After complete removal of 

the solvent a dark red solid remained.  Dissolving this solid in 

deuterated chloroform led to an intensely dark red colored solution. 

The obtained 1H-NMR spectrum was in good agreement with the 

expected signals for the desired compound. Doubtlessly, the 

synthesis was successful and the color change was not caused by any 

kind of degradation of the compound. When the NMR tube was 

cleaned with acetone after the measurement, the rinsing solution was again of a dark green color, 

indicating that this complex exhibits a strong solvatochromism. In Figure 88 the colors of complexes 

FcBisOMe2+ and FcBisMeOMe2+ in various solvents are shown. This raised the question of the cause 

of this huge influence of the solvent on the coloration of the complexes. It does not seem to matter 

whether the solvent is protic or aprotic, as the two aprotic solvents dichloromethane and acetone 

lead to different colors, whereas acetone and methanol lead to the same green shade.  

 

Figure 88. Optical impression of complexes FcBisOMe2+ (top) and FcBisMeOMe2+ (bottom) in different solvents with 
increasing GUTMANN donor numbers (from left to right). 

Looking at two important parameters of solvents, namely the dipole moment and the dielectric 

constant, there are still some inconsistencies. For the dipole moments we find for the green diethyl 

ether solution a value of 1.15 D, for the red dichloromethane solution a value of 1.60 D and for 

acetone 2.88 D.283 The same trend can be found for the dielectric constant with diethyl ether (4.27 

Figure 87. Color of complex 
FcBisOMe2+ in the solid state and 
dissolved in diethyl ether. 
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F m-1), dichloromethane (8.93 F m-1) and acetone (21.01 F m-1).283 Accordingly, these two solvent 

properties are not responsible for the pronounced solvatochromism. Another, yet less common 

parameter is the donor number defined by V. GUTMANN.284 This value is defined as ‘the negative H-

value in kcal mol-1 for the interaction of the electron pair donor with SbCl5 in a highly diluted solution 

of dichloroethane’.284 Here we find for dichloromethane and nitromethane values of 1 kcal mol-1 and 

2.7 kcal mol-1, for the green tinting solvents acetone, methanol and THF values from 17.0 kcal mol-1  

to 20.0 kcal mol-1 and values above 26 kcal mol-1 for DMF and pyridine. This series matches well with 

the experimentally observed trends with a red coloration in solvents with small donor capacities, a 

green color in solvents of medium to good donor strength of up to 20 kcal mol-1, and a yellow 

coloration in solvents of high donor numbers. The only exceptions are acetonitrile (FcBisMeOMe2+) 

and benzonitrile, which also induce  a yellowish coloration despite only moderate donor numbers 

of 11.9 kcal mol-1 and 14.1 kcal mol-1.285 

 

 

Figure 89. Absorption spectra of complexes FcBisOMe2+ (left) and FcBisMeOMe2+ (right) in different solvents. 
 

The UV/Vis/NIR spectra of the complexes FcBisOMe2+ and FcBisMeOMe2+ in various solvents are 

shown in Figure 89 and the data for the most relevant bands are collected in Table 17. Their 

inspection leads to an even clearer picture. Figure 89 suggests that the kind of donor function, 

provided by the solvent, has a strong effect on the coloration of the resulting solution. All 

investigated N-donor solvents (acetonitrile, benzonitrile, DMF and pyridine) lead to a yellow color 

with an intense band at 350 nm to 360 nm. O-donor solvents like acetone, methanol and THF have 

their prominent green tinting absorption at 455 nm, whereas weakly coordinating solvents like 



Ferrocene Bis-Tritylium Dyes - Optical Properties 

 
110 

dichloromethane and nitromethane induce a red coloration with the most intense absorption at 

around 520 nm. With other words, the interaction of the dicationic complexes with the solvent 

directly influences the electron density within the complex. In weakly coordinating solvents, the 

conventional band pattern resulting from the typical x-, y- and yM-bands is observed. In moderately 

coordinating and O-donor solvents the acceptor properties of the carbonium centers are decreased 

such that the x-, y- and yM-bands are blue shifted and their absorptivities are strongly decreased. In 

strongly coordinating N-donor solvents, the positive charge is almost utterly compensated by the 

solvent. This results in a very weak x-band and a new band, which is typical for π-π* transitions 

within the anisyl rings. 

In contrast to the anisyl-substituted compounds, complex FcBisNMe2
2+ does not show any 

solvatochromic behavior and displays a green color in all investigated solvents. These result fits well 

to the observation made during CV experiments. Again, it appears that the strongly electron-

donating dimethylamino substituted phenyl rings are able to stabilize the strongly electron-

accepting carbonium centers intramolecularly by resonance while this is much less the case for the 

anisyl substituents. Hence, they are much more prone to intermolecular stabilization by electron-

donating solvent molecules or by one-electron reduction and a resulting radical-cation interaction. 

 

 

Table 17.  UV/vis/NIR data of complexes FcBisOMe2+ and FcBisMeOMe2+ in different solvents. 
 
 

 

FcBisOMe2+ FcBisMeOMe2+  

 in nm ( in L mol-1 cm-1) 

y-band x-band yM-band y-band x-band yM-band 

DCM 450 (34000) 527 (65000) 779 (9900) n.d. 512 (10000) 765 (6600) 

Nitromethane 414 (24000) 514(27000) 815 (4000) n.d. 507 (7000) 753 (4800) 

Acetone 342 (6600) 450 (25000) 747 (4900) n.d. 495 (1800) 740 (900) 

THF 342 (4000) 457 (16000) 748 (3200) n.d. 500 (3100) 756 (2700) 

MeOH 343 (3200) 450 (8000) 734 (1600) n.d. n.d. - 

PhCN 364 (8400) 460 (2500) - n.d. n.d. - 

MeCN 355 (33000) 474 (3000) - n.d. n.d. - 

DMF 359 (22000) - - n.d. n.d. - 

Pyridine 362 (26000) - - n.d. n.d. - 

n.d. not detectable 
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With these results in mind, it seemed to be interesting to further investigate the influence of 

solvents on the coloration and spectra of the complexes. As the monosubstituted complexes did not 

show any appreciable solvatochromism it seems to be likely that the bis-acceptor motif is 

responsible for those effects. The easy rotation of the Cp-decks around the Cpcentroid-Fe axis allows 

the bis-tritylium compounds to attain a conformation where both acceptor units are oriented to the 

same side and placed one atop the other such as to generate a central cleft which can accommodate 

a ‘sandwiched’ donor. Hence, this interaction requires some structural rearrangements within the 

molecule (note that without a donor solvent such an orientation of the two acceptors would be 

highly disfavored due to Coulombic repulsion).  Hence, the use of phenyl methyl ether as sterically 

hindered O-donating solvent (DN = 9.0 kcal. mol-1) promised interesting results. Dissolving the 

complex FcBisOMe2+ in phenyl methyl ether led to a red solution. This is rather unexpected as the 

presence of an O-donor solvent of this donor number should lead to a green or yellowish coloration. 

In an attempt to stabilize such a donor-acceptor charge-transfer complex and to grow single crystals 

of the solvated complex, the solution was cooled to -20 °C. After standing for 20 h at -20 ° the color 

of the solution had changed to green. After being warmed to room temperature the green color 

remained. A color change back to an orange to red coloration took only place after heating to 100 °C 

for 10 min. As depicted in Figure 90 this process can be reversibly repeated over several cycles. 

 

 

Figure 90. Temperature dependent color change of complex FcBisOMe2+ in phenyl methyl ether. 

A possible explanation of this phenomenon is the formation of a donor-acceptor complex with a 

pincer-like coordination as proposed in Figure 91. As the donating oxygen atom is accompanied on 

each side by a more or less bulky substituent the formation of such a 1:2 donor-acceptor associate 

is sterically hindered. Thus, at elevated temperatures the steric repulsion and the unfavorable 

entropy term outweigh the stabilization by the coordination of the solvent, whereas at -20 °C the 

pincer structure is more stable.  
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Figure 91. High temperature conformation (left, red) and low temperature conformation (right, green) as possible 
explanation for the temperature dependence of complex FcBisOMe2+ in phenyl methyl ether. 

  

Of course, the coordination to the cations in an open conformation (c.f. Figure 91, left) would also 

allow for a donor-acceptor interaction of two complexes with a donor solvent, but then the same 

or at least a similar solvatochromic behavior should be observable for complexes FcMonoOMe+ and 

FcMonoMeOMe+. 
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5.6. REACTIVITY STUDIES 

During the attempts of preparing the monocationic complex FcBisOMe+• for EPR experiments 

decamethylferrocene was used as reductant. While several attempts were made to isolate and 

further characterize the reduction products, one reduction was carried out under air in a beaker.   

Here, addition of the dark green solution of FcBisOMe2+ in dichloromethane to the pale yellow 

decamethylferrocene solution initially lead to a more intense but still yellow coloration of the 

reaction mixture. Only during the further addition, a pale green tinting appeared. Finally, the solvent 

was removed and the green solid was extracted with hexane. This led to a yellow solution and a 

green residue. As none of the two compounds showed an EPR signal, 1H NMR spectra were recorded 

of both. The NMR spectrum of the green solid, which was insoluble in hexane could not be  

interpreted and an FID of 0.2 seconds was obtained. The yellow solution, in contrast, gave in 

benzened6 a well interpretable, yet surprising spectrum (c.f. Figure 92). 

 

 

Figure 92. 1H NMR spectrum in benzened6 of the mono reduction product obtained by the reduction of complex 
FcBisOMe2+ using decamethyl ferrocene. 

Besides minor solvent impurities a clean spectrum was obtained. Surprisingly, this spectrum 

contains two sets of separate signals, with four AB doublets for the aromatic protons, four 

resonances in the Cp region between 5.1 ppm and 3.9 ppm and two singlets for the methoxy groups 

at ca. 3.2 ppm. For the dicationic precursor the aromatic doublets are located at 7.66 ppm and 7.47 

ppm.  Consequently, in the product spectrum all responses are shifted to higher fields, except for 

the signal at 7.86 ppm. A similar trend can be found for the Cp resonances, which were previously 

located at 5.45 ppm and 5.10 ppm. Fortunately, it was possible to obtain single crystals suitable for 

X-ray analysis. The structure shown in Figure 93 reveals that during the reduction without exclusion 

of air an ansa peroxide was formed.  
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Figure 93. Perspective view of one of the independent molecules in the unit cell of complex ansa-FcBisOMe-O2. 
Hydrogen atoms are omitted for the sake of clarity. The ellipsoids are displayed at a 50 % probability level. 

 
 

In this solid-state structure the two Cp-decks are tilted by 7.2°, which leads to a shortening of the 

distance dC4-C9 by 3.2 pm to 327.1(3) pm compared to unsubstituted ferrocene. This shortening is 

imposed by the neighboring C2O2 ansa-bridge. Yet, the overall distance of the two decks to the 

central iron atom remains unchanged with values of 165.0 pm and 165.1 pm, which is almost 

identical to unsubstituted ferrocene, indicating only a tilting of the decks but no contraction of the 

entire ferrocene unit.286  
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Table 18. Selected crystallographic data for compounds ansa-FcBisOMe-O2, CBN-BisOMe-O2
277

 and (Ph3C)2O2.287 

  ansa-FcBisOMe-O2 CBN-BisOMe-O2 (Ph3C)2O2 

parameters 
ferrocene 

∡Cp-Cp / ° 7.2   

dCpC1-5-Fe1 / pm 165.1    

dCpC6-C10-Fe1 / pm 165.0    

angles trityl-1 / ° 

∡C16-C40-C37 109.1(1) 112.2(4) 111.42 

∡C4-C40-C37 111.4(1) 113.2(4) 112.32 

∡C4-C40-C16 112.4(1) 111.9(4) 112.44 

∡O1-C40-C4 111.8(1) 108.9(4) 110.55 

∡O1-C40-C16 109.5(1) 110.0(4) 109.92 

∡O1-C40-C37 102.1(1) 100.0(3) 99.47 

∡O2-O1-C40 
a) 108.1(1) 107.5(3) 107.39 

angles trityl-2 / ° 

∡C30-C39-C23 111.3(1) 113.0(4) 111.42 

∡C9-C39-C23 113.2(1) 113.0(4) 112.32 

∡C9-C39-C30 110.0(1) 108.8(4) 112.44 

∡O2-C39-C9 111.4(1) 111.6(4) 110.55 

∡O2-C39-C30 110.7(1) 110.5(4) 109.92 

∡O2-C39-C23 99.9(1) 99.1(3) 99.47 

∡O1-O2-C39 
a) 107.0(1) 110.1(3) 107.39 

torsion angles / ° 
∡C39-C9-C4-C40 35.8(5) 10.4(3)  

∡C39-O1-O2-C40
 b) 134.1(7) 109.2(2) 180.00 

distances ansa / pm 

dC4-C40 152.4(3) 150.9(7)   

dC9-C39 153.0(3) 152.3(6)   

dC40-O1 145.2(2)  147.4(5)  146.1 

dC39-O2 146.4(3)  144.9(6) 146.1 

dO1-O2
 c) 147.8(2)  148.1(4)  148.0 

dC4-C9
 d) 327.1(3)   

dC39-C40 348.2 331.0(6)   

a) 96.87° in H2O2
 b) 94° in H2O2, b) 149 pm in H2O2,288 d) 330.3 pm in ferrocene286 

 

The existence of the peroxide unit in the bridge could been proven by ESI mass spectrometry. 

Figure 94 shows the experimental mass spectrum with the two simulations for M+ and M++H as well 
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as the sum of the two simulations. These results in combination with the NMR spectra leave no 

doubt that this peroxide is readily formed during the reduction of FcBisOMe2+ in the presence of air.   

 

 

Figure 94. ESI[+] (MeOH): calcd. for ansa-FcBisOMe-O2
 (superimposing ansa-FcBisOMe-O2

+ and  
ansa-FcBisOMe-O2

++H) =   699.1915, found 699.1925. 

In the group of T. SUZUKI, several attempts were made to solve the so called ‘Hexaphenylethane 

Riddle’.277 In the course of their work, they prepared several naphthalene-bridged bis-tritylium 

cations as shown in Scheme 14. After reduction to the corresponding diradical the interaction of the 

spins that are fixed in close proximity, was investigated. In the course of their experiments, those 

authors could also observe a reaction with molecular oxygen to a cyclic peroxide that resembles 

complex ansa-FcBisOMe-O2. It should, however, be noted here that the formation of the ansa-

peroxo complex ansa-FcBisOMe-O2 does not require an excess amount of oxygen. Varying quantities 

of this product were obtained in all reactions involving the monoreduced FcBisOMe+• radical cation, 

even when using carefully degassed solvents (see below). 
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The peroxo complex ansa-FcBisOMe-O2 is obviously formed through the reaction of its 

monoreduced form with triplet oxygen (note that the reduction potential of decamethylferrocene 

is far too positive to reduce FcBisOMe2+ to the neutral diradical). The intermediate monoradical is 

shown in Scheme 15.  

Scheme 15. Formation of ansa-FcBisOMe-O2.  
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Scheme 14. Synthesis of CBN-BisOMe-O2 according to T. SUZUKI.161 
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The resulting peroxo-substituted radical cation FcBisOMe-OO+• can be can be expected to have a 

higher (less negative) reduction potential as the complex FcMonoOMe+ (E1/2 = -780 mV). It is 

nevertheless impossible that electron transfer from decamethylferrocene (E1/2 = -550 mV) to 

FcBisOMe-OO+• is exergonic. The process can still occur due to the chemical irreversibility (or the 

strong thermodynamic driving force) of the subsequent O-C bond forming step, which closes the 

ansa-ferrocene bridge. Considering this peculiar reaction, it was of interest to investigate the 

reactivity of FcBisOMe+• with other substrates, in particular with respect to the formation of other 

ansa-bridged derivatives.  

In the following section, a series of reactions shall be presented that lead to sometimes 

unexpected products and to an increased understanding of the reactivity of these complexes. In a 

first experiment, cobaltocene was used as reducing agent to generate the peroxo species in order 

to investigate the influence of the reductant.  

 
Scheme 16. Synthesis of FcBisOMe-O2 using cobaltocene. 

 

 

The reaction was carried out in the glove box. FcBisOMe2+ (100 mg, 0.042 mmol, 1 eq.) was 

dissolved in 3 mL of dichloromethane and 16 mg (0.084 mmol, 2 eq.) of cobaltocene were 

added. The mixture was removed from the glove box, exposed to the open air and stirred at 

room temperature overnight. The solvent was evaporated under vacuum and the residue was 

extracted with hexane. Evaporation of the solvent gave the pure peroxo complex  

ansa-FcBisOMe-O2. As this reaction seems to be very robust and selective, we were interested, if 

other molecules could be reacted with complex FcBisOMe2•. Therefore, dimethyl 

acetylenedicarboxylate was used, as it is known to react readily with aromatic radicals.289 The 

resulting structure would be similar to the peroxo complex. Again, a two-atom bridge can be formed 

between the two trityl decks. The additional ester functions should then point outward the cleft 

formed by the CAr2-substituents. The reaction was carried out as follows.  
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Scheme 17. Attempted synthesis of dimethyl acetylenedicarboxylate-bridged ansa-FcBisOMe.  

 

 

 

FcBisOMe2+ (100 mg, 0.042 mmol, 1 eq.) and 6 mg of dimethyl acetylenedicarboxylate 

(0.042 mmol, 1 eq.) were dissolved in 5 mL dichloromethane under a nitrogen atmosphere. A 

solution of decamethylferrocene (28 mg, 0.084 mmol, 2 eq.) in dichloromethane was added 

dropwise to give a brown solution. The mixture was stirred for 2 h. The solvent was removed under 

vacuum and the residue was extracted with hexane. The solvent was evaporated and the brown 

solid was purified by column chromatography (8:1, then 1:1 petroleum benzene / EtOAc). 

1H-NMR spectroscopy did not show any signals that matched the desired ansa complex. Only 

traces of ansa-FcBisOMe-O2 could be identified. Maybe, the steric demand of the ester groups is too 

big and thus the formed ansa complex is too strained.  

 

As this reaction did not show the desired results, styrene was the next electrophile of choice. As 

it is smaller than dimethyl acetylenedicarboxylate and well known for its reactivity towards radicals 

it seemed to be a good candidate.  

 

Scheme 18. Attempted synthesis of styrene-bridged ansa-FcBisOMe.  

 

 

 

FcBisOMe2+ (50 mg, 0.021 mmol, 1 eq.) and 24 µL of styrene (0.021 mmol, 1 eq.) were dissolved 

in 10 mL dichloromethane under nitrogen and added dropwise to a stirred solution of 137 mg 

decamethylferrocene (0.042 mmol, 2 eq.)  in dichloromethane. The reaction mixture was stirred for 

2 h at room temperature and the solvent was removed under reduced pressure. The remaining solid 
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was extracted with hexane and the solvent was evaporated under vacuum. The residue was purified 

by column chromatography (pure petrol ether, then 10:1, 5:1, 2:1 petroleum benzene/ EtOAc). 

Against all expectations neither the desired product nor polystyrene were formed. Yet, column 

chromatography gave four different fractions. The first fraction consisted of 6,6-bis(p-

methoxyphenyl)fulvene, which is a common degradation product of complex FcBisOMe2•. This 

reductive elimination is the reversal of the reaction described by M.TACKE,279 leading to Fe0 and the 

anisyl fulvene.  

The second fraction was the 

peroxo species. The fourth 

fraction, however, held an 

interesting surprise. It contained 

a neutral, diamagnetic and 

asymmetric complex that could 

be identified as the water 

addition product FcBisOMe-

(H,OH) as shown in Figure 95.  

Obviously, the steric demand of 

the molecule to be incorporated 

plays a crucial role. As 

acetylenedicarboxylate and styrene are obviously too bulky to react with the formed radicals, 

homolytic water splitting occurs to a significant extent. As this reactivity seemed to be rather 

unusual, we tried to react other alcohols with the diradical. The smallest representative of this group 

is methanol, which should be therefore the best candidate. The reaction was carried out in the 

glovebox. 

 

Scheme 19. Attempted synthesis of FcBisOMe-(Me,OH).  
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Decamethylferrocene (28 mg, 0.084 mmol, 2 eq.) was suspended in 3 mL of methanol, then 15 mL 

of dichloromethane were added due to the low solubility. The resulting solution was added 

dropwise to a stirring solution of 100 mg FcBisOMe2+ (0.042 mmol, 1 eq.) in methanol. The mixture 

Figure 95. Structure of the complex FcBisOMe-(H,OH) and its mass spectrum.
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was stirred for 15 min, the solvent was removed under vacuum and the residue was extracted with 

hexane. Evaporation of hexane gave a yellow solid. 1H-NMR spectroscopy of the crude yellow 

product did not show any conversion to the mixed complex FcBisOMe-(Me,OH) or to the diol 

FcBisOMe-(OH)2. Yet, 6,6-bis(p-methoxyphenyl)fulvene was obtained in pure form and in almost 

quantitative yield. Consequently, the in situ formed radical seems not to be able to split a C-O bond 

and reductive elimination to the fulvene and iron metal seems to be much faster.  In our last efforts, 

we focused more on the reaction with small molecules. Here, we tried the transformation of CS2 to 

a bridging dithioester. 

 

Scheme 20. Attempted synthesis of CS2-bridged ansa-FcBisOMe.  

 

 

The reaction was carried out in the glove box. Decamethylferrocene (28 mg, 0.084 mmol, 2 eq.) 

was dissolved in 3 mL dichloromethane and added to a stirred solution of 100 mg FcBisOMe2+ 

(0.042 mmol, 1 eq.) in dichloromethane. 1.96 µL carbon disulfide (0.042 mmol, 1 eq.)  was added 

and the mixture was stirred for 2 h. The solvent was removed under vacuum and the green solid 

was extracted with hexane. The solvent was evaporated under reduced pressure and the residue 

was purified by column chromatography (5:1, then 2:1 petroleum benzene/EtOAc). 

Again, the desired compound could not be obtained, yet three pure fractions could be isolated. 

They contained the 6,6-bis(p-methoxyphenyl)fulvene, the water addition product FcBisOMe-(H,OH) 

and the diol FcBisOMe-(OH,OH).  In a final attempt, the reaction with NO was investigated. NO as a 

small and paramagnetic molecule should readily react with the formed diradical. Although an NO-

bridged ansa complex is highly unlikely to be formed, a bis-addition product (FcBisOMe-(NO,NO)) 

should be feasible.  
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Scheme 21. Attempted synthesis of FcBisOMe-(NO,NO).  

 

 

In a Schlenk tube with gas inlet complex FcBisOMe2+ (400 mg, 0.17 mmol, 1eq.) was dissolved in 

dichloromethane and a solution of 111 mg decamethylferrocene (0.34 mmol, 2 eq.) in 

dichloromethane was added dropwise. Nitrogen monoxide gas was generated in a second flask by 

dropwise addition of a solution of 200 mg NOBF4 (1.7 mmol, 10 eq.) in dichloromethane/acetonitrile 

to tris(bromophenyl)amine (820 mg, 1.7 mmol, 10 eq.) in dichloromethane. The emerging gas was 

lead into the stirring reaction mixture. The solution turned green and after stirring for 1 h the solvent 

was evaporated. The remaining solid was extracted with hexane. The solvent was removed under 

reduced pressure and the residue was purified by column chromatography (20:1, then 10:1, 5:1, 2:1 

petroleum benzene / EtOAc). Against our hopes, the desired compound was not formed. Instead 

6,6-bis(p-methoxyphenyl)fulvene, the water addition product FcBisOMe-(H,OH) and the peroxide  

FcBisOMe-O2 were found. All these experiments lead to at least some insight into the reactivity of 

reduced FcBisOMe+• or FcBisOMe2•. The reduced forms are highly oxophilic. In the presence of 

oxygen or water they form readily the corresponding peroxo complex ansa-FcBisOMe-O2 or the 

water addition products FcBisOMe-(H,OH) and FcBisOMe-(OH,OH), even under inert gas or glovebox 

conditions. Thus, even traces of O2 or H2O seem to suffice to yield these products. It does not seem 

to make a difference if decamethylferrocene or cobaltocene is used as reducing agent, although 

they cause different reaction pathways. In case of cobaltocene, it is rather likely that the diradical is 

readily formed, which can then react with oxygen or homolytically split water.  

On the other hand, no reactivity towards any molecules bigger than water could be observed. In the 

absence of a suitable substrate, the neutral diradical gradually degrades by reductive elimination to 

the corresponding fulvene and iron metal. In general, triphenylmethyl radicals are too stable to 

initialize vinyl polymerizations. Therefore, they are typically used as radical scavengers or 

polymerization inhibitors.290 Yet, we were cautiously confident that the close proximity of the two 

radicals would enable a reaction. Unfortunately, even this molecular scaffold does not lead to any 

reaction with typical radical acceptors like styrene, dimethyl acetylenedicarboxylate or the NO 

radical. They neither form an ansa complex nor any form of polymer. This lack of reactivity against 

substrates is a bit disappointing and poses very narrow limitations as to the synthetic utility of 

direduced bis-tritylium substituted ferrocenes. 
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5.7. SUMMARY 

In this chapter, the mono-tritylium ferrocenes of Chapter 4 were extended by a second CAr2
+ unit 

in the 1’ position of the ferrocene leading to even more electron deficient and thus reactive 

compounds. The synthesis (p. 49) went according to the monosubstituted analogues with methyl-

1,1’-ferrocenedicarboxylate as starting material and subsequent reaction with lithiated aryls. 

Complex FcBisNMe2
2+ could be fully characterized by means of NMR spectroscopy and ESI mass 

spectrometry. Complexes FcBisOMe2+ and FcBisMeOMe2+ were, due the formation of paramagnetic 

valence tautomers, hardly or entirely unsuitable for NMR spectroscopy. Yet, the distinct color 

changes during the synthesis, the ESI mass spectra as well as their cyclic voltammograms leave no 

doubt about their identity. Cyclic voltammetry (p. 67) lead for complex FcBisNMe2
2+ to rather 

expected results with a reversible oxidation at 670 mV for the ferrocene core and two reversible 

reduction processes at -935 mV and -1340 mV for the two tritylium substituents. The methoxy-

substituted analogues show both the same number of redox processes, yet their potentials are 

drastically shifted to 1640 mV (FcBisOMe2+) and 1870 mV (FcBisMeOMe2+). Even more striking are 

the potentials of the reduction processes. They are disproportionately shifted to higher potentials, 

which can be best explained by a stabilization of the mono-reduced forms via a cation-radical 

interaction enabled by the structural flexibility of the systems. One of the most fascinating 

characteristics of these complexes are their optical properties (p. 105). Although only complex 

FcBisNMe2
2+ is durable enough to withstand longer exposure to UV light and is therefore suitable 

for spectroelectrochemical investigations, already the ground states of these complexes show 

interesting features. Complexes FcBisOMe2+ and FcBisMeOMe2+ exhibit an unprecedented 

solvatochromic behavior, with colors ranging from deep red over green to yellow. In anisole even a 

temperature dependency of the coloration could be observed. This is enabled by the unique 

capability of forming pincer-like structures due the ferrocene serving as a hinge. Investigations in 

nine common lab solvents gave a clear trend, linking the donor atom of the solvent with the 

observed absorption spectrum, with weakly coordinating solvents leading to a red hue, O-donating 

solvents resulting in a green and N-donating solvents in a yellow solution.  Another unexpected 

aspect of the complex FcBisOMe2+ that is likewise based on the structural flexibility is the reactivity 

of its neutral form. Upon reduction to the diradical under air a stable ansa-peroxo ferrocene is 

formed. The same could be observed for the radical cation, where the formation of the open peroxo 

ferrocene lowers the reduction potential to such an extent that even decamethylferrocene is 

capable of generating the fully reduced form which than can form the closed ansa-peroxide. This 

reactivity was only observed in the case of the para-methoxy complex. For the complexes 

FcBisNMe2
2+ and FcBisMeOMe2+ this seems to be suppressed by either electronical or sterical 

reasons. Besides O2 only water lead to comparable results, indicating a sweet spot between the 
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architecture of complex FcBisOMe2+ and these reactants. EPR spectroscopy (p. 98) reveals that 

especially the investigated electron poor methoxy complexes of this chapter are highly flexible 

systems when it comes to charge and spin density. Therefore, it could be shown that complex 

FcBisOMe2+ can thermally be excited into a triplet state leading to a paramagnetic dicationic 

diradical. The monoreduced forms FcBisNMe2
+• and FcBisOMe+• did show, just like the mono-trityl 

systems, dimerization upon cooling whereas complex FcBisMeOMe+• behaved differently by again 

forming triradicalic valence tautomer. The fully reduced complex FcBisOMe2• again shows 

dimerization resulting in still paramagnetic di- and oligomers. 
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6. A MATLAB SCRIPT FOR CYCLIC VOLTAMMETRY  

6.1. MOTIVATION 

Cyclic voltammetry, sometimes referred  as the ‘electrochemical spectroscopy’,291  is a powerful 

and indispensable tool in the everyday work of an electrochemist. Though the denotation as 

spectroscopy is wrong per se, it nicely illustrates the importance of this technique. Nevertheless, 

the analysis and processing of recorded cyclic voltammograms is rather time consuming and not 

many attempts were made to speed up this process. Of course, programs like Digisim© distributed 

by BASi© provide the possibility to digitally simulate cyclic voltammograms. This grants, for instance, 

access to half-wave potentials that could not be determined via simple peak picking of the maxima 

of the waves. Therefore, this is a useful but complex implement to deal with advanced problems. 

Still, the analysis of standard experiments, although or just because of being a highly repetitive and 

monotonous work, remains an inconvenient business. It seemed therefore desirable to replace the 

manual peak picking by an automated computer program. A platform that is highly suitable for such 

tasks is MATLAB. As it combines a rather simple and comprehensive programming language with 

an extensive online documentation, it is an appropriate tool for non-skilled users or people whose 

daily work is not focused on coding and programming. Yet, it is an extremely powerful toolbox, 

containing a vast number of predefined commands that make the dealing with complex tasks 

comparably comfortable. Consequently, the MATLAB programming environment lends itself to be 

used to develop a script to simplify the processing of cyclic voltammograms.  

On the following pages, an attempt shall be presented to meet the following requirements: 

 Determination of peak potentials (Ep). 

 Calculation of peak potential differences (Ep). 

 Correction of Ep values against the non-ideality of the potential reference. 

 Calculation of half-wave potentials. 

 Correction of half-wave potentials versus an internal reference. 

 Plotting of the processed cyclic voltammogram according to publishable standards. 

 Collection of all results and archiving them in a lucid document. 
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6.2. CODING 

The following pages will guide the reader step-by-step through the entire script, which is divided 

into twelve code sections.  Each code is followed by a short overview of the purpose of the section, 

the values that have to be entered by the user and the values resulting from this section that are 

needed later on. After this overview, a detailed description of the code follows, in order to give the 

reader valuable insights into operating principles of the script. The complete and operable code can 

be found on page 273 in the appendix.  

 

Code Section 1. 

1   %%Read Files         

2  clear all     

3  close all     

4        

5  DATcv  = 'OPE1_all_100mv_CV.dat';  

6  DATcvr = 'OPE1_ref_100mv_CV.dat';  

7        

8        

9        

10  fc    = 0;      

11  dmfc  = -0.55;     

12  cocp2 = -1.330;     

13        

14   Ref = cocp2;         

 

General Purpose 

 Closing of all previous files and windows  

 Selection of the files containing the measurement with and without reference 

 Setting of the reference 

 Input values to be entered by the user: 

 DATcv 

 DATcvr 

 Ref 

 Resulting variables for further use in the script: 

 DATcv 

 DATcvr 

 Ref 

 

Clear all deletes all files form the MATLAB workspace from previous runs. This makes sure that 

no old values are, by accident, used to calculate new values. Close all closes all figures that are 

still open from a previous run. DATcv and DATcvr define the filenames of the cyclic voltammograms 

with and without the added reference used for potential calibration. They have to be added as 
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string, framed by '', as they do not define any function but the pure sequence of characters 

forming the filename. In the following indicates cv always content that belongs to the reference-

free experiment, whereas cvr denotes the cyclic voltammogram with reference substance. Code 

lines 10 – 12 define the potentials of the added reference substances and code them with the 

common abbreviations (fc = ferrocene, dmfc = decamethylferrocene, cocp2 = cobaltocinium 

hexafluorophosphate). Ref, in line 14, finally defines which reference is used in the specific 

experiment as internal standard.   

  

Code Section 2 

17   XLSXraw = strrep(DATcv,'.dat','.xlsx');      

18  XLSX    = ['RES_' XLSXraw];                      

19  EMFraw  = strrep(DATcv,'.dat','.emf');     

20  EMF     = ['EMF_' EMFraw];                 

21  SVGraw  = strrep(DATcv,'.dat','.svg');     

22  SVG     = ['SVG_' SVGraw];                    

23  JPGraw  = strrep(DATcv,'.dat','.jpg');      

24  JPG     = ['JPG_' JPGraw];                     

25   PLAIN   = strrep(DATcv,'.dat',' '); 

 

General Purpose 

 Defining variables that code for the filename with different prefixes and file extensions  

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 XLSX 

 EMF 

 SVG 

 JPG 

 PLAIN 

 

Code section 2 defines different variations of the filename that are needed later on for the various 

files that shall be exported. In this two-step process, the first one replaces the file extension and the 

second step adds the prefix to the name. To do this, strrep uses three parameters. The first one 

defines the original filename, in this case DATcv.  The second parameter specifies the file extension 

that will be replaced by the extension given in parameter three. The corresponding file endings, for 

example '.dat','.xlsx', in line 17 have to be set again in '' to characterize them as strings. 

The second part of this renaming process (e.g. line 18) forges a new prefix to the newly built 

filename. For this purpose, a new variable is defined (line 18: XLSX) that consists of a vector 

(indicated by [ ]) made up of the prefix as string and the variable of the filename with the new 
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extension (line 17: XLSXraw). PLAIN is a special case where a blank filename without extension is 

obtained.  

 
Code Section 3. 

27   disp(' ')          

28  disp(' ')      

29  disp(' ')      

30  disp(' ')      

31  disp(' ')      

32  disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 

33  disp('%             step 1 / 6              %'); 

34  disp('%            files defined            %'); 

35  disp('%            reference set            %'); 

36   disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 

 

General Purpose 

 Progress information for the user, which is displayed in the Command Window 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 none 

 

This section is not necessary for the analytical progress. Its only purpose is to inform the user 

about the progress. The disp(‘ ’) command contains a value or text that is displayed in the 

command window. Here, it is a simple text, formatted as string, about the number of steps that 

have passed and that will follow plus additional information about what happened in the previous 

session. The result of this set of disp commands is shown in Figure 96. 

 

 

Figure 96. Result of Code Section 3. 

A comparable message will appear after each section of the script. As they differ only in the 
content of the message but not in their operating principle further ones will not be discussed 
separately.  
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Code Section 4. 

39   % Import Parameters       

40        

41  % Import initial potential    

42  filename = DATcv;     

43  delimiter = ' ';     

44  startRow = 6;     

45  endRow = 6;     

46  formatSpec = '%s%*s%*s%*s%*s%*s%*s%*s%*s%[^\n\r]'; 

47  fileID = fopen(filename,'r');   

48  textscan(fileID, '%[^\n\r]', startRow-1, …  

  'WhiteSpace', '', 'ReturnOnError', false);  

49  dataArray = textscan(fileID, formatSpec, ... 

  endRow-startRow+1, 'Delimiter', delimiter, … 

  'MultipleDelimsAsOne', true, 'ReturnOnError', false); 

50  fclose(fileID);     

51  cvIR = dataArray{:, 1};    

52  clearvars filename delimiter startRow endRow … 

  formatSpec fileID dataArray ans;   

53        

54  Importline6 = cellstr(cvIR);   

55  cvIRString = 'IR-Comp.';    

56   cvCheckIR=strcmp(Importline6,cvIRString);   

 

General Purpose 

 Import of the experimental parameters for cv and cvr 

 Initial potential 

 Switching potential 1 

 Switching potential 2 

 Number of scans 

 Selection if internal resistance compensation was used or not 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 cvCheckIR 

 cvInitalPotential 

 cvSwitchingPotential1 

 cvSwitchingPotential2 

 cvNumberOfScans 

 cvrInitalPotential 

 cvrSwitchingPotential1 

 cvrSwitchingPotential2 

 cvrNumberOfScans 
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The following code lines (39 - 287) serve to import the experimental parameters, which can be 

found in the first 40 lines of the corresponding *.dat files. The first four lines of this section are quite 

straightforward. They define the filename of the file that contains the experiment parameters, 

which kind of delimiter is used to separate the cells of a row (here a blank space) and the rows 

that shall be read. While reading these values, it is important to discriminate if the measurement 

was carried out with or without compensation of the internal resistance (IR-Comp.), as their values 

appear only in the file if IR-Comp. was activated. Since the values of interest (initial potential, 

switching potential 1, switching potential 2, and number of scans) are listed after the ones of IR-

Comp., the start and end row of the values to be imported depend on the IR-Comp. 

 

Table 19. Comparison of parameter sections with and without IR-Comp. 

1   Experiment Type : Cyclic Voltammetry (CV) Experiment Type : Cyclic Voltammetry (CV) 

2  Title : CV Run for BASi-Epsilon Title : CV Run for BASi-Epsilon 

3  Data File Name : 100mv Data File Name : 100mV 

4  Date & Time of the run : 7/2/2013 12:16:00 AM Date & Time of the run : 3/5/2013 9:17:27 PM 

5  Display Convention : POLAROGRAPHIC Display Convention : POLAROGRAPHIC 

6  IR-Comp. Value : 2671 Ohm Number of data points : 5700 

7  IR-Comp. Cap : Large Cap # of points to skip : 0 

8  Number of data points : 2160 Initial Potential : 0 (mV) 

9  # of points to skip : 0 Switching Potential 1 : 1350 (mV) 

10  Initial Potential : -250 (mV) Switching Potential 2 : -1500 (mV) 

11  Switching Potential 1 : 830 (mV) Final Potential : 0 (mV) 

12  Switching Potential 2 : 0 (mV) Number of segments : 3 

13  Final Potential : -250 (mV) Scan rate : 100 (mV/s) 

14  Number of segments : 2 Current Full Scale : 10 uA 

15  Scan rate : 100 (mV/s) Filter : 10 Hz 

16  Current Full Scale : 100 uA Quiet Time : 2 (Sec) 

17  Filter : 10 Hz Sample Interval : 1 mV 

18  Quiet Time : 7 (Sec)  

19   Sample Interval : 1 mV   

 

To assure that the correct values are imported, the first import command set does not import a 

measurement parameter but imports the content of the first cell in line 6. For IR compensated 

experiments, this cell says ‘IR-Comp.’ for non-compensated experiments the result will be ’Number 

of data points’. This value is then linked to the variable cvIR. This variable is converted in line 54 

from a cell format to a string by using the cellstr command, naming it Importline6. Now we 

want to check if ‘IR-Comp.’ or ’Number of data points’ is written in this cell. Hence, we define a 

control string with cvIRString = 'IR-Comp.' and compare it with Importline6 by using 

the command strcmp (string compare). The result of this comparison (variable: cvCheckIR) is 1 

in case of an IR-Comp. activated measurement ('IR-Comp.' = 'IR-Comp.' = true = 1) or 0 
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for an experiment run without IR compensation (' Number of data points ' = 'IR-Comp.' 

= false = 0). 

 

Code Section 5. (excerpts) 

59   if cvCheckIR == 1;         

60      disp(' ')       

61      disp ('CV IR. Comp: YES')    

62        

63  filename = DATcv;     

64  delimiter = ' ';           

65  startRow = 10;     

66  endRow = 10;     

  ⁞      

108  else       

109      disp(' ')      

110      disp ('CV IR. Comp: NO')   

111            

112  filename = DATcv;     

113  delimiter = ' ';           

114  startRow = 8;     

115  endRow = 8;     

  ⁞      

157   end           

 

As we now have a numeric value (cvCheckIR = 0 or 1) to discriminate between the kinds of 

experiment, we can use an if-else command to import the correct values from the correct lines. 

In this case if is followed by the condition that cvCheckIR equals 1. If this is true, the following 

import commands are executed and as shown in Code Section 5, e.g. for the initial potential, the 

value of line 10 is imported. If cvCheckIR is 0, all this import commands are skipped and the script 

moves on to the else command. Now, the number of import lines is smaller by two. The command 

end in line 157 finally closes the if-else command and the script continues in its normal order. 

Eventually this process is repeated for the experiment with the potential reference. The disp 

commands, after if and else, serve to inform the user in the command window whether IR-Comp 

was activated or not. 

 

 

Code Section 6. 
290  ReadDATcv = dlmread(DATcv,',',41,0); 

291 ReadDATcvr = dlmread(DATcvr,',',41,0);  

292
 

293 cvDirectionCheckV1 = ReadDATcv(1); 

294 cvDirectionCheckV2 = ReadDATcv(2); 

295 cvDirectionCheck = (cvDirectionCheckV1 < cvDirectionCheckV2); 

296
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297 cvrDirectionCheckV1 = ReadDATcvr(1); 

298 cvrDirectionCheckV2 = ReadDATcvr(2); 

299 cvrDirectionCheck = (cvrDirectionCheckV1 < cvrDirectionCheckV2); 

300
 

301 figure(1) 

302 ax1 = subplot(2,1,1); 

303 plot(ax1,ReadDATcvr(1:end,1),ReadDATcvr(1:end,2),'k','Line-Width',2); 

304  set(gca,'XDir','reverse'); 

305  title(ax1,'CV with reference') 

306 hold on 

307 ax2 = subplot(2,1,2); 

308 plot(ax2,ReadDATcv(1:end,1),ReadDATcv(1:end,2),'k','Line-Width',2); 

309 set(gca,'XDir','reverse'); 

310   title(ax2,'CV without reference') 

    

General Purpose 

 Importing of the x and y values of the measurement 

 Selection of the scan direction (oxidative or reductive) 

 Plotting of the cyclic voltammograms with and without reference 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 ReadDATcv  

 ReadDATcvr  

 cvDirectionCheck 

 cvrDirectionCheck 

 

In Code Section 6, the variables ReadDATcv and ReadDATcvr extract the x and y values of the 

measurement by using the command dlmread. The first parameter of this command defines the 

file that contains the experimental values. The second parameter is the delimiter between the cells 

and the third and fourth parameter define how many rows and columns shall be skipped before the 

import starts. For line 290, this translates into: ‘Import of the comma separated values starting in 

row 42 and column 1 from the file defined in DATcv ’. Lines 293 to 299 are used to check if the cyclic 

voltammograms were recorded in oxidative or reductive direction. This differentiation will be 

important later on, to construct the forward and reverse wave of the CVs from the correct values. 

Therefore, cvDirectionCheckV1 and cvDirectionCheckV2 read the first or second x-value 

of ReadDATcv, respectively. Then, cvDirectionCheck checks if cvDirectionCheckV1 is 

smaller than cvDirectionCheckV2. Is this the case, the potential is getting more cathodic at 

the beginning of the experiment and the result is true = 1. Is the opposite the case and the potential 

progresses in anodic direction, the result is false = 0. After this is repeated for the reference 

measurement, the last lines plot cyclic voltammograms with and without reference. To do this, a 
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new figure called figure 1 is defined first.  To include now two cyclic voltammograms in one figure, 

the subplot command is used. This makes it possible to plot two figures with different axes. Subplot 

is followed here by three parameters. The first two make up an m x n matrix with m rows and n 

columns. The third parameter specifies in which of these fields the figure is plotted. So the figure 

named ax1 will be the upper one and ax2 the lower one.  Line 303 now contains the real plotting 

command. Plot calls to write a figure in the position of ax1 with an x axis made up of the first to 

the last value (1:end) of the first column ( ,1) of ReadDATcvr. The y values are obtained in the 

same way from the second column, respectively.  The next parameter ‘k’, sets the line color to 

black and 'Line-Width',2 sets the linewidth of the curve to 2 pt. Finally, 

set(gca,'XDir','reverse') swaps the direction of the x axis, to make it conform with the 

conventions of typical CV plots.  

 

 

Figure 97. Result of Code Section 6.  

 

Code Section 7. 
318 % defining peaks 

319
 

  320 % Welcher Peak von kathodisch  
(negatives Ende der x-Achse) ist Referenz? 

321 cvrRefPeakNumber = 1; 

322 % Welcher Peak ist von kathodisch  
(negatives Ende der x-Achse) aus Verbindungspeak mit Referenz? 

323 cvrCompPeakNumberRef = 2; 

324 % Welchem Peak entspricht dieser ohne Referenz? 

325 cvCompPeakNumber = 1; 

326
 

327 MinPeakProminence = 0.01; 
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General Purpose 

 Defining reference and compound waves 

 Setting peak prominence 

 Input values to be entered by the user: 

 cvrRefPeakNumber 

 cvrCompPeakNumberRef 

 cvCompPeakNumber 

 Resulting variables for further use in the script: 

 cvrRefPeakNumber 

 cvrCompPeakNumberRef 

 cvCompPeakNumber 

 MinPeakProminence 

 

At this point, all values are imported from the raw data. Now it is necessary to define some waves, 

so the script can use the correct potentials to reference the CV. Since both CVs have been plotted 

before (compare Figure 97), it should be comparably easy for the user to determine the right waves. 

The first wave that has to be assigned, is the wave of the reference substance 

(cvrRefPeakNumber). In this case, it is the most cathodic wave, therefore, cvrRefPeakNumber 

gets a value of 1. The second one to define, is the most cathodic compound wave in the reference 

experiment (cvrCompPeakNumberRef). Here, it has to be denoted as wave 2, respectively. The 

third wave is the one that corresponds to cvrCompPeakNumberRef, in the reference-free 

measurement (cvCompPeakNumber = 1). MinPeakProminence, in line 327, gives the relative 

height of a peak compared to the neighboring data points. This value is needed later on for the peak 

picking process. In special cases, this value can be varied but it is normally neither recommended 

nor necessary.  

The following code section will be discussed in two separate steps as it contains a rather long and 

nested if – else command (step 1) and some extended calculations (step 2). 

Code Section 8. Step 1 (example cvr) 

336   if cvrDirectionCheck == 1 

338      disp('oxidative direction') 

340  if cvrNumberOfScans == 3 

342      disp('3 segments') 

  ⁞ 

362  elseif cvrNumberOfScans == 2 

364      disp('2 segments') 

  ⁞ 

374  else 

376      disp('Too many Scans') 

377  end 

379  else  

380      disp('reductive direction') 
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382  if cvrNumberOfScans == 3 

384      disp('3 segments') 

  ⁞ 

406  elseif cvrNumberOfScans == 2 

408      disp('2 segments') 

  ⁞ 

417  else 

419      disp('Too many Scans') 

421 /423  end 

 

General Purpose 

 Selection of 

 the scan direction (oxidative or reductive) 

 the number of segments (two, three or more) 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 none 

To pick the correct peaks in the following section, it is crucial to differentiate between the forward 

and reverse half-waves of the CV. Therefore, the script has to read the corresponding passages from 

ReadDATcv or ReadDATcvr. This requires different reading and calculation steps, depending on 

the scan direction and the number of segments that were acquired. This sorting process is described 

in Code Section 8. The outer if – else command (lines 336, 379 and 423) checks for the scan 

direction. In Code Section 6, the variable cvrDirectionCheck has been defined. This is now used 

by the if command to check for an oxidative measurement (cvrDirectionCheck = 1). If this is 

the case, the message 'oxidative direction' will be displayed in the command window and 

MATLAB will head straight on with the script. For cvrDirectionCheck = 0 the script will move 

to the else option in line 379, display 'reductive direction' in the command window, and 

carry out the commands that follow directly. Finally, this if – else command is terminated by 

the end in line 423. The second, inner if – else command (lines 340, 362, 374, 382, 406, 417 

and 421) checks for the number of scans. Here, we don’t need a special Check command, as if 

can directly obtain the value cvrNumberOfScans that has been imported in Code Section 5. The 

mechanism that is used here associates the one for the scan direction with the extension of an 

elseif command in the middle of the loop, adding a third possible option to what can happen. 

This results in a sequence, where the first instance checks for three segments, the second one for 

two segments and the last one for everything above three segments, leading to an error message.      
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Code Section 9. Step 2 (example cvr, oxidative direction) 

344   cvrSeg1Range = cvrSwitchingPotential1-cvrInitalPotential; 

345  cvrSeg2Range = cvrSwitchingPotential1-cvrSwitchingPotential2; 

346  cvrSeg3Range = cvrInitalPotential-cvrSwitchingPotential2; 

347   

348  cvrSeg1U = ReadDATcvr(1:cvrSeg1Range,1); 

349  cvrSeg2U = ReadDATcvr(cvrSeg1Range:cvrSeg1Range+cvrSeg2Range,1); 

350  cvrSeg3U = ReadDATcvr(cvrSeg1Range+cvrSeg2Range+1:end,1); 

351   

352  cvrSeg1I = ReadDATcvr(1:cvrSeg1Range,2); 

353  cvrSeg2I = ReadDATcvr(cvrSeg1Range:cvrSeg1Range+cvrSeg2Range,2); 

354  cvrSeg3I = ReadDATcvr(cvrSeg1Range+cvrSeg2Range+1:end,2); 

355   

356  cvrForwardUraw = [cvrSeg3U; cvrSeg1U]; 

357  cvrForwardIraw = [cvrSeg3I; cvrSeg1I]; 

358  cvrReverseUraw = cvrSeg2U; 

359  cvrReverseIraw = cvrSeg2I; 

  ⁞ 

366  cvrSegRange = cvrSwitchingPotential1-cvrInitalPotential; 

367   

368  cvrForwardUraw = ReadDATcvr(1:cvrSegRange,1); 

369  cvrReverseUraw = ReadDATcvr(cvrSegRange:end,1);   

370  cvrForwardIraw = ReadDATcvr(1:cvrSegRange,2); 

371   cvrReverseIraw = ReadDATcvr(cvrSegRange:end,2);   

 

General Purpose 

 Construction of the forward and reverse waves that are needed for later peak picking 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 cvrForwardUraw 

 cvrForwardIraw 

 cvrReverseUraw 

 cvrReverseIraw 

 cvForwardUraw 

 cvForwardIraw 

 cvReverseUraw 

 cvReverseIraw 

 

After the two if – else loops, which have been described above, have chosen the correct 

scan direction and the number of scans, the enclosed command groups can construct the 

correct forward and reverse waves. The first example in this section (lines 344 - 359) 

corresponds to a measurement with reference in oxidative direction with three segments.  The 

first command triplet (lines 344 - 346) defines the ranges of the three segments in mV by 
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calculating the difference between the initial potential and the switching potentials. As the CVs 

are acquired with a step width of one millivolt, these potential ranges correspond to the values 

in the Read vectors that will make up the different segments. It is important to note that the 

cvrSegRange variables only contain one value. Thus, they mark the position of the last value 

in the Read vector that belongs to this segment. The second series of three commands (lines 

348 - 350) generates three vectors, each one for the potential values of one segment. This is 

achieved by reading the values from: 

 

 the beginning (1) to the last value of the first segment (cvrSeg1Range).  

 the last value of the first segment (cvrSeg1Range) to the last value of the second 

segment (cvrSeg1Range + cvrSeg2Range).  

 the last value of the second segment (cvrSeg1Range + cvrSeg2Range) to the last 

value of the third segment (end), which corresponds to the last value to be read.  

 

As we want to obtain the potential of the segments, we have to take the first column of the 

Read vector, which can be obtained from the second parameter 

ReadDATcvr(1:cvrSeg1Range,1). After that, the process is repeated with the values of the 

second column to extract the currents. The fourth command group (lines 356 - 359) combines 

the segments and denotes them as the forward and reverse scan. In this example, the forward 

scan is composed of the values of segment 3, as they are the more cathodic values, and the 

values of segment 1, as they are the more anodic ones. The reverse sweep corresponds to the 

second segment and is therefore just renamed to make the entire process more consistent.  

For cyclic voltammograms with merely two segments (lines 366 - 371), the process of obtaining 

the values of the forward and reverse scans equals the one described above. It can even be 

simplified, as there is one segment less to extract and no segments have to be combined in order 

to get a complete trace defining one scan direction. Nevertheless, the resulting variables are the 

same as before. With small adaptations, the same procedure will be applied for experiments in 

reductive direction or measurements without reference substance (see p. 127ff).  
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Code Section 10. (excerpts, example cvr) 
426   cvrForwardI = datasmooth(cvrForwardIraw,100); 

427 
 

cvrReverseI = datasmooth(cvrReverseIraw,100);  

428 
  

429 
 

cvrForwardIpos = -cvrForwardI; 

430 
 

MAXcvrForwardIpos = max(cvrForwardIpos); 

431 
 

cvrForwardIposnormalized = (cvrForwardIpos/MAXcvrForwardIpos); 

432 
  

433 
 

MAXcvrReverseI = max(cvrReverseI); 

434 
 

cvrReverseInormalized = cvrReverseI/MAXcvrReverseI; 

435 
  

436 
 

[PeakcvrForwardIposnormalized, idx] = 
findpeaks(cvrForwardIposnormalized,'MinPeakProminence', 
MinPeakProminence); 

437 
 

PeakcvrForwardU = cvrForwardUraw(idx); 

438 
 

clearvars idx; 

439 
  

440 
 

[PeakcvrReverseInormalized, idx] = findpeaks(cvrReverseInormalized, 
'MinPeakProminence', MinPeakProminence); 

441 
 

PeakcvrReverseU = cvrReverseUraw(idx); 

442 
 

clearvars idx; 
  

⁞ 

464 
 

PeakcvrReverseUFlipped = flip(PeakcvrReverseU); 

465 
  

466 
 

CheckPeakcvrForwardU = numel(PeakcvrForwardU); 

467 
 

CheckPeakcvrReverseUFlipped = numel (PeakcvrReverseUFlipped); 

468 
  

469 
 

if CheckPeakcvrForwardU == CheckPeakcvrReverseUFlipped 

470 
 

else 

471 
 

    open PeakcvrForwardU 

472 
 

    open PeakcvrReverseUFlipped 

473   end 

 

General Purpose 

 Smoothing of the currents 

 Determination of the peak potentials 

 Plotting of the constructed CVs and their maxima 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 PeakcvrForwardU  
 PeakcvrReverseUFlipped 
 PeakcvForwardU  
 PeakcvReverseUFlipped 

This section forms the key part of the script. After the different segments have been defined in 

the previous section, the script is now able to determine the maxima of the separate segments. 



A Matlab Script For Cyclic Voltammetry - Coding 

 
140 

These values are the basis for the calculation of the half-wave potentials of the individual waves. 

The first step of this process is the smoothing of the current values. The high sensitivity of the used 

potentiostat may lead to small wiggles, making a precise peak picking difficult to impossible. The 

most convenient way to cope with this problem is using the datasmooth command. The version 

used here is followed by two parameters. The first one defines the data set that shall be smoothed, 

the second one defines the degree of smoothing (m). This is done by applying a moving average 

over a window of 2m+1 values. Lines 429 – 434 serve to flip the forward scan and normalize the 

current values. This is necessary as the later used command findpeaks is only capable of picking 

positive maxima. The following lines 436 – 442 contain the actual peak picking, carried out with 

findpeaks. This command requires three parameters. Here cvrForwardIposnormalized 

defines the data set out of which findpeaks shall determine the peaks, 'MinPeakProminence' 

gives the modus how a peak is detected, and MinPeakProminence is the prominence that is used 

and was defined in Code Section 7. In contrast to previously used commands, we now obtain two 

values instead of only one. PeakcvrX contains the peak current values whereas idx gives the 

position of the peaks in the parent vector. The corresponding potentials are now extracted from the 

original forward or reverse potential vectors using the idx positions of the peak currents. After 

these values have been calculated, the constructed cyclic voltammogram and the two separate 

paths with their maxima will be displayed as shown in Fehler! Verweisquelle konnte nicht gefunden 

werden. by a command, corresponding to the one described in Code Section 6. After that, the flip 

command in line 464 inverts the peak potential vector of the reverse wave to sort the values in an 

increasing manner. The last lines of this section form a control command to compensate errors that 

might occur during the peak picking progress. In the first step of this sequence the number of 

elements within the two peak potential vectors (PeakcvrForwardU and 

PeakcvrReverseUFlipped) are extracted using the numel command. Afterwards an if – else 

command compares the numerical values of the peak maxima and moves on directly if they match 

or opens the two vectors in a new window, so the user can manually delete or add the wrong values.  
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Figure 98. Result of Code Section 10. Constructed CV and picked peaks (with reference, top; without reference, bottom). 
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Code Section 11. 
652   AllEcvr=((PeakcvrForwardU + PeakcvrReverseUFlipped)/2)'; 

653 
 

AllEcv=((PeakcvForwardU + PeakcvReverseUFlipped)/2)'; 

654 
  

655 
  

656 
 

cvrRefPotential=AllEcvr(cvrRefPeakNumber); 

657 
 

cvrCompPotential=AllEcvr(cvrCompPeakNumberRef); 

658 
 

cvCompPotential=AllEcv(cvCompPeakNumber); 

659 
  

660 
 

ShiftedBy=cvrRefPotential-Ref; 

661 
 

cvrCompPotentialShiftedTo=cvrCompPotential-ShiftedBy; 

662 
 

absCorrectionFactor=abs(cvrCompPotentialShiftedTo-cvCompPotential); 

663 
 

cvCorrectedPotentials = AllEcv-absCorrectionFactor; 
  

⁞ 

669 
 

DeltaEpUnCorr = abs(PeakcvForwardU - PeakcvReverseUFlipped); 

670 
 

DeltaEpcvr = (PeakcvrForwardU - PeakcvrReverseUFlipped); 

671 
 

DeltaEpRef = DeltaEpcvr(cvrRefPeakNumber); 

672 
 

DeltaEpCorrectionFactor1 = 0.057-DeltaEpRef; 

673 
  

674 
 

DeltaEpCorrWithRef = 
DeltaEpcvr(cvrCompPeakNumberRef)+DeltaEpCorrectionFactor1; 

675 
 

DeltaEpCorrectionFactor2 = DeltaEpCorrWithRef-
DeltaEpUnCorr(cvCompPeakNumber); 

676 
 

DeltaEpCorr = DeltaEpUnCorr+DeltaEpCorrectionFactor2; 
  

⁞ 

681 
 

cvForwardUcorr = cvForwardUraw-absCorrectionFactor; 

682   cvReverseUcorr = cvReverseUraw-absCorrectionFactor; 

 

General Purpose 

 Referencing of the have wave potentials 

 Calculation and correction of Ep values 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 cvCorrectedPotentials 

 cvForwardUcorr  

 cvReverseUcorr 

 DeltaEpUnCorr  

 DeltaEpCorr 

In this section the final referencing process takes place. AllEcvr and AllEcv contain the 

average values of the forward and reverse potentials and therefore correspond to the unreferenced 

half-wave potentials. Lines 656 – 658 then select the potentials of the waves that were defined by 

the user in Code Section 7. The following passage to line 663 calculates the correction factor relative 

to the reference and from this the shift of the compound waves without reference leading to 
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cvCorrectedPotentials as one key result of this script. After this crucial step, the uncorrected 

and corrected Ep values are calculated in a similar manner. 

 

Code Section 12. 
690   figure(4); 

691 
 

plot(cvForwardUcorr,cvForwardIraw*1000000,'k','LineWidth',2); 

692 
 

   hold on; 

693 
 

plot(cvReverseUcorr,cvReverseIraw*1000000,'k','LineWidth',2); 

694 
 

   hold on 

695 
 

plot([((cvForwardUcorr(1))+0.2); ((cvForwardUcorr(1))+0.2)], 
[((min(cvForwardIraw)*1000000)+1); 
((min(cvFowardIraw)*1000000)+2)], '-k', 'LineWidth', 2) 

696 
 

   hold off 

697 
 

axis([[cvForwardUcorr(1)  cvForwardUcorr(end)]    
((min(cvForwardIraw)*1000000)-0.1)  max(cvReverseIraw)*1000000]) 

698 
 

text(((cvForwardUcorr(1))+0.1),((min(cvFowardIraw)*1000000)+0.5), 
'1 µA', 'HorizontalAlignment','right', 'FontSize',16) 

699 
 

set(gca,'XDir','reverse'); 

700 
 

set(gca,'ytick',[]); 

701 
 

set(gca,'YColor','none'); 

703 
 

xlabel('{\itE} / V {\itvs.} Fc/Fc^{+}'); 

704 
 

ylabel('{\it I} / \muA'); 

706 
 

set(gca,'box','off'); 

707 
 

set(gca,'TickDir','out'); 

708 
 

set(gca, 'XTicklabel', num2str(get(gca, 'XTick')', '%.1f')) 

709 
 

set(gca,'FontSize',16); 

710 
 

set(gca,'LineWidth',1.75); 

713 
 

annotation('arrow',[0.19 0.29], [0.82 0.82],'Line-
Width',1.5,'HeadStyle','cback2'); 

714 
 

annotation('arrow',[0.29 0.19], [0.7 
0.7],'LineWidth',1.5,'HeadStyle','cback2'); 

716 
 

print(EMF,'-dmeta'); 

717 
 

print(SVG,'-dsvg'); 

719 
 

winopen (EMF); 

720 
  

721 
 
E12_mV = round(cvCorrectedPotentials*1000,0)'; 

722 
 
NumberRedox = numel(E12_mV); 

723 
 
RedoxProces = [1:NumberRedox]'; 

724 
 
DeltaEp_mV_corrected = round(DeltaEpCorr*1000,0); 

725 
 
DeltaEp_mV_uncorrected = round(DeltaEpUnCorr*1000,0); 

726 
  

727 
 
Res = table(RedoxProces ,E12_mV 
,DeltaEp_mV_uncorrected,DeltaEp_mV_corrected ) 

728   writetable(Res, XLSX ); 
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General Purpose 

 Plotting of the final, referenced CV 

 Generating *.emf and *.svg pictures  

 Generating result table in *.xlsx format 

 Input values to be entered by the user: 

  none 

 Resulting variables for further use in the script: 

 none 

 

The final section plots the resulting final, referenced cyclic voltammogram in usable fashion. The 

plot command sequence is primarily based on the ones used before. Some additions were made by 

adding a scale bar (line 695 and 698) and arrows (line 713 and 714) that can be positioned during 

the post processing using for example CorelDraw or a similar vector graphics editor. After the plot 

is completed, the plotted cyclic voltammogram is exported as *.emf and *.svg figures which are 

suitable for nearly all common operating systems and graphics editors.  To speed up the further 

processing, subsequently winopen opens the *.emf file in, for instance CorelDraw so the user can 

carry out the final manipulations. 

 

Figure 99. Resulting cyclic voltammogram from Code Section 12. 

The last lines of the script convert the half-wave potentials and Ep values to millivolts and write 

a table containing the final values using the table function of MATLAB. Finally, writetable 

generates an *.xlsx file carrying the name of the experiment with the prefix RES, that can be opened 

in Microsoft Excel.  
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6.3. DISCUSSION AND OUTLOOK 

Using this script makes it possible to reference, analyze and plot cyclic voltammograms with 

reasonable peak separations in less than one minute, even if the pick picking process does not work 

in an ideal manner and values have to be squeezed or added manually. Moreover, the risk of errors 

that may occur during the reading or typing of values, or the manual calculation of the values is 

minimized. The same process, carried out by hand will take, even for a skilled user, at least ten 

minutes, for untrained ones even longer. Hence, this script provides a powerful, time-saving and 

simultaneously an error-minimizing tool to process routine cyclic voltammograms. 

In future versions of this script it would be desirable to implement batch-processing to handle 

different scan rates in one loop and reduce the time consumption even further. Beyond that, a 

function that determines peak currents, and from those reversibility coefficients could be 

conceived.    



Summary 

 
146 

7. SUMMARY 

In this work, crystal violet-like tritylium dyes with redox-active vinyl-ruthenium or ferrocenyl 

substituents were studied. In the course of these investigations, a great impact of the character and 

the combination of the organometallic and organic substituents on the chemical, electrochemical 

and optical properties of these dyes was observed. Ranging from electrochromic behavior over 

solvatochromism to reduction-induced temperature-dependent dimerization processes, these 

compounds, which have been scarcely investigated to this day, exhibit a vast number of interesting 

characteristics.  

In the first part (Chapter 3), five new triphenylmethylium dyes are discussed, where one or two 

aryl substituents are constituted by a styryl-ruthenium unit. All complexes were fully characterized 

by means of NMR spectroscopy backed by combustion analyses and ESI-MS measurements (p. 18).  

 

Figure 100. Molecules investigated in Chapter 3. 

For better compatibility with these organometallic substituents, the usually used chloride, 

perchlorate or tetrafluoroborate anions were replaced by the ‘non-coordinating’ and inert 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. In NMR experiments, the extent of π-conjugation 

between the central cationic carbon atom and the styryl ruthenium substituent becomes most 

evident in the high-field shift of the carbonium carbon atom and the low-field shift of the α-vinyl 

proton resonances as well as the 31P shift.  Cyclic voltammetry (p. 21) reveals one reversible 

reduction, located on the tritylium core, and one oxidation per ruthenium unit. The potentials for 

these oxidations resemble those of the second oxidations of anisyl or styryl ruthenium complexes 

with an additional, appended redox site, which are oxidized first. Still, NMR spectroscopy 

unambiguously shows that all unipositively charged compounds are diamagnetic Ru(II) complexes 

and do not  show any valence tautomerism in the sense {Ru(II)}-CH=CH-C+Ar2 ↔ {Ru(III)+}-CH=CH-

C•Ar2. In the case of the complex RuNMe2NMe2
+, an additional oxidation process can be observed, 

which is based on one of the amino substituted aryl rings. The oxidation potentials correspond to 
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the electron richness of the two most strongly electron-donating aryl substituents while the third 

one exerts an only minor effect.  

A similar behavior can be observed in IR spectroscopic experiments (p. 24). Again, the 

hypsochromic shifts of the Ru(CO) stretching vibration compared to neutral ruthenium vinyl 

complexes reveal a strong influence of the carbocationic C+Ar2 substituent on the styryl ruthenium 

moiety. These effects are considerably attenuated on one-electron oxidation, as the Ru(CO) bands 

fall in a much narrower range of 1978 cm-1 to 1987 cm-1 when compared to the monocationic  

complexes (��(CO) 1921 cm-1 to 1945 cm-1). This is due to the fact that the strongest respective donor 

substituent (Ru-styryl in the methoxy substituted complexes or 4-dimethylaminophenyl) is most 

strongly involved in the first oxidation process. The bands for the reduced forms, on the other hand, 

appear at basically the same positions as in neutral, diamagnetic styryl-ruthenium complexes.  

On the further oxidation of complex RuNMe2NMe2
2+ to the trication, a charge redistribution away 

from the {Ru} center to a dimethylaniline functionality occurs. Applying GEIGER’S formalism to the 

dinuclear complex RuRuNMe2
2+ leads to a charge distribution between the two styryl ruthenium 

moieties of about 92 % : 8 %, rendering it a weakly coupled mixed-valent system of Class II according 

to ROBIN and DAY.147  

All accessible paramagnetic states were investigated by EPR spectroscopy (p. 32). For the reduced 

forms of all complexes, a broad isotropic signal with no hyperfine splittings and a 

giso-value between 2.00 and 2.01 was obtained. Oxidation to the dications led to triplet signals 

caused by the hyperfine coupling of the unpaired spin to the phosphorus nuclei at the ruthenium 

atom with underlying couplings to the vinyl protons.  

 

 

Figure 101. Experimental (top left) and simulated (bottom left) EPR spectra of RuOMeH2+• and RuOMeH• (right) in CH2Cl2 
solution at r. t. 

The charge redistribution for complex RuNMe2NMe2
3+, as observed in IR spectroscopy, goes hand 

in hand with a spin redistribution, as indicated by resolved hyperfine coupling to the 14N nuclei as 

the only observable hyperfine interaction. Finally, a comparison of the A(31P) hfs in the dinuclear 

complex RuRuNMe2
2+ with those of its mononuclear analogs allows us to propose the Δω parameter. 
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This parameter allows for a quantitative description of the spin density distribution in mixed-valent 

complexes with two styryl ruthenium moieties. It appears that Δω attains a value of 0.5, indicating 

complete spin delocalization, once Δρ attains a value of only 0.2. This discrepancy arises from the 

difference of the inherent time scales of the IR and EPR experiments of ca. 10-12 s and 10-8 s for IR 

and EPR spectroscopy, respectively.   

UV/Vis/NIR spectroscopy (p. 37) revealed a strong influence of the ruthenium centers on the 

optical properties of the dyes. For all complexes, significant red shifts of the HOMO-LUMO transition 

were observed, with complexes RuOMeH+ (773 nm) and RuOMeOMe+ (773 nm) absorbing in the 

near infrared. Moreover, these complexes are intensely colored, excelling even Crystal Violet in 

terms of their extinction coefficients.  

 

Figure 102. Comparison of the UV/Vis spectra of all five complexes in their monocationic forms (left) and of the x- and 
y-bands of complexes RuOMeOMe+ and RuNMe2NMe2

+ (right). 

With the oxidized and reduced states available, a pronounced polyelectrochromic behavior could 

be established, which covers an optical range from red over green to blue, depending on the redox-

state. For the oxidized, dinuclear complex RuRuNMe2
2+, an IVCT band could be observed that 

underpins its mixed-valent character. 

To further investigate the influence of the organometallic substituent, the previously used vinyl-

ruthenium moiety was replaced by a ferrocenyl moiety. The results of these investigations are 

discussed in Chapter 4.  

 

Figure 103. Molecules investigated in Chapter 4. 
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Based on this modification of the target molecules, a series of four organometallic tritylium dyes 

is presented, where one ferrocenyl substituent is incorporated into the tritylium scaffold. Hence, 

the ferrocene serves not a para-substituent on a phenyl ring of the tritylium dye, but as integral 

building block of the triarylmethane motif. All precursors and complexes were fully characterized by 

one- and two-dimensional NMR spectroscopy, as well as by ESI mass spectrometry. In the 1H-NMR 

spectra, the adjacent CAr2
+ unit leads to strong and atypical shifts of the proton resonances of the 

monosubstituted cyclopentadienyl ring (p. 54). For the precursors FcMonoNMe2-OH, 

FcMonoMeOMe-OH and the complex Fc*MonoOMe+, single crystals could be obtained that were 

suitable for X-ray analysis. The structure of the latter complex showed a high degree of coplanarity 

between the stronger Fc donor and the plane around the cationic methylium carbon atom and the 

immediately attached ipso carbon atoms and a larger rotation of the anisyl rings. Nevertheless, a 

sizable quinoidal distortion of ca. 40 % was observed which indicates that the anisyl rings still 

contribute to delocalizing the positive charge.  

All complexes exhibit two reversible redox processes (p. 67). With oxidation potentials of larger 

than 800 mV vs. the ferrocene/ferrocinium redox couple, complexes FcMonoOMe+ and 

FcMonoMeOMe+ demonstrate the highest E1/2 values for monosubstituted ferrocenes reported so 

far.  

 

Figure 104. From top to bottom: Comparison of cyclic voltammograms of Crystal Violet, FcMonoNMe2
+, Fc*MonoOMe+, 

FcMonoOMe+ and FcMonoMeOMe+ (v = 100 mV/s) in CH2Cl2 at T = 293(± 3) K with the 0.1 mM NBu4
+B{C6H3(CF3)2}4

- 
electrolyte. 

This result is backed by the Mößbauer spectra of these complexes, which show smaller quadrupole 

splittings ΔEQ than usual. As conceived, all complexes display an intense green to yellow coloration 

(p. 72). This can be attributed to strong absorptions between 400 nm and 700 nm with molar 

extinction coefficients of up to 80000 L mol-1 cm-1. These ferrocene-based tritylium ions exhibit an 

additional band of lower energies which is not found in ordinary tritylium dyes. This band results 
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from charge transfer from the Fe(II) ion to the CAr2
+ acceptor. Trends in the relative positioning of 

the x- and y-bands, which originate from charge transfer from the donor-substituted aryl (x-band) 

or the Cp rings (y-band) to the same acceptor unit, follow the electron richness of the corresponding 

donors. Thus, replacement of the anisyl- by the dimethylamino substituted phenyl rings causes a 

stronger red-shift of the x- versus the y-band whereas the opposite holds true for the FcMonoOMe+ 

/ Fc*MonoOMe+ pair of complexes.  

 

 

Figure 105. Changes of UV/Vis/NIR spectra of complexes FcMonoNMe2
+ (top) and FcMonoOMe+ (bottom) (1,2-C2H4Cl2, 

NBu4
+B{C6H3(CF3)2}4

-, T = 293(± 3) K) during the oxidation (blue to red, left) and the reduction (blue to yellow, right). 

Moreover, the spectroscopic signatures for the oxidized and reduced forms were investigated. 

These experiments demonstrated the pronounced electrochromic behavior of these compounds, 

making a large variety of colors accessible by merely changing the oxidation state of the compounds. 

Finally, EPR experiments (p. 77) were conducted on the reduced forms of the complexes. The 

oxidized dicationic complexes give no detectable signature in a temperature range from 20 °C to  

-150 °C. Yet, the neutral forms gave slightly broadened isotropic signals, whose intensity reversibly 

decreases on cooling. This behavior could be explained by a dimerization of the monomeric radicals. 

While different possible structures of these dimers can be conceived, the para substitution of the 

aryl rings, the only moderately effect of replacing the unsubstituted Cp ring by Cp*, and the 

disruption of the stable ferrocene structure(s) in the other possible dimers leave an authentic 

hexaarylethane as the most probable structural alternative. This is further supported by DFT-based 

geometry optimization, which results in a relatively long central C-C bond, yet a reasonably 

unstrained structure. We also note that the calculated C-C bond length is in excellent agreement 
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with the estimated value of 170 pm based on an empirical correlation between the C-C bond length 

and the bond dissociation energy. 

 

Figure 106. Left: Temperature dependent EPR spectra of complex FcMonoNMe2
• in CH2Cl2 after chemical reduction of 

the cationic complexes with cobaltocene. Right: Optimized structure of the dimer (FcMonoNMe2)2 as obtained by DFT 
calculations. 

 

Based on these interesting and promising results, in the next part of this work (Chapter 5), the 

mono-tritylium ferrocenes of Chapter 4 were extended by a second CAr2
+ unit in the 1’ position of 

the ferrocene, leading to even more electron deficient and thus reactive compounds.  

 

Figure 107. Molecules investigated in Chapter 5. 

The synthesis (p. 92) was accomplished according to the monosubstituted analogues with methyl-

1,1’-ferrocenedicarboxylate as starting material and subsequent reaction with lithiated aryls. 

Complex FcBisNMe2
2+ could be fully characterized by means of NMR spectroscopy and ESI mass 

spectrometry. Complexes FcBisOMe2+ and FcBisMeOMe2+ were, due the formation of paramagnetic 

valence tautomers, hardly or entirely unsuitable for NMR spectroscopy. Yet, the distinct color 

changes during the synthesis, the ESI mass spectra as well as their cyclic voltammograms leave no 

doubt about their identity. Cyclic voltammetry (p. 93) led for complex FcBisNMe2
2+ to rather 

expected results with a reversible oxidation at 670 mV for the ferrocene core and two reversible 

reduction processes at -935 mV and -1340 mV for the two tritylium substituents. The methoxy-
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substituted analogues show both the same number of redox processes, yet their potentials are 

drastically shifted to 1640 mV (FcBisOMe2+) or 1870 mV (FcBisMeOMe2+). Even more striking are the 

potentials of the reduction processes. They are disproportionately shifted to higher potentials, 

which can be best explained by a stabilization of the mono-reduced forms via a cation-radical 

interaction enabled by the structural flexibility of the systems.  

One of the most fascinating characteristics of these complexes are their optical properties (p. 105). 

Although only complex FcBisNMe2
2+ is durable enough to withstand longer exposure to UV light and 

is therefore suitable for spectroelectrochemical investigations, already the native dicationic forms 

of these complexes show interesting features. Complexes FcBisOMe2+ and FcBisMeOMe2+ exhibit an 

unprecedented solvatochromic behavior with colors ranging from deep red over green to yellow.  

 

Figure 108. Optical impression of complexes FcBisOMe2+ (top) and FcBisMeOMe2+ (bottom) in different solvents with 
increasing GUTMANN donor numbers (from left to right). 

In anisole even a temperature dependency of the coloration could be observed. This is most 

probably due to the unique capability of these complexes of forming pincer-like structures with 

ferrocene serving as a hinge.  

 

Figure 109. Temperature dependent color change of complex FcBisOMe2+ in phenyl methyl ether. 
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Investigations in nine common lab solvents gave a clear trend, linking the donor atom of the 

solvent with the observed absorption spectrum, with weakly coordinating solvents leading to a red 

hue, O-donating solvents resulting in a green, and N-donating solvents in yellow solutions.  Another 

unexpected aspect of the complex FcBisOMe2+, that is likewise based on the structural flexibility, is 

the reactivity of its neutral form. Upon reduction to the diradical under air a stable ansa-peroxo 

ferrocenophane is formed.  

 

Figure 110. Perspective view of one of the independent molecules in the unit cell of complex ansa-FcBisOMe-O2. 
Hydrogen atoms are omitted for the sake of clarity. The ellipsoids are displayed at a 50 % probability level. 

The same could be observed for the radical cation, where the formation of the open peroxo 

ferrocene lowers the reduction potential to such an extent that even decamethylferrocene is 

capable of generating the fully reduced form, which than can form the closed ansa-peroxide. This 

reactivity was only observed in the case of the para-methoxy complex. For the complexes 

FcBisNMe2
2+ and FcBisMeOMe2+ this kind of reactivity seems to be suppressed for either electronical 

or sterical reasons. Besides O2 only water led to comparable results, indicating a sweet spot between 

the architecture of complex FcBisOMe2+ and these reactants.  

EPR spectroscopy (p. 98) reveals that especially the electron poor methoxy complexes of this 

chapter are highly flexible systems when it comes to charge and spin density. Therefore, it could be 

shown that complex FcBisOMe2+ can thermally be excited to a triplet state, leading to a 

paramagnetic dicationic diradical. The monoreduced forms FcBisNMe2
+• and FcBisOMe+• did show, 

just like the mono-trityl systems, dimerization upon cooling whereas complex FcBisMeOMe+• 

behaved differently by again forming triradicalic valence tautomer. The fully reduced complex 

FcBisOMe2• again shows dimerization resulting in still paramagnetic di- and oligomers. 
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The last chapter of this work (Chapter 6) is not a synthetic but an IT-based one which describes a 

newly developed MATLAB script to process cyclic voltammograms.   

 

Figure 111. Results of the different processing steps described in Chapter 6. 

Using this script makes it possible to reference, analyze and plot cyclic voltammograms with 

reasonable peak separations in less than one minute, even if the peak picking process does not work 

in an ideal manner and values have to be deleted or added manually. Moreover, the risk of errors 

that may occur during the reading or typing of values or the manual calculation of the values is 

minimized. The same process, carried out by hand will take, even for a skilled user, at least ten 

minutes, for untrained ones even longer. Hence, this script provides a powerful, time-saving and 

simultaneously an error-minimizing tool to process routine cyclic voltammograms. 

In future versions of this script it would be desirable to implement batch-processing to handle 

different scan rates in one loop and reduce the time consumption even further. Beyond that, a 

function that determines peak currents, and from those reversibility coefficients could be 

conceived.     
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8. ZUSAMMENFASSUNG 

In dieser Arbeit wurden dem Kristallviolett analoge Trityliumfarbstoffe mit redoxaktiven Vinyl-

Ruthenium- oder Ferrocenylsubstituenten untersucht. Im Laufe dieser Studien wurde ein 

erheblicher Einfluss des Charakters und der Kombination der metallorganischen und organischen 

Substituenten auf die chemischen, elektrochemischen und optischen Eigenschaften dieser 

Farbstoffe beobachtet. Von elektrochromem Verhalten über Solvatochromie bis hin zu 

reduktionsinduzierten temperaturabhängigen Dimerisierungsprozessen weisen diese 

Verbindungen, die bis heute kaum untersucht wurden, eine breite Palette interessanter 

Eigenschaften auf.  

Im ersten Teil (Kapitel 3) werden fünf neue Triphenylmethyliumfarbstoffe diskutiert, wobei ein 

oder zwei Arylsubstituenten aus einer Styrylrutheniumeinheit bestehen. Alle Komplexe wurden 

vollständig mittels NMR-Spektroskopie charakterisiert, unterstützt durch Verbrennungsanalysen 

und ESI-MS-Messungen (S. 18).  

 

 

Abbildung 1. In Kapitel 3 untersuchte Komplexe. 

Zur besseren Kompatibilität mit diesen metallorganischen Substituenten wurden die 

üblicherweise verwendeten Chlorid-, Perchlorat- oder Tetrafluoroboratanionen durch das "nicht 

koordinierende" und inerte Tetrakis[3,5-bis(trifluormethyl)phenyl]borat) ersetzt. In NMR-

Experimenten manifestiert sich das Ausmaß der π-Konjugation zwischen dem zentralen 

kationischen Kohlenstoffatom und dem Styryl-Ruthenium-Substituenten am deutlichsten in der 

Hochfeldverschiebung des Carbonium-Kohlenstoffatoms und der Tieffeldverschiebung der α-Vinyl-

Protonenresonanzen sowie der 31P-Verschiebung. Cyclovoltammetrische Untersuchungen (S. 21) 

zeigen eine reversible Reduktion für die Trityliumeinheit, sowie eine Oxidation pro 

Rutheniumeinheit. Die Potenziale für diese Oxidationen ähneln denen der zweiten Oxidationen von 

Anisyl- oder Styrylrutheniumkomplexen mit einem zusätzlichen redoxaktiven Substituenten, wenn 

dieser zuerst oxidiert wird. Dennoch zeigt die NMR-Spektroskopie eindeutig, dass alle unipositiv 
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geladenen Verbindungen diamagnetische Ru(II)-Komplexe sind und keine Valenztautomerie im 

Sinne von {Ru(II)}-CH=CH-C+Ar2 ↔ {Ru(III)+}-CH=CH-C•Ar2 aufweisen. Für den Komplex 

RuNMe2NMe2
+ ist ein zusätzlicher Oxidationsprozess zu beobachten, der auf einem der 

aminosubstituierten Arylringe basiert. Die Oxidationspotenziale werden durch den 

Elektronenreichtum der beiden am stärksten elektronenschiebenden Arylsubstituenten bestimmt, 

während der dritte nur einen geringen Effekt ausübt.  

Ein ähnliches Verhalten lässt sich in IR-spektroskopischen Experimenten beobachten (S. 24). Auch 

hier zeigen die hypsochromen Verschiebungen der Ru(CO) Streckschwingungen im Vergleich zu 

neutralen Ruthenium-Vinylkomplexen einen starken Einfluss des carbokationischen C+Ar2-

Substituenten. Diese Effekte werden nach der ersten Ein-Elektronen-Oxidation erheblich 

abgeschwächt, da die Ru(CO) - Banden im Vergleich zu den monokationischen Komplexen in einen 

viel kleineren Bereich von 1978 cm-1 bis 1987 cm-1 fallen (��(CO)  

1921 cm-1 -  1945 cm-1). Dies liegt daran, dass der jeweils stärkste Donorsubstituent (Ru-Styryl in den 

methoxy substituierten Komplexen oder 4-Dimethylaminophenyl) am stärksten am ersten 

Oxidationsprozess beteiligt ist. Die Banden für die reduzierten Formen hingegen erscheinen im 

Wesentlichen an den gleichen Positionen wie bei neutralen, diamagnetischen Styryl-

Rutheniumkomplexen.  

Bei der weiteren Oxidation des Komplexes RuNMe2NMe2
2+ zum Trikation kommt es zu einer 

Ladungsumverteilung weg vom {Ru}-Zentrum und hin zu einer Dimethylanilin-Einheit. Die 

Anwendung des GEIGER-Formalismus auf den dinuklearen Komplex RuRuNMe2
2+ führt zu einer 

Ladungsverteilung zwischen den beiden Styrylrutheniumeinheiten von ca. 92 % : 8 %, was ihn zu 

einem schwach gekoppelten gemischtvalenten System der Klasse II nach ROBIN und DAY147 macht.  

Alle zugänglichen paramagnetischen Zustände wurden mittels der ESR-Spektroskopie untersucht 

(S. 32). Die reduzierten Formen aller Komplexe zeigen ein breites isotropes Signal ohne 

Hyperfeinaufspaltungen und einem giso-Wert zwischen 2.00 und 2.01. Oxidation zu den Dikationen 

führte zu Triplett-Signalen, die durch die Wechselwirkung des ungepaarten Spins mit den 

Phosphorkernen am Rutheniumatom sowie durch die Kopplung mit den Vinylprotonen verursacht 

werden.  
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Abbildung 2. Simuliertes (blau) und experimentelle (schwarz) ESR Spektren von RuOMeH2+• (links) und RuOMeH• (rechts) 
in CH2Cl2 Lösung bei Raumtemperatur. 

 

Die Ladungsumverteilung für Komplex RuNMe2NMe2
3+, wie sie in der IR-Spektroskopie beobachtet 

wird, geht Hand in Hand mit einer Umverteilung der Spindichte, welche durch eine aufgelöste 

Hyperfeinkopplung mit dem 14N-Kern erkennbar ist. Schließlich erlaubt uns ein Vergleich der A(31P)- 

Kopplungen im dinuklearen Komplex RuRuNMe2
2+ mit denen seiner mononuklearen Analoga, den 

Parameter Δω vorzuschlagen. Dieser Parameter ermöglicht eine quantitative Beschreibung der 

Spindichteverteilung in gemischtvalenten Komplexen mit zwei Styryl-Ruthenium-Einheiten. Es 

scheint, dass Δω einen Wert von 0,5 erreicht, was auf eine vollständige Spindelokalisierung hinweist, 

während Δρ nur einen Wert von etwa 0.2 erreicht, was einer nur partiellen Ladungsdelokalisation 

entspricht. Diese Diskrepanz ergibt sich aus der Differenz der inhärenten Zeitskalen der IR- und EPR-

Experimente von ca. 10-12 s bzw. 10-8 s für die IR- respektive EPR-Spektroskopie.  

Die UV/Vis/NIR-Spektroskopie (S. 37) zeigte einen starken Einfluss der Rutheniumzentren auf die 

optischen Eigenschaften der Farbstoffe. Für alle Komplexe wurden signifikante Rotverschiebungen 

des HOMO-LUMO-Übergangs beobachtet, wobei die Komplexe RuOMeH+ (773 nm) und 

RuOMeOMe+ (773 nm) im nahen Infrarot absorbieren. Darüber hinaus sind diese Komplexe intensiv 

gefärbt und übertreffen hinsichtlich ihrer Extinktionskoeffizienten sogar Kristallviolett.  

 

Abbildung 3. Vergleich der UV/Vis Spektren aller fünf Komplexe in deren monokationischen Formen (links) sowie der x- 
und y-Banden der Komplexe RuOMeOMe+ und RuNMe2NMe2

+ (rechts). 
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Mit den verfügbaren oxidierten und reduzierten Zuständen konnte ein ausgeprägtes 

polyelektrochromes Verhalten erreicht werden, das je nach Redox-Zustand einen optischen Bereich 

von rot über grün bis blau abdeckt. Für den oxidierten, dinuklearen Komplex RuRuNMe2
2+ konnte 

eine Intervalenz-Charger-Transfer-Bande beobachtet werden, die den gemischtvalenten Charakter 

dieses Zustandes unterstreicht. 

Um den Einfluss des metallorganischen Substituenten weiter zu untersuchen, wurde die bisher 

verwendete Vinyl-Ruthenium-Einheit durch einen Ferrocenylrest ersetzt. Die Ergebnisse der 

Untersuchungen an diesen Verbindungen werden in Kapitel 4 diskutiert.  

 

 

Abbildung 4. In Kapitel 4 untersuchte Komplexe. 

Basierend auf Modifikationen der Zielmoleküle wird eine Reihe von vier metallorganischen 

Trityliumfarbstoffen vorgestellt, wobei ein Ferrocenylsubstituent in das Trityliumgerüst integriert ist 

wird. Die Ferrocen-Einheit dient somit nicht als para-Substituent an einem Phenylring des 

Trityliumfarbstoffs, sondern als integraler Baustein des Triarylmethanmotivs. Alle Präkursoren und 

Komplexe wurden vollständig durch ein- und zweidimensionale NMR-Spektroskopie sowie ESI-

Massenspektrometrie charakterisiert. In den 1H-NMR-Spektren führt die benachbarte CAr2
+-Einheit 

zu starken und atypischen Verschiebungen der Protonenresonanzen des monosubstituierten 

Cyclopentadienylringes (S. 54). Für die Präkursorkomplexe FcMonoNMe2-OH und FcMonoMeOMe-

OH sowie den Zielkomplex Fc*MonoOMe+ konnten Einkristalle erhalten werden, die sich für die 

Röntgenstrukturanalyse eigneten. Die Struktur des letzteren Komplexes zeigte ein hohes Maß an 

Koplanarität zwischen dem stärkeren Fc-Donor und der Ebene, welche das kationische Methylium-

Kohlenstoffatom und die unmittelbar gebundenen ipso-Kohlenstoffatome aufspannen, sowie eine 

stärkere Verdrehung der Anisylringe. Dennoch wurde für die Anisylringe eine beträchtliche chinoide 

Verzerrung von ca. 40 % beobachtet, was darauf hindeutet, dass die Anisylringe nach wie vor zur 

Delokalisierung der positiven Ladung beitragen.  
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Abbildung 5. Von oben nach unten: Vergleich der Cyclovoltammogramme von Kristallviolett, FcMonoNMe2
+, 

Fc*MonoOMe+, FcMonoOMe+ und FcMonoMeOMe+ (v = 100 mV/s) in CH2Cl2 bei T = 293(± 3) K mit 0.1 mM 
NBu4

+B{C6H3(CF3)2}4
- als Elektrolyt. 

Alle Komplexe weisen zwei reversible Redoxprozesse auf (S. 67). Mit Oxidationspotentialen von 

mehr als 800 mV gegenüber dem Ferrocen/Ferrocinium-Redox-Paar weisen die Komplexe 

FcMonoOMe+ und FcMonoMeOMe+ die bisher höchsten E1/2-Werte für monosubstituierte 

Ferrocene auf. Unterstützt wird dieses Ergebnis durch die Mößbauer-Spektren dieser Komplexe, 

welche deutlich kleinere Quadrupolaufspaltungen ΔEQ als herkömmliche Ferrocene aufweisen. Wie 

erwartet zeigen alle Komplexe eine intensive grüne bis gelbe Färbung (S. 72). Dies ist auf starke 

Absorptionen zwischen 400 nm und 700 nm mit molaren Extinktionskoeffizienten von bis zu 

80000 L mol-1 cm-1 zurückzuführen. Diese Ferrocen-basierenden Trityliumionen weisen eine 

zusätzliche Bande bei niedrigerer Energie auf, die in herkömmlichen Trityliumfarbstoffen nicht zu 

finden ist. Diese Bande resultiert aus dem Ladungstransfer vom Fe(II)-Ion zum CAr2
+-Akzeptor. Die 

relativen Positionen der x- und y-Banden, welche dem Ladungstransfer vom donorsubstituierten 

Aryl (x-Band) oder den Cp-Ringen (y-Band) zur gleichen Akzeptoreinheit entsprechen, korrelieren 

mit dem Elektronenreichtum der entsprechenden Donoren. So führt der Ersatz des anisyl- durch die 

dimethylaminosubstituierten Phenylringe zu einer stärkeren Rotverschiebung der x- gegenüber der 

y-Bande, während das Komplexpaar FcMonoOMe+ / Fc*MonoOMe+ genau umgekehrt verhält. 

Darüber hinaus wurden die spektroskopischen Signaturen für die oxidierten und reduzierten 

Formen untersucht. 
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Abbildung 6. Änderung der UV/Vis/NIR Spektren der Komplexe FcMonoNMe2
+ (oben) und FcMonoOMe+ (unten) (1,2-

C2H4Cl2, NBu4
+B{C6H3(CF3)2}4

-, T = 293(± 3) K) während der Oxidation (blau nach rot, links) und der Reduktion (blau nach 
gelb, rechts). 

 Diese Experimente zeigten das ausgeprägte elektrochrome Verhalten dieser Verbindungen und 

machten eine Vielzahl von Farben zugänglich, indem lediglich die Oxidationsstufe der Verbindungen 

geändert wird.  

Schließlich wurden ESR-Experimente (S. 77) an den reduzierten Formen der Komplexe 

durchgeführt. Die oxidierten, dikationischen Komplexe zeigen in einem Temperaturbereich von 

20 °C bis -150 °C keine nachweisbare Signatur. Die neutralen Formen lieferten jedoch leicht 

verbreiterte isotrope Signale, deren Intensität beim Abkühlen reversibel abnimmt. Dieses Verhalten 

kann durch eine Dimerisierung der monomeren Radikale erklärt werden.  

 

Abbildung 7. Links: Temperaturabhängige ESR Spektren von Komplex FcMonoNMe2
• in CH2Cl2 nach chemischer 

Reduktion des kationischen Komplexes mit Cobaltocen. Rechts: Mittels DFT-Rechnungen optimierte Struktur des Dimers 
(FcMonoNMe2)2. 
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Während verschiedene mögliche Strukturen für diese Dimere denkbar sind, lassen die para-

Substitution der Arylringe, der nur mäßige Effekt beim Ersetzen des unsubstituierten Cp-Rings durch 

Cp* und die Störung der stabilen Ferrocenstruktur(en) in den anderen möglichen Dimeren ein 

echtes Hexaarylethan als wahrscheinlichste strukturelle Alternative erscheinen. Dies wird durch die 

DFT-basierte Geometrieoptimierung unterstützt, die zu einer relativ langen zentralen C-C-Bindung 

bei einer vergelichsweise spannungsfreien Struktur führt. Wir stellen auch fest, dass die berechnete 

C-C-Bindungslänge mit dem Schätzwert von 170 pm auf der Grundlage einer empirischen 

Korrelation zwischen der Bindungslänge und der Bindungsenergie ausgezeichnet übereinstimmt. 

Basierend auf diesen interessanten und vielversprechenden Ergebnissen wurden im nächsten Teil 

dieser Arbeit (Kapitel 5) die Monotrityliumferrocene von Kapitel 4 um eine zweite CAr2
+-Einheit in 

der 1'-Position des Ferrocens erweitert, was zu noch elektronenärmeren und damit reaktiven 

Verbindungen führte.  

 

Abbildung 8. In Kapitel 5 untersuchte Komplexe. 

Die Synthese (S. 92) erfolgte entsprechend den monosubstituierten Analoga mit Ferrocen-1,1'-

dicarbonsäuremethylester als Ausgangsmaterial und anschließender Reaktion mit lithiierten Arylen. 

Der Komplex FcBisNMe2
2+ konnte mittels NMR-Spektroskopie und ESI-Massenspektrometrie 

vollständig charakterisiert werden. Die Komplexe FcBisOMe2+ und FcBisMeOMe2+ waren aufgrund 

der Bildung von paramagnetischen Valenztautomeren für die NMR-Spektroskopie kaum oder gar 

nicht geeignet. Die ausgeprägten Farbveränderungen während der Synthese, die ESI-

Massenspektren sowie die Cyclovoltammogramme lassen jedoch keinen Zweifel an ihrer Identität. 

Cyclovoltammetrische Experimente (S. 93) führen für den Komplex FcBisNMe2
2+ zu erwarteten 

Ergebnissen mit einer reversiblen Oxidation bei 670 mV für die Ferroceneinheit und zwei reversiblen 

Reduktionsprozessen bei -935 mV und -1340 mV für die beiden Trityliumsubstituenten. Die methoxy 

substituierten Analoga zeigen beide die gleiche Anzahl von Redoxprozessen, wobei ihre Potentiale 

jedoch drastisch auf 1640 mV (FcBisOMe2+) und 1870 mV (FcBisMeOMe2+) verschoben sind. Noch 

auffälliger sind die Potentiale der Reduktionsprozesse. Diese werden überproportional stark zu 

höheren Potentialen hin verschoben, was am besten durch eine Stabilisierung der monoreduzierten 
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Formen über eine Radikal-Kation-Wechselwirkung erklärt werden kann, welche durch die 

strukturelle Flexibilität der Systeme ermöglicht wird.  

Zu den faszinierendsten Eigenschaften dieser Komplexe zählen ihre optischen Eigenschaften (S. 

105). Obwohl nur Komplex FcBisNMe2
2+ langlebig genug ist, um einer längeren UV-Belastung 

standzuhalten und sich daher für spektroelektrochemische Untersuchungen eignet, zeigen bereits 

die Grundzustände dieser Komplexe interessante Eigenschaften. Die Komplexe FcBisOMe2+ und 

FcBisMeOMe2+ zeigen ein beispielloses solvatochromes Verhalten, wobei die Farben von tiefrot 

über grün bis gelb reichen.  

 

Abbildung 9. Optischer Eindruck der Komplexe FcBisOMe2+ (oben) und FcBisMeOMe2+ (unten) in verschiedenen 
Lösungsmitteln. 

In Anisol konnte sogar eine Temperaturabhängigkeit der Farbe der Lösung beobachtet werden. 

Dies wird wiederum durch die Fähigkeit ermöglicht, pincer-artige Strukturen zu bilden, bei denen 

das Ferrocen als Scharnier dient.  

 

 

Abbildung 10. Temperaturabhängige Farbänderung des Komplexes FcBisOMe2+ in Phenylmethylether. 
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Untersuchungen in neun gängigen Laborlösungsmitteln zeigten einen klaren Trend, der das 

Donoratom des Lösungsmittels mit dem beobachteten Absorptionsspektrum in Beziehung setzt. 

Schwach koordinierende Lösungsmittel führen zu einem rötlichen Farbton führten während O-

donierende Lösungsmittel zu einer grünen und N-donierenden Lösungmittel zu einer gelben Lösung 

führen.  Ein weiterer unerwarteter Aspekt des Komplexes FcBisOMe2+, der ebenfalls auf seiner 

strukturellen Flexibilität basiert, ist die Reaktivität seiner neutralen Form. Bei der Reduktion des 

Diradikals an Luft entsteht ein stabiles ansa-Peroxoferrocenophan.  

 

Abbildung 11. Perspektivische Ansicht eines der unabhängigen Moleküle in der Einheitszelle des Komplexes ansa-
FcBisOMe-O2. Aus Gründen der Übersichtlichkeit wurden die Wasserstoffatome nicht abgebildet. Die Ellipsoide sind mit 
einer Aufenthaltswahrscheinlichkeit von 50 % dargestellt. 

Dasselbe gilt für das Radikalkation, wobei die Bildung des offenen Peroxoferrocens das 

Reduktionspotenzial so weit senkt, dass auch Decamethylferrocen in der Lage ist, die vollständig 

reduzierte Form zu erzeugen, die dann das geschlossene ansa-Peroxid bilden kann. Diese Reaktivität 

wurde nur beim para-methoxy substituierten Komplex beobachtet. Für die Komplexe FcBisNMe2
2+ 

und FcBisMeOMe2+ scheint dies entweder aus elektronischen oder sterischen Gründen nicht 

möglich zu sein. Neben Sauerstoff führte nur Wasser zu vergleichbaren Ergebnissen, was auf einen 

Sweet Spot zwischen der Architektur des Komplexes FcBisOMe2+ und diesen beiden Reaktanden 

hinweist.  

ESR-spektroskopische Untersuchungen (S. 98) zeigen, dass insbesondere die untersuchten 

elektronenarmen Methoxykomplexe dieses Kapitels hochflexible Systeme in Bezug auf Ladung und 

Spindichte sind. Hier konnte gezeigt werden, dass der Komplex FcBisOMe2+ thermisch in einen 

Triplett-Zustand angeregt werden kann, der zu einem paramagnetischen dikationischen Diradikal 

führt. Die monoreduzierten Formen FcBisNMe2
+• und FcBisOMe+• zeigten, genau wie die Monotrityl-

Systeme, eine Dimerisierung beim Abkühlen. Der vollständig reduzierte Komplex FcBisOMe2• zeigt 

ebenso eine Dimerisierung, die aber zu weiterhin paramagnetischen Di- und Oligomeren führt. 
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Das letzte Kapitel dieser Arbeit (Kapitel 6) ist kein synthetisches, sondern ein EDV-basiertes 

Kapitel, welches ein neu entwickeltes MATLAB-Skript zur Auswertung  von Cyclovoltammogrammen 

beschreibt.   

 

Abbildung 12. Ergebnisse der verschiedenen in Kapitel 6 beschriebenen Arbeitsschritte. 

Mit diesem Skript ist es möglich, Cyclovoltammogramme mit ausreichenden Peakabständen in 

weniger als einer Minute zu referenzieren, zu analysieren und darzustellen, auch wenn der 

Peakpicking-Prozess nicht optimal funktioniert und Werte manuell entfernt oder hinzugefügt 

werden müssen. Darüber hinaus wird das Risiko von Fehlern, die beim Ablesen oder Eingeben von 

Werten oder bei der manuellen Berechnung der Werte auftreten können, minimiert. Der gleiche 

Prozess dauert, von Hand durchgeführt, auch für einen erfahrenen Benutzer, mindestens zehn 

Minuten, für Ungeübte noch länger. Damit bietet dieses Skript ein leistungsfähiges, zeitsparendes 

und gleichzeitig fehlerminimierendes Werkzeug zur Verarbeitung von routinemäßigen 

Cyclovoltammogrammen. 

In zukünftigen Versionen dieses Skripts wäre es sinnvoll, eine Batch-Verarbeitung zu 

implementieren, um unterschiedliche Vorschubgeschwindigkeiten in einem Durchlauf zu 

verarbeiten und den Zeitaufwand noch weiter zu reduzieren. Darüber hinaus könnte eine Funktion 

zur Bestimmung von Peakströmen und den daraus resultierenden Reversibilitätskoeffizienten 

integriert werden.     
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9. EXPERIMENTAL SECTION 

9.1. MATERIALS AND METHODS  

All manipulations were carried out at room temperature under nitrogen atmosphere using 

standard Schlenk techniques, unless stated otherwise. Solvents were predried and distilled by 

standard procedures and degassed by saturation with nitrogen prior to use. The starting materials 

HRu(CO)Cl(PiPr3)2,139 4-(trimethylsilylethynyl)benzophenone,104 4-trimethylethynyl-benzoic acid 

methyl ester,292 and 4-dimethylamino-benzoic acid methyl ester293 were prepared by the 

procedures described in the literature. All other chemicals were obtained from commercial sources 

and used without further purification. 1H NMR (400 MHz), 13C{1H} NMR (101 MHz), and 31P{1H} NMR 

(162 MHz) spectra were measured on a Bruker Avance III 400 spectrometer as CD2Cl2 solutions at 

room temperature or in the solvent indicated. The spectra were referenced to the residual 

protonated solvent (1H) or the solvent signal (13C). FT-IR spectra were recorded on a Thermo is10 

instrument. UV/Vis/ NIR spectra were recorded on a TIDAS fiber optic diode array spectrometer 

(combined MCS UV/NIR and PGS NIR instrumentation) from j&m in HELLMA quartz cuvettes with 

0.1 cm optical path lengths. Electron paramagnetic resonance (EPR) studies were performed on a 

MiniScope MS 400 table-top X-band spectrometer from Magnettech. Simulation of the 

experimental EPR spectra was performed with the MATLAB EasySpin program.294 All electrochemical 

experiments were executed in a home-built cylindrical vacuum-tight one-compartment cell. A spiral-

shaped Pt wire and an Ag wire as the counter and pseudoreference electrodes were sealed into 

glass capillaries and fixed by Quickfit screws via standard joints. A platinum electrode was 

introduced as the working electrode through the top port via a Teflon screw cap with a suitable 

fitting. It was polished with first 1 μm and then 0.25 μm diamond paste before measurements. The 

cell was attached to a conventional Schlenk line via a side arm equipped with a Teflon screw valve, 

allowing experiments to be performed under an argon atmosphere with approximately 5 mL of 

analyte solution. NBu4
+ B{C6H3(CF3)2}4

- (0.1 mM) was used as the supporting electrolyte. Referencing 

was done with addition of an appropriate amount of ferrocene (E1/2 = 0 mV) or decamethylferrocene 

(E1/2 = -550 mV) as an internal standard to the analyte solution after all data of interest had been 

acquired. Representative sets of scans were repeated with the added standard. Electrochemical 

data were acquired with a computer controlled BASi CV50 potentiostat. The optically transparent 

thin-layer electrochemical (OTTLE) cell was home-built and followed the design of F. HARTL et al.146 

It comprised a Pt working and counter electrode and a thin silver wire as a pseudoreference 

electrode sandwiched between two CaF2 windows of a conventional liquid IR cell. The working 

electrode was positioned in the center of the spectrometer beam. 
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9.2. SYNTHESIS OF BROOKHART’S ACID (HBARF) 

Brookhart’s acid (HBArF) 

Hydrogen chloride gas that was generated by dropwise 

addition of 15 mL of 96 % sulfuric acid to 13.3 g sodium chloride 

was led through 5.32 g (6 mmol, 1 eq.) sodium tetrakis[3,5-

bis(trifluoromethyl)-phenyl]borate in 140 mL of dry degassed 

Et2O for two hours as a constant gas stream. The suspension 

was filtered and the filtrate was reduced in vacuo to yield pure 6.1 g (5.61 mmol, 94 %) of HBArF as 

a pale brown solid. The NMR spectrum shows a coordination of three molecules Et2O resulting in a 

molecular mass for HBArF of 1086.6 g/mol. 1H-NMR (CD2Cl2, 400 MHz): δ 7.72 (s, 8H, H2), 7.57 (s,4H, 

H1), 3.65 (q, 12H, 3JH-H=7.1 Hz, H3), 1.23 (t, 18H, 3JH-H=7.1 Hz, H4) ppm. 19F-NMR (CD2Cl2, 376.5 MHz): 

δ 62.95 ppm. 

9.3. SYNTHESIS OF RUTHENIUM-COMPOUNDS 

4-Trimethylsilylethynyl-4'-methoxytriphenylmethanol (OMeH-a) 

A 1.7 M solution of tert-butyl lithium (2 mL, 3.52 mmol, 1.1 eq.) in 

pentane was added at -78 °C to a stirred solution of 4-

bromoanisole (0.4 mL, 3.19 mmol, 1.0 eq.) in 20 mL of dry diethyl 

ether. The mixture was stirred for 15 min at -78 °C and 45 min at 

room temperature. A solution of 4-

(trimethylsilylethynyl)benzophenone (0.90 g, 3.23 mmol, 1.0 eq.) 

in 30 mL of dry hexane was added and it was stirred overnight. The 

reaction was quenched with 10 mL of water. The phases were separated and the combined organic 

layers were dried over MgSO4. The solvent was removed and the yellow crude product was purified 

via column chromatography (PE/EE 7:1) to obtain OMeH-a in 74 % yield (0.75 g). 1H NMR (400 MHz, 

CDCl3): δ 7.42 (d, 3JH-H = 8.4 Hz, 2H, H4), 7.33-7.24 (m, 7H, H5-H9), 7.14 (d, 3JH-H = 8.8 Hz, 2H, H12), 

6.82 (d, 3JH-H = 8.8 Hz, 2H, H13), 3.77 (s, 3H, H15), 2.99 (s, 1H, OH), 0.24 (s, 9H, H17). 13C{1H} NMR 

(101 MHz, CD2Cl2): δ 158.8 (C14), 147.5 (C6), 146.8 (C7), 138.9 (C11), 131.5 (C4), 129.3 (C12), 128.0-

127.8 (C5-C9), 127.4 (C10), 122.0 (C3), 113.4 (C13), 105.1 (C2), 94.5 (C1), 81.6 (C16), 55.3 (C15), 0.1 

(C17) ppm. IR (ATR, �� in cm−1): 3466 (O-H), 2157 (C≡C). GCMS (EI[+], Acetone): calcd. for OMeH-

a+ - OH- = 369.2, found 369.2; calcd. for OMeH-a+ -CH3O- =   355.2, found 355.1. 
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4-Ethynyl-4'-methoxytriphenylmethanol (OMeH-b) 
OMeH-a (0.29 g, 0.75 mmol, 1.0 eq.) was stirred at room 

temperature for three hours in an potassium carbonate/methanol 

mixture. 25 mL of water were added, the phases were separated and 

the combined organic layers were dried over MgSO4. The solvent was 

removed to obtain RuOMeH-b in 93 % yield (0.22 g). 1H NMR (400 

MHz, CDCl3): δ 7.44 (d, 3JH-H = 8.4 Hz, 2H, H2), 7.34-7.24 (m, 7H, H3-

H6), 7.15 (d, 3JH-H = 8.9 Hz, 2H, H7), 6.84 (d, 3JH-H = 8.9 Hz, 2H, H8), 3.78 (s, 3H, H9), 3.03 (s, 1H, H1), 

2.70 (s, 1H, H10) ppm.  

 

 

4-Ethynyl-4'-methoxytriphenylmethylium+ BArF- (OMeH-c+) 

To a stirred solution of H(Et2O)2
+ tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (475 mg, 0.46 mmol, 1.0 eq.) in 5 mL 

of dry diethyl ether was slowly added a solution of OMeH-b (144 mg, 

0.46 mmol, 1.0 eq.) in 10 mL of dry diethyl ether. After stirring the 

resulting red solution for 15 min, the solvent was removed, obtaining 

OMeH-c+ in quantitative yield (533 mg). 1H NMR (400 MHz, CDCl3): δ 

7.99-7.95 (m, 1H, Haromat.), 7.77-7.75 (m, 2H, Haromat.), 7.70-7.64 (m, 12H, Haromat., HBArF), 7.48 (s, 4H, 

HBArF), 7.43-7.41(m, 4H, Haromat.), 7.21-7.17 (m, 2H, Haromat.), 4.06 (s, 3H, H9), 3.69 (s, 1H, H1) ppm. 19F 

NMR (377 MHz, CDCl3): δ -62.5 ppm. 

 

 

[4-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4'-methoxytriphenylmethylium]+ BArF- (RuOMeH+)  

OMeH-c+ (90 mg, 0.08 mmol. 1.0 eq.) was dissolved in 29 mL of dry 

benzene and stirred over molecular sieves (4 Å) for 5 min. 1,8-

Bis(dimethylamino)naphthalene (proton sponge, 5.1 mg, 0.02 mmol, 

0.25 eq.) were added to neutralize excess acid and the red solution 

was stirred for 90 min. Addition of [HRu(CO)Cl(PiPr3)2] (37.8 mg, 0.08 

mmol, 1.0 eq.) led to a rapid color change from red to green. The 

reaction was completed by stirring for an additional 60 min. After removing the solvent and washing 

four times with 5 mL of n-hexane RuOMeH+ was obtained in 46 % yield (61 mg). 1H NMR (400 MHz, 

C6D6): δ 13.20 (d, 3JH-H = 13.0 Hz, 1H, H1), 8.37 (s, 8H, HBArF), 7.66 (s,4H, HBArF), 7.00-6,94 (m, 4H, 

Haromat.), 6.92-6.87 (m, 1H, Haromat.), 6.81-6.74 (m, 5H, Haromat.), 6.54-6.50 (m, 1H, Haromat.), 6.48-6.44 

(m, 2H, Haromat.), 3.19 (s, 3H, H14), 2.51-2.39 (m, 6H, H17), 1.03-0.93 (m, 36H, H18) ppm. 13C{1H} 

NMR (101 MHz, CD2Cl2): δ 203.9 (C≡O), 183.1 (C1), 178.8 (C16), 166.9 (C14), 144.9 (C7) 140.8 (C3), 
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139.2 (C2), 138.6 (C12), 135.8 (C5), 135.5 (C6), 135.4 (C4), 134.6 (C11), 132.3 (C10), 130.8 (C8), 

123.8 (C9), 115.8 (C13), 56.8 (C15), 25.7 (C17), 20.0 (C18) ppm. 31P{1H} NMR (162 MHz, C6D6): δ 47.5 

ppm. 19F{1H} NMR (377 MHz, C6D6): δ = -62.2 ppm. MS (ESI[+], MeOH): calcd. for RuOMeH+ - Cl- -

PiPr3 + CH3O- =   619.1922, found 619.1979; calcd. for RuOMeH+ - Cl- + CH3O- =   779.3267, found 

779.3287. 

 

 

4-Trimethylsilylethynyl-4',4’’-dimethoxytriphenylmethanol (OMeOMe-a) 

A 1.7 M solution of tert-butyl lithium (6.8 mL, 11.8 mmol, 

2.2 eq.) in pentane was added at -78 °C to a stirred solution 

of 4-bromoanisole (1.6 mL, 10.7 mmol, 2.0 eq.) in 50 mL of 

dry diethyl ether. The mixture was stirred for 15 min at  

-78 °C and 45 min at room temperature. A solution of 4-

trimethylethynyl benzoic acid methyl ester (1.25 g, 

5.38 mmol, 1.0 eq.) was added and it was stirred overnight. The reaction was quenched with 3.5 mL 

of water. The phases were separated and the combined organic layers were dried over MgSO4. The 

solvent was removed and the yellow crude product was purified via column chromatography (PE/EE 

7:1) to obtain OMeOMe-a in 57 % yield (1.27 g). 1H NMR (400 MHz, CDCl3): δ 7.43 (d, 3JH-H = 8.3 Hz, 

2H, H4), 7.26 (d, 3JH-H = 8.3 Hz, 2H, H5), 7.15 (d, 3JH-H = 8.8 Hz, 4H, H8), 6.82 (d, 3JH-H = 8.8 Hz, 4H, H9), 

3.78 (s, 6H, H11), 3.18 (s, 1H, OH), 0.30 (s, 9H, H13). 13C{1H} NMR (101 MHz, CD2Cl2): δ 158.7 (C10), 

147.9 (C6), 139.2 (C7), 131.5 (C4), 129.2 (C8), 127.7 (C5), 121.8 (C3), 113.3 (C9), 105.1 (C2), 94.3 

(C1), 81.3 (C12), 55.2 (C11), 0.1 (C13) ppm. IR (ATR, �� in cm−1 ): 3475 (O-H), 2156 (C≡C). GCMS (EI[+], 

Acetone): calcd. for OMeOMe-a+ - OH- = 399.2, found 399.1; calcd. for  

OMeOMe-a+ -CH3O- =   385.2, found 385.1; calcd. for OMeOMe-a+ -OH- -CH3O- =   369.1, found 369.1; 

calcd. for OMeOMe-a+ -2 CH3O- =   355.2, found 385.2  

 

 

4-Ethynyl-4'4’’-dimethoxytriphenylmethanol (OMeOMe-b) 

OMeOMe-a (0.54 g, 1.30 mmol, 1.0 eq.) was stirred at room 

temperature for four hours in a potassium carbonate/methanol 

mixture. 100 mL of water were added, the phases were separated 

and the combined organic layers were dried over MgSO4. The solvent 

was removed to obtain OMeOMe-b in 97 % yield (0.43 g). 1H NMR 

(400 MHz, CDCl3): δ 7.43 (d, 3JH-H = 8.3 Hz, 2H, H2), 8.26 (d, 3JH-H = 8.3 

Hz, 2H, H3), 7.11 (d, 3JH-H = 8.8 Hz, 4H, H5), 6.83 (d, 3JH-H = 8.8 Hz, 4H, H4), 3.80 (s, 6H, H6), 3.05 (s, 

1H, H1), 2.67 (s, 1H, H7) ppm. 
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4-Ethynyl-4'4’’-dimethoxytriphenylmethylium+ BArF- (OMeOMe-c+) 

To a stirred solution of H(Et2O)2
+ tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (1.2 g, 1.16 mmol, 1.0 eq.) in 4 mL 

of dry diethyl ether was slowly added a solution of OMeOMe-b (0.4 g, 

1.16 mmol, 1.0 eq.) in 4 mL of dry diethyl ether. After stirring the 

resulting red solution for 10 min, the solvent was removed, obtaining 

OMeOMe-c+ in quantitative yield. 1H NMR (400 MHz, CDCl3): δ 7.75 

(d, 2H, 3JH-H = 8.3 Hz, H2), 7.65 (s, 8H, HBArF), 7.52 (d, 4H, 3JH-H = 8.9 Hz, H5), 7.49 (s, 4H, HBArF) 7.38 (d, 

2H, 3JH-H = 8.3 Hz, H3), 7.15 (d, 4H, 3JH-H = 8.9 Hz, H4), 4.01 (s, 6H, H6), 3.61 (s, 1H, H1). ppm. 19F NMR 

(377 MHz, CDCl3): δ -62.5 ppm. 

 

 

[4-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4'4''-dimethoxytriphenylmethylium]+ BArF- (RuOMeOMe+)  

To a stirred solution of OMeOMe-c+ (88.7 mg, 0.07 mmol, 1.0 

eq.) in 20 mL of dry benzene was added 1,8-

bis(dimethylamino)naphthalene (5.6 mg, 0.03 mmol, 0.4 eq.) 

and molecular sieves (4 Å) and the mixture was stirred gently for 

5 min. Upon addition of [HRu(CO)Cl(PiPr3)2] (36.3 mg, 0.07 mmol, 

1.0 eq.) the color of the solution turned from red to intense 

green. The solvent was removed and the resulting solid was washed seven times with 4 mL of n-

hexane each to obtain RuOMeOMe+ in 43 % yield (54 mg). 1H NMR (400 MHz, CD2Cl2): δ 12.32 (d, 

3JH-H = 13.2 Hz, 1H, H1), 8.34 (s, 8H, HBArF), 7.63 (s, 4H, HBArF), 7.50-7.40 (m, 6H, H5, H8), 7.27-7.20 

(m, 2H, H4), 7.13-7.08 (m, 4H, H9), 6.67 (d, 3JH-H = 13.2 Hz 1H, H2), 3.20 (s, 6H, H11), 2.55-2.43 (m, 

6H, H13), 1.07-0.97 (m, 36H, H14) ppm. 13C{1H} NMR (101 MHz, CD2Cl2): δ 200.2 (C≡O), 183.3 (C1), 

181.9 (C12), 167.5 (C10), 145.6 (C3), 142.2 (C5), 139.8 (C8), 137.1 (C2), 135.3 (C6), 133.2 (C7), 126.6 

(C4), 115.8 (C9), 56.7 (C11), 25.7 (C13), 20.3 (C14) ppm. 31P{1H} NMR (162 MHz, CD2Cl2): δ 45.0 ppm. 

19F{1H} NMR (377 MHz, CD2Cl2): δ = -62.9 ppm. MS (ESI[+], MeOH): calcd. for  

RuOMeOMe+ - Cl- -PiPr3 + CH3O- =   649.1992, found 649.2081; calcd. for RuOMeOMe+ 

- Cl- + CH3O- =   809.3445, found 809.3360. 
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4-Trimethylsilylethynyl-4'-dimethylaminotriphenylmethanol (NMe2H-a) 

A 1.7 M solution of tert-butyl lithium (0.9 mL, 1.76 mmol, 1.1 eq.) 

in pentane was added at -78 °C to a stirred solution of 4-bromo-

N,N-dimethylaniline (320 mg, 1.6 mmol, 1.0 eq.) in 20 mL of dry 

diethyl ether. The mixture was stirred for 15 min at -78 °C and 

45 min at room temperature. A solution of 4-

(trimethylsilylethynyl)benzophenone (450 mg, 1.6 mmol, 1.0 eq.) 

in 10 mL of dry hexane was added and it was stirred overnight. The 

reaction was quenched with 1 mL of water. The phases were separated and the combined organic 

layers were dried over MgSO4. The solvent was removed and the crude product was purified via 

column chromatography (DCM) to obtain NMe2H-a in 50 % yield (0.32 g). 1H NMR (400 MHz, CDCl3): 

δ 7.45 (d, 3JH-H = 8.4 Hz, 2H, H4), 7.33-7.29 (m, 7H, H5-H9), 7.09 (d, 3JH-H = 8.8 Hz, 2H, H12), 6.67 (d, 

3JH-H = 8.8 Hz, 2H, H13), 2.96 (s, 6H, H15), 2.90 (s, 1H, OH), 0.31 (s, 9H, H17). 13C{1H} NMR (101 MHz, 

CD2Cl2): δ 149.8 (C14), 147.9 (C6), 147.1 (C7), 134.6 (C11), 131.5 (C4), 129.0 (C12), 127.9 (C5,C9), 

127.1 (C10), 121.7 (C3), 111.9 (C13), 105.2 (C2), 94.2 (C1), 81.7 (C16), 40.5 (C15), 0.1 (C17) ppm. IR 

(ATR, �� in cm−1): 3448 (O-H), 2155 (C≡C). GCMS (EI[+], Acetone): calcd. for  

NMe2H-a+ - OH- = 383.1, found 383.1; calcd. for NMe2H-a+ -(CH3)2N =   355.1, found 355.1; calcd. for 

NMe2H-a+ -OH- -(CH3)2N-  =   339.1, found 339.1 

 

 

4-Ethynyl-4'-dimethylaminotriphenylmethanol (NMe2H-b) 

 NMe2H-a (0.29 g, 0.75 mmol, 1.0 eq.) was stirred at room 

temperature for three hours in a potassium carbonate/methanol 

mixture. 25 mL of water were added, the phases were separated and 

the combined organic layers were dried over MgSO4. The solvent was 

removed to yield 4-ethynyl-4'-methoxytriphenylmethanol in 93 % 

(0.22 g). 1H NMR (400 MHz, CDCl3): δ 7.44 (d, 3JH-H = 8.4 Hz, 2H, H2), 

7.34-7.24 (m, 7H, H3-H6), 7.15 (d, 3JH-H = 8.9 Hz, 2H, H7), 6.84 (d, 3JH-H = 8.9 Hz, 2H, H8), 3.78 (s, 3H, 

H9), 3.03 (s, 1H, H1), 2.70 (s, 1H, H10) ppm. 
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[4-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4'-dimethylaminotriphenylmethylium]+ BArF- (RuNMe2H+)  

To a solution of [HRu(CO)Cl(PiPr3)2] (33.2 mg, 0.07 mmol, 1.1 eq.) in 

dry dichloromethane was added 4-ethynyl-4'-dimethylamino 

triphenylmethylium+ BArF- (73 mg, 0.06 mmol, 1.0 eq.) and the 

resulting green solution was stirred for 30 min. After the solvent was 

removed, it was washed with n-hexane, yielding RuNMe2H+ in 71 % 

(70 mg). 1H NMR (400 MHz, CD2Cl2): δ 10.72 (d, 3JH-H = 13.2 Hz, 1H, 

H1), 7.72 (s, 8H, HBArF), 7.77-7.70 (m, 3H, H9, H10) 7.58 (d, 3JH-H = 7.5 

Hz, 2H, H5), 7.55 (s, 4H, HBArF), 7.36 (d, 3JH-H = 7.5 Hz, 2H, H4), 7.28 (d, 3JH-H = 8.6 Hz, 2H, H13), 7.19 

(d, 3JH-H = 8.6 Hz, 2H, H12), 6.97 (d, 3JH-H = 9.5 Hz, 2H, H8), 6.50 (d, 3JH-H = 13.2 Hz, 1H, H2), 3.36 (s, 

6H, H15), 2.83-2.74 (m, 6H, H17), 1.33-1.25 (m, 36H, H18) ppm. 13C{1H} NMR (101 MHz, CD2Cl2): δ 

= 179.3 (C16), 177.3 (C1), 143.0 (C7), 141.4 (C3), 157.3 (C14), 138.5 (C13), 137.5 (C5), 134.9 (C8), 

134.7 (C2), 133.9 (C11), 133.7 (C6), 132.6 (C10), 124.2 (C12), 123.6 (C4), 41.1 (C15), 24.7 (C17), 19.7 

(C18) ppm. The resonance signal of the CO ligand could not be detected. 31P{1H} NMR (162 MHz, 

CD2Cl2): δ 41.3 ppm. 19F{1H} NMR (377 MHz, CD2Cl2): δ = -62.9 ppm.  

 

 

4-Trimethylsilylethynyl-4',4''-bis-dimethylaminotriphenylmethanol (NMe2NMe2-a) 

A 1.9 M solution of tert-butyl lithium (3.0 mL, 5.7 mmol, 

1.1 eq.) in pentane was added at -78 °C to a stirred solution of 

4-bromo-N,N-dimethylaniline (1.0 g, 5.0 mmol, 1.0 eq.) in 

40 mL of dry diethyl ether. The mixture was stirred for 15 min 

at -78 °C. A solution of 4-trimethylethynyl benzoic acid methyl 

ester (1.16 g, 5.0 mmol, 1.0 eq.) was added. The mixture was 

warmed to room temperature and it was stirred overnight. 

The reaction was quenched with water and stirred for 90 min. The phases were separated and the 

combined organic layers were dried over MgSO4. The solvent was removed and the yellow crude 

product was purified via column chromatography (PE/EE 7:1) to yield NMe2NMe2-a in 31 % (0.35 g). 

1H NMR (400 MHz, CDCl3): δ 7.40 (d, 3JH-H = 8.3 Hz, 2H, H2), 7.23 (d, 3JH-H = 8.3 Hz, 2H, H3), 7.14 (d, 

3JH-H = 8.8 Hz, 4H, H5), 6.82 (d, 3JH-H = 8.8 Hz, 4H, H4), 3.80 (s, 6H, H6), 2.66 (s, 1H, H7), 0.24 (s, 9H, 

H1) ppm.  
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4-Ethynyl-4'4''-bis-dimethylaminotriphenylmethanol (NMe2NMe2-b) 

 NMe2NMe2-a (0.35 g, 0.79 mmol, 1.0 eq.) was stirred at room 

temperature for three hours in a potassium carbonate/methanol 

mixture. 100 mL of water were added, the phases were 

separated and the combined organic layers were dried over 

MgSO4. The solvent was removed to obtain NMe2NMe2-b in 68 % 

yield (0.20 g). 1H NMR (400 MHz, C6D6): δ 7.43 (s, 4H, H2, H3), 

7.27 (d, 3JH-H = 8.9 Hz, 4H, H5), 6.52 (d, 3JH-H = 8.9 Hz, 4H, H4), 2.73 (s, 1H, H1), 2.51 (s, 12H, H6) ppm. 

 

 

4-Ethynyl-4'4''-bis-dimethylaminotriphenylmethylium+ BArF- (NMe2NMe2-c+) 

To a stirred solution of H(Et2O)2
+ tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (0.59 g, 0.54 mmol, 1.0 eq.) in 

30 mL of dry diethyl ether was slowly added a solution of 

NMe2NMe2-b (0.2 g, 0.54 mmol, 1.0 eq.) in 10 mL of dry diethyl 

ether. After stirring the obtained green solution for 10 min, the 

solvent was removed, to yield NMe2NMe2-c+. 

 

 

[4-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4',4''-bis-dimethylaminotriphenylmethylium]+ BArF-

(RuNMe2NMe2
+)  

A Schlenk tube was equipped with molecular sieves (4 Å) and 

1,8-bis(dimethylamino)naphthalene (11.2 mg, 0.06 mmol, 

0.4 eq.) dissolved in dry benzene. NMe2NMe2-c+ (200 mg, 0.16 

mmol, 1.0 eq.) in benzene was added. To the gently stirred 

mixture, [HRu(CO)Cl(PiPr3)2] (90.0 mg, 0.19 mmol, 1.1 eq.) was 

added, causing the solution to turn intensely dark blue. The 

solvent was removed and the residue was washed three times with 10 mL of n-hexane each to 

obtain RuNMe2NMe2
+ in 52 % yield (138 mg) as blue solid. 1H NMR (600 MHz, CD2Cl2): δ 10.05 (d, 

3JH-H = 13.5 Hz, 1H, H1), 7.77 – 7.68 (m, 8H, HBArF), 7.56 (s, 4H, HBArF), 7.40 (d, 3JH-H = 9.0 Hz, 4H, H8), 

7.24 (d, 3JH-H = 8.3 Hz, 2H, H5), 7.20 (d, 3JH-H = 8.3 Hz, 2H, H4), 6.85 (d, 3JH-H = 9.0 Hz, 4H, H9), 6.36 (d, 

3JH-H = 13.5 Hz, 1H, H2), 3.23 (s, 12H, H11), 2.83 – 2.72 (m, 6H, H13), 1.33 – 1.27 (m, 36H, H14). 

13C{1H} NMR (CD2Cl2, 151 MHz): δ 202.6 (C15), 179.6 (C12), 174.4 (t, 3JH-P = 10.2 Hz, C1), 156.9 (C10), 

144.0 (C3), 141.0 (C8), 138.3 (C5), 135.4 (C2), 134.5 (C6), 127.7 (C7), 124.2 (C4), 113.2 (C9), 41.0 

(C11), 25.3 (C13), 20.3, 19.9 (C14) ppm. 31P{1H} NMR (CD2Cl2, 243 MHz): δ 40.01 ppm. MS (ESI[+], 
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MeOH): calcd. for RuNMe2NMe2
2+- Cl- = 402.1928, found 402.1958; calcd. for 

RuNMe2NMe2
+- Cl- + HCOO- =   849.3834, found 849.3915. 

 

 

4, 4'-Bis-trimethylsilylethynyl-4''-dimethylaminotriphenylmethanol (NMe2-a) 

 

A 1.9 M solution of tert-butyl lithium (0.9 mL, 1.7 mmol, 

2.0 eq.) in pentane was added at -78 °C to a stirred 

solution of 4-bromo-trimethylsilylethynyl benzene (0.44 g, 

1.7 mmol, 2.0 eq.) in 20 mL of dry diethyl ether. The 

mixture was stirred for 25 min at  

-78 °C. A solution of 4-N,N-dimethylamino benzoic acid 

methyl ester (0.16 g, 0.87 mmol, 1.0 eq.) in 20 mL of dry 

diethyl ether was added. The mixture was warmed to room temperature and it was stirred 

overnight. The reaction was quenched with 5 mL of water and stirred for 10 min. The phases were 

separated and the combined organic layers were dried over MgSO4 to yield NMe2-a. 1H NMR 

(400 MHz, CDCl3): δ 7.39 (d, 3JH-H = 8.0 Hz, 4H, H2), 7.26 (d, 3JH-H = 8.0 Hz, 4H, H3), 7.00 (d, 3JH-H = 8.3 

Hz, 2H, H5), 6.63 (d, 3JH-H = 8.3 Hz, 2H, H4), 3.04 (s, 1H, H7), 2.94 (s, 6H, H6), 0.24 (s, 18H, H1) ppm.  

 

 

4,4'-Diethynyl-4''-dimethylaminotriphenylmethanol (NMe2-b) 

 NMe2-a was stirred at 60 °C for two hours in a KOH/THF/water 

mixture. 100 mL of water were added, the phases were separated 

and the combined organic phases were dried over MgSO4. The 

solvent was removed to yield NMe2-b in 71 % yield (0.22 g). 1H 

NMR (400 MHz, C6D6): δ 7.43 (d, 3JH-H = 8.0 Hz, 4H, H2), 7.26 (d, 

3JH-H = 8.9 Hz, 4H, H3), 7.03 (d, 3JH-H = 8.2 Hz, 2H, H5), 6.65 (d,  

3JH-H = 8.9 Hz, 2H, H4), 3.06 (s, 2H, H1), 2.95 (s, 6H, H6), 2.66 (s, 1H, H7) ppm. 
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4,4'-Diethynyl-4''-dimethylaminotriphenylmethylium+ BArF- (NMe2-c+) 

To a stirred solution of H(Et2O)2
+ tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (0.71 g, 0.65 mmol, 1.05 eq.) in 

14 mL of dry diethyl ether was slowly added a solution of NMe2-b 

(0.22 g, 0.62 mmol, 1.0 eq.) in 14 mL of dry diethyl ether. After 

stirring the obtained red solution for 10 min, the solvent was 

removed, yielding NMe2-c+. 

 

 

[4,4'-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4''-dimethylaminotriphenylmethylium]+ BArF- (RuRuNMe2
+)  

1,8-Bis(dimethylamino)naphthalene (35 mg, 0.16 mmol, 

0.3 eq.) was added to a solution of NMe2-c+ (830 mg, 0.62 

mmol. 1.0 eq.) in 18 mL of dry diethyl ether. After addition 

of molecular sieves (4 Å) the reaction was gently stirred for 

5 min. A solution of [HRu(CO)Cl(PiPr3)2] (602 mg, 1.48 mmol, 

2.05 eq.) in dichloromethane was added dropwise, upon 

which the reaction mixture turned instantaneously dark green. After 10 min the solvent was 

removed and the green crude product was washed with hexane, yielding RuRuNMe2
+ as a green 

solid in 93 % yield (1.26 g). 1H NMR (CD2Cl2, 400 MHz): δ 10.32 (d, 3JH-H = 13.5 Hz, 1H, H1), 7.79 – 

7.67 (m, 8H, HBArF), 7.56 (s, 4H, HBArF), 7.48 (d, 3JH-H = 9.1 Hz, 2H, H8), 7.28 (d, 3JH-H = 8.3 Hz, 4H, H5), 

7.19 (d, 3JH-H = 8.3 Hz, 4H, H4), 6.87 (d, 3JH-H = 9.1 Hz, 2H, H9), 6.42 (d, 3JH-H = 13.5 Hz, 1H, H2), 3.27 

(s, 6H, H11), 2.87 – 2.70 (m, 6H, H13), 1.52 – 1.12 (m, 72H, H14) ppm. 13C{1H} NMR (CD2Cl2, 101 

MHz): δ 202.4 (C≡O), 179.5 (C12), 179.0 (t, 3JH-P = 10.0 Hz, C1), 157.7 (C10) 142.0 (C8), 141.0 (C3), 

138.7 (C5), 135.4 (C2), 128.8 (C7), 126.5 (C6), 124.8 (C4), 114.1 (C9), 41.3 (C11), 25.3 (C13), 20.3 

(C14) ppm. 31P{1H} NMR (CD2Cl2, 162 MHz): δ 40.42 ppm. MS (ESI[+], MeOH): calcd. for 

RuRuNMe2
+=   1306.4698, found 1306.4592. 
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9.4. SYNTHESIS OF MONO-TRITYLIUM-FERROCENE COMPOUNDS 

FcMonoNMe2-OH 

0.86 g (4.30 mmol, 2.1 eq.) of 4-bromo-N,N-dimethylaniline were 

dissolved in 40 mL of dry degassed diethyl ether. 2.4 mL (1.9 M solution 

in n-hexane, 4.5 mmol, 2.2 eq.). tBuLi was added dropwise to the 

solution at -78 °C. After stirring for 15 minutes, 500 mg (2.05 mmol, 

1 eq.) of ferrocene carboxylic acid methyl ester, dissolved in 60 mL 

diethyl ether, were added to the reaction mixture at -78 °C. After stirring overnight, the reaction 

mixture was quenched with 40 mL of water and the solvent was removed in vacuo. The residue was 

dissolved in Et2O, extracted with water (3 x 50 mL), Et2O (3 x 100 mL) and brine (3 x 20 mL), dried 

over MgSO4 and the solvent was evaporated in vacuo. The residual green solid was purified by 

column chromatography (PE/EE gradient 1/0 - 10/1) to yield 321 mg (0.71 mmol, 35 %) of pure 

FcMonoNMe2-OH as orange crystals. 1H NMR (400 MHz, CDCl3): δ 7.17 (d, 3JH-H = 8.7 Hz, 4H, H7), 

6.68 (d, 3JH-H = 8.7 Hz, 4H, H8), 4.24 (s, 2H, H3), 4.21 (s, 5H, H1), 4.08 (s, 2H, H2), 3.25 (s, 6H, H11), 

2.94 (s, 1H, H10) ppm. 13C {1H} NMR (101 MHz, CDCl3): δ 149.3 (C9), 136.2 (C6), 127.9 (C7), 111.5 

(C8), 100.7 (C4), 76.9 (C5), 68.0 (C2), 68.6 (C1), 68.7 (C3), 40.7 (C10) ppm. Anal. found (calcd.) for 

C27H30FeN2O (454.2 g/mol): C, 71.04 (71.37); H, 6.41 (6.66); N, 6.13 (6.17). MS (ESI[+], DCM): calcd. 

for FcMonoNMe2-OH+H+ = 454.1701, found 454.1736. 

 

 

FcMonoNMe2
+ 

166.6 mg (0.157 mmol, 1.1 eq.) of Brookhart’s acid in 30 mL of dry 

degassed Et2O were added dropwise to 69.8 mg (0.154 mmol, 1 eq.) of 

FcMonoNMe2-OH in 40 mL of dry degassed Et2O at room temperature. 

The reaction mixture turned from light green to dark blue. After stirring 

for 30 minutes the solvent was evaporated and the dark blue solid was 

dried in vacuo, yielding 200 mg (0.154 mmol, quantitative) of complex FcMonoNMe2
+. 1H NMR (400 

MHz, CDCl3): δ 7.65 (d, 3JH-H = 9.2 Hz, 2H, H7), 6.75 (d, 3JH-H = 9.2 Hz, 2H, H8), 5.72 (t,   

3JH-H = 1.9 Hz, 2H, H3), 4.92 (t, 3JH-H = 1.9 Hz, 2H, H2), 4.35 (s, 5H, H1), 3.13 (s, 12H, H10) ppm.  

13C{1H} NMR (101 MHz, CDCl3): δ 188.0 (C5), 156.2 (C9), 138.9 (C7), 126.0 (C6), 112.3 (C8), 82.7 (C4), 

78.1 (C3), 77.6 (C2), 73.0 (C1), 40.5 (C10) ppm.  Anal. found (calcd.) for C59H41BF24FeN2 

(1300.2 g/mol): C, 54.29 (54.49); H, 3.82 (3.18); N, 2.53 (2.15). MS (ESI[+], DCM): calcd. for 

FcMonoNMe2
+ = 437.1673, found 437.1750. 
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FcMonoOMe-OH 

The synthesis of FcMonoOMe-OH was performed following the 

general procedure described for FcMonoNMe2-OH except for the 

changes mentioned in the following. 1.2 g (0.81 mL, 6.5mmol, 2.1 eq.) 

of 1-bromo-4-methoxy-benzene were dissolved in 40 ml of diethyl 

ether, 3.6 mL of tBuLi (1.9 M solution in n-hexane, 6.8 mmol, 2.2 eq.) 

was added and 750 mg (3.07 mmol, 1 eq.) of ferrocene mono carboxylic acid methyl ester was used 

in 40 ml of diethyl ether. After the extraction and drying step, the orange crude product was purified 

by column chromatography (PE/EE gradient 1/0 - 10/1) to yield 548 mg (1.28 mmol, 42 %) of pure 

FcMonoOMe-OH as orange crystals.  1H NMR (400 MHz, CDCl3): δ 7.19 (dd, 3JH-H = 8.9 Hz, 

 4JH-H = 2.2 Hz , 4H, H7), 6.80 (dd, 3JH-H = 8.9 Hz, 4JH-H = 2.2 Hz , 4H, H8), 4.25 (s, 2H, H3), 4.18 (s, 5H, 

H1), 4.02 (s, 2H, H2), 3.79 (s, 6H, H10), 3.34 (s, 1H, H11) ppm. 13C {1H} NMR (101 MHz, CDCl3): δ 158.4 

(C9), 139.9 (C6), 128.4 (C7), 112.8 (C8), 100.1 (C4), 76.9 (C5), 68.7 (C2), 68.6 (C1), 68.4 (C3), 55.3 

(C10) ppm. Anal. found (calcd.) for C25H24FeO3 (428.1 g/mol): C, 70.06 (70.11); H, 5.71 (5.65). MS 

(ESI[+], DCM): calcd. for FcMonoOMe-OH+ = 428.1067, found 428.1037. 

 

 

FcMonoOMe+ 

110.5 mg (0.104 mmol, 1.1 eq.) of Brookhart’s acid in 30 mL of dry 

degassed Et2O were added dropwise to 43.6 mg (0.102 mmol, 1 eq.) of 

FcMonoOMe-OH in 40 mL of dry degassed Et2O at room temperature. 

The reaction mixture turned from orange to green. After stirring for 30 

minutes the solvent was evaporated and the green solid was dried in 

vacuo, yielding 130 mg (0.102 mmol, quantitative) of complex FcMonoOMe+. 1H NMR (400 MHz, 

CDCl3): δ 7.55 (d, 3JH-H = 8.9 Hz, 2H, H7), 6.96 (d, 3JH-H = 8.9 Hz, 2H, H8), 6.01 (t,  3JH-H = 2.0 Hz, 2H, 

H3), 5.24 (t, 3JH-H = 2.0 Hz, 2H, H2), 4.51 (s, 5H, H1), 3.88 (s, 6H, H10) ppm. 13C {1H} NMR (101 MHz, 

CDCl3): δ 192.8 (C5), 167.0 (C9), 137.1 (C7), 133.8 (C6), 115.9 (C8), 89.6 (C4), 87.0 (C3), 79.0 (C2), 

77.1 (C1), 56.3 (C10) ppm. Anal. found (calcd.) for C57H35BF24FeO2 (1274.2 g/mol): C, 53.49 (53.72); 

H, 3.55 (2.77). MS (ESI[+], DCM): calcd. for FcMonoOMe+ = 411.1040, found 411.0900. 
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FcMonoMeOMe-OH 

The synthesis of FcMonoMeOMe-OH was performed following the 

general procedure described for FcMonoNMe2-OH except for the 

changes mentioned in the following. 1.3 g (0.91 mL, 6.5mmol, 2.1 eq.) 

of 1-bromo-4-methoxy-1-methyl-benzene were dissolved in 40 ml of 

diethyl ether, 3.6 mL of tBuLi (1.9 M solution in n-hexane, 6.8 mmol, 

2.2 eq.) was added, and 750 mg (3.07 mmol, 1 eq.) of ferrocene mono carboxylic acid methyl ester 

was used in 40 ml of diethyl ether. After the extraction and drying step the orange crude product 

was purified by column chromatography (PE/EE gradient 1/0-10/1) to yield 648 mg (1.42 mmol, 

46 %) of pure FcMonoMeOMe-OH as orange crystals. 1H NMR (400 MHz, CDCl3): δ 7.12 (d, 

 3JH-H = 7.2 Hz, 2H, H11), 6.68 (d, 3JH-H = 7.2 Hz,  2H, H10), 6.85 (s, 2H, H8), 4.30 (s, 2H, H2), 4.19 (s, 

5H, H1), 4.07 (s, 2H, H3), 3.79 (s, 6H, H13), 3.72 (s, 1H, H14), 1.78 (s, 6H, H12) ppm. 

 13C {1H} NMR (101 MHz, CDCl3): δ 158.5 (C9), 138.0 (C6), 136.8 (C7), 129.8 (C11), 117.2 (C8), 109.6 

(C10), 100.6 (C4), 77.4 (C5), 69.7 (C3), 68.8 (C1), 68.3 (C2), 55.2 (C13), 22.2 (C12) ppm. Anal. found 

(calcd.) for C27H28FeO3 (456.4 g/mol): C, 71.13 (71.06); H, 6.10 (6.18). MS (ESI[+], DCM): calcd. for 

FcMonoMeOMe-OH+ = 456.1380, found 456.1393. 

 

 

FcMonoMeOMe+ 

108.1 mg (0.102 mmol, 1.1 eq.) of Brookhart’s acid in 30 mL of dry 

degassed Et2O was added dropwise to 45.6 mg (0.1 mmol, 1 eq.) of 

FcMonoMeOMe-OH in 40 mL dry degassed Et2O at room temperature. 

The reaction mixture turned from orange to brown. After stirring for 30 

minutes the solvent was evaporated and the brown solid was dried in 

vacuo yielding 130 mg (0.1 mmol, quantitative) of complex FcMonoMeOMe+. 1H NMR (400 MHz, 

CDCl3): δ 7.57 (d, 3JH-H = 8.8 Hz, 2H, H11), 6.79 (d,3JH-H = 8.8 Hz, 4JH-H = 2.3 Hz, 2H, H10), 6.70 (d, 4JH-H 

= 2.3 Hz, 1H, H8), 6.11 (t,  3JH-H = 1.7 Hz, 2H, H3), 5.23 (t, 3JH-H = 1.7 Hz, 2H, H2), 4.62 (s, 5H, H1), 3.85 

(s, 6H, H13), 1.64 (s, 6H, H12) ppm. 13C {1H} NMR (101 MHz, CDCl3): δ 196.5 (C5), 165.7 (C9), 142.8 

(C6), 136.8 (C11), 135.8 (C7), 119.5 (C8), 113.3 (C10), 94.3 (C4), 88.2 (C3), 79.1 (C2), 77.2 (C1), 56.1 

(C13), 22.0 (C12) ppm. Anal. found (calcd.) for C59H39BF24FeO2 (1302.2 g/mol): C, 54.24 (54.40); H, 

3.80 (3.02). MS (ESI[+], DCM): calcd. for FcMonoMeOMe+ = 439.1353, found 439.1305. 
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Fc*MonoOMe+ 

87.0 mg (3.64 mmol, 4.0 eq.) of magnesium turnings were covered 

with dry degassed Et2O and 0.45 mL (3.64 mmol, 4.0 eq.) of 4-

bromoanisole in 10 mL of dry degassed Et2O were added dropwise. 

The reaction was heated under reflux for 2 h until the magnesium 

was fully consumed. Subsequently, 300 mg (0.91 mmol, 1.0 eq.) of 

ethyl pentamethylferrocene carboxylate295 in 20 mL of dry degassed 

Et2O were added dropwise. The reaction progress was monitored via TLC. After complete conversion 

of the ester the reaction was quenched with water, the phases were separated, the combined 

organic layers were dried over MgSO4, and the solvent was evaporated in vacuo. The resulting brown 

oil was purified via column chromatography (Florisil©, PE/EE gradient 1/0-0/1). The readily formed 

green cation was rinsed with a diluted solution of sodium tetrakis[{3,5-

bis(trifluoromethyl)phenyl}borate] in DCM. Yield: 62 % (752 mg, 0.56 mmol). 1H NMR (400 MHz, 

CDCl3): δ 7.33 (d, 3JH-H = 8.7 Hz, 4H, H7), 6.89 (d, 3JH-H = 8.7 Hz,  4H, H8), 5.64 (t,  3JH-H = 2.0 Hz, 2H, 

H3), 4.98 (t, 3JH-H = 2.0 Hz, 2H, H2), 3.85 (s, 6H, H10), 1.41 (s, 15H, H11) ppm. 13C {1H} NMR (101 MHz, 

CDCl3): δ 176.0 (C5), 164.3 (C9), 134.8 (C7), 134.4 (C6), 115.6 (C8), 98.0 (C4), 94.8 (C3), 91.3 (C1), 

78.7 (C2), 55.9 (C10), 10.1 (C11) ppm. MS (ESI[+], DCM): calcd. for Fc*MonoOMe+ = 481.1823, found 

481.1824. 

 

9.5. SYNTHESIS OF BIS-TRITYLIUM-FERROCENE COMPOUNDS 

1,1’-Ferrocenedicarboxylic acid296 

15.7 mL (103 mmol, 11.97 g, 2.44 eq.) of tetramethylethylenediamine were 

added to a solution of 7.90 g (42.2 mmol, 1 eq.) of ferrocene in 260 mL of dry 

degassed Et2O. At room temperature, 40.8 mL (102 mmol, 2.5 M in hexane, 

2.42 eq.) of nBuLi were added dropwise over 30 minutes. The red reaction 

mixture was stirred overnight. In a constant stream, CO2 was passed through the 

reaction mixture for 3 hours to obtain an orange suspension. The reaction was quenched by the 

addition of 200 mL of water and then extracted with CH2Cl2 (3 x 200 mL). The red aqueous phase 

was acidified with 50 mL of concentrated aqueous HCl to obtain an orange precipitate, which was 

filtered off and dried to yield 9.84 g (36 mmol, 85 %) of 1,1’-ferrocenedicarboxylic acid as an orange 

solid. 1H NMR (DMSO-d6, 400 MHz): δ 12.24 (broad s, 2H, OH), 4.69 (vt, 4JH-H = 1.8 Hz, 4H, H2), 4.45 

(vt, 4JH-H = 1.8 Hz, 4H, H1). 13C NMR (DMSO-d6, 101 MHz): δ 133.3 (C4), 73.4 (C3), 72.6 (C2), 71.2 

(C1) ppm. 
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Dimethyl-1,1’-ferrocenedicarboxylate297 

9.34 g (34 mmol) of ferrocenedicarboxylic acid were suspended in 

200 mL of dry degassed methanol. 5 mL of 98 % sulfuric acid was added 

and the orange reaction mixture was refluxed for 60 hours. 200 mL of 5 % 

NaHCO3 was added to adjust to pH=8 and the mixture was extracted with 

CH2Cl2 (3 x 250 mL), washed with brine (3 x 50 mL), dried over MgSO4 and 

the solvent was evaporated in vacuo to yield 7.74 g (26 mmol, 75 %) of dimethyl-1,1’-

ferrocenedicarboxylate as orange crystals. 1H NMR (CDCl3, 400 MHz): δ 4.83 (vt, 4JH-H = 1.9 Hz, 4H, 

H2), 4.41 (vt, 4JH-H = 1.9 Hz, 4H, H1), 3.82 (s, 6H, H5) ppm. 13C NMR (CDCl3, 101 MHz): δ 171.0 (C4), 

73.1 (C3), 72.8 (C2), 71.8 (C1), 51.9 (C5) ppm. 

 

 

FcBisoMe-OH 

The synthesis of FcBisoMe-OH was performed following 

the general procedure described for FcBistBu-OH except 

for the changes mentioned in the following. The solvent 

was replaced by dry degassed Et2O, using 40 mL to 

dissolve 2.38 g (1.7 mL, 13.9 mmol, 4.2 eq.) of 1-bromo-2-

methyl-benzene and 120 mL to dissolve 1.00 g 

(3.31 mmol, 1 eq.) of dimethyl-1,1’-

ferrocenedicarboxylate. After the extraction and drying step, the orange crude product was washed 

with 30 mL of Et2O and purified by recrystallization from Et2O to yield 1.23 g (2.02 mmol, 61 %) of 

pure FcBisoMe-OH as yellow crystals. 1H NMR (CDCl3, 400 MHz): δ 7.62 (broad s, 4H, H12), 7.14-7.20 

(m, 8H, H10, H11), 6.99-7.04 (m, 4H, H9), 4.23 (broad s, 4H, H1), 4.10 (s, 2H, H5), 3.99 (s, 4H, H2), 

1.75 (s, 12H, H8) ppm. 13C NMR (CDCl3, 101 MHz): δ 144.5 (C6), 135.9 (C7), 132.0 (C9), 128.7 (C12), 

127.4 (C11), 125.2 (C10), 98.0 (C3), 78.8 (C4), 70.7 (C1), 68.6 (C2), 21.9 (C8) ppm. 
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FcBisNMe2-OH 

The synthesis of FcBisNMe2-OH was performed 

following the general procedure described for 

FcBistBu-OH except for the changes mentioned 

below. 1.39 g (6.95 mmol, 4.2 eq.) of 4-bromo-N,N-

dimethylaniline and 500 mg (1.66 mmol, 1 eq.) of 

dimethyl-1,1’-ferrocenedicarboxylate were used. 

After the extraction and drying step, the dark green 

crude product was washed with 210 mL of Et2O (1 x 150 mL, 3 x 20 mL), yielding 490 mg 

(0.678 mmol, 41 %) of pure FcBisNMe2-OH as green crystals.1H NMR (CDCl3, 400 MHz): δ 7.12 (d,  

3JH-H = 8.8 Hz, 8H, H7), 6.62 (d,  3JH-H = 8.8 Hz, 8H, H8), 4.15 (s, 4H, H1), 3.96 (s, 4H, H2), 3.84 (s, 2H, 

H5), 2.91 (s, 24H, H10) ppm. 13C NMR (CDCl3, 101 MHz): δ 149.4 (C9), 138.8 (C6), 128.1 (C7), 111.7 

(C8), 69.5 (C1), 68.1 (C2), 40.8 (C10) ppm. 

 

 

FcBisNMe2
2+ 

1.100 g (1.01 mmol, 2.05 eq.) of Brookhart’s acid 

in 40 mL of dry degassed Et2O were added dropwise 

to 354 mg (0.49 mmol, 1 eq.) of FcBisNMe2-OH in 

40 mL of dry degassed Et2O at room temperature. 

The reaction mixture turned from green to dark 

blue. After stirring for 30 minutes the blue solution 

was evaporated and the petrol solid was dried in 

vacuo, yielding 1.18 g (0.489 mmol, quantitative) of FcBisNMe2
2+. 1H NMR (THF-d8, 400 MHz): δ (s, 

16H, BArF-CF3CHCF3), 7.63 (d, 3JH-H = 9.4 Hz, 8H, H6), 7.57 (s, 8H, BArF-CF3CHCBCHR’), 6.86 (d, 3JH-H = 

9.4 Hz, 8H, H7), 5.35 (s, 4H, H1), 5.11 (s, 4H, H2), 3.23 (s, 24H, H9). 1H NMR (CDCl3, 400 MHz): δ 7.69 

(s, 16H, BArF-CF3CHCF3), 7.55 (s, 8H, H6), 7.49 (s, 8H, BArF-CF3CHCBCHR’), 6.66 (s, 8H, H7), 5.06 (s, 

4H, H1), 4.88 (s, 4H, H2), 3.08 (s, 24H, H9). 13C NMR (CDCl3, 101 MHz): δ 181.5 (C4), 165.9 (C8), 139.3 

(C6), 126.0 (C5), 112.9 (C7), 84.0 (C3), 79.1 (C2), 78.4 (C1), 40.6 (C9) ppm. MS (ESI): calcd. for 

C44H48FeN4 344.1607 [M]2+; found 344.1478. CHN-analysis: calcd. for C108H72B2F48FeN4: 53.71 % C, 

3.00 % H, 2.32 % N; found: 52.79 % C, 2.29 % H, 2.36 % N.  
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FcBisOMe-OH  

Ferrocene (2.2 g, 12 mmol, 1.5 eq.) was dissolved 

in 15 mL of dry THF and cooled to 0 °C. 5.5 mL 

(1.9 M solution in n-hexane, 10.4 mmol, 1.3 eq.) of 

tBuLi were added dropwise to the solution. After 

stirring for 15 minutes, 1.94 g (8 mmol, 1 eq.) of 

4,4′-dimethoxybenzophenone dissolved in 20 mL 

tetrahydrofuran was added to the reaction mixture 

at 0 °C. After stirring for 15 minutes, the ice bath was removed and the yellow solution was stirred 

for additional 25 minutes at room temperature before the reaction mixture was quenched with 

30 mL of water and the solvent was removed in vacuo. The residue was dissolved in Et2O, extracted 

with water (3 x 50 mL) and Et2O (3 x 100 mL), dried over MgSO4 and the solvent was evaporated in 

vacuo. The residual solid was purified by column chromatography (PE, ferrocene), (PE/EE 5/1, 

FcMonoOMe-OH, 4,4′-dimethoxybenzophenone), (EE, FcBisOMe-OH) to yield 800 mg (1.2 mmol, 

30 % with respect to 4,4′-dimethoxybenzophenone) of pure FcBisOMe-OH as yellow 

crystals.1H NMR (DMSOd6, 400 MHz): δ 7.07 (d, 3JH-H = 8.0 Hz, 8H, H4), 6.78 (d, 3JH-H = 8.0 Hz, 8H, H5), 

6.02 (s, 2H, H3), 3.97 (d, 3JH-H = 2.7 Hz, 4H, H1), 3.91 (d, 3JH-H = 2.7 Hz, 4H, H1), 3.71 (s, 12H, H6) ppm. 

MS (ESI): calcd. for C40H38FeO6 670.2045 [M] +; found 670.1975 (measured in acetonitrile). 

 

 

FcBisOMe2+  

320 mg (0.31 mmol, 2.05 eq.) of Brookhart’s acid 

in 5 mL of dry degassed Et2O were added dropwise 

to 100 mg (0.14 mmol, 1 eq.) of FcBisOMe-OH in 

5 mL of dry degassed Et2O at room temperature. 

The reaction mixture turned from yellow to dark 

green. After stirring for 20 minutes the solvent was 

removed to obtain FcBisOMe2+ as a red solid in 

quantitative yield. 1H NMR (CDCl8, 400 MHz): δ 7.66 (s, 16H, BArF-CF3CHCF3), 7.55 (d, 3JH-H = 8.9 Hz, 

8H, H3), 7.47 (s, 8H, BArF-CF3CHCBCHR’), 6.96 (d, 3JH-H = 8.9 Hz, 8H, H4), 5.45 (t, 3JH-H = 2.1 Hz, 4H, 

H1), 5.10 (t, 3JH-H = 2.1 Hz, 4H, H2), 3.92 (s, 12H, H5).   
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FcBisMeOMe-OH 

The synthesis of FcBisMeOMe-OH was performed 

following the general procedure described for FcBistBu-

OH except for the changes mentioned in the following. 

As solvent dry degassed Et2O (40 mL) was used to 

dissolve 2.10 g (1.5 mL, 10.4 mmol, 4.2 eq.) of 1-bromo-

4-methoxy-1-methyl-benzene. 200 mL of Et2O were 

used to dissolve 750 g (2.48 mmol, 1 eq.) of dimethyl-

1,1’-ferrocenedicarboxylate. After the extraction and 

drying step the orange crude product was washed with 30 mL of Et2O and purified by 

recrystallization from Et2O to yield 1.12 g (1.54 mmol, 62 %) of pure FcBisMeOMe-OH as yellow 

crystals. 1H NMR (CDCl3, 400 MHz): δ 7.48 (broad s, 4H, H13), 6.65-6.72 (m, 4H, H12), 6.55-6.59 (m, 

4H, H9), 4.18 (broad s, 4H, H1), 4.00 (s, 4H, H2), 3.99 (s, 2H, H5), 3.78 (s, 12H, H10), 1.74 (s, 12H, 

H8) ppm. 1H-NMR (toluene-d8, 400 MHz): δ 7.65 (broad s, 4H, H13), 6.58-6.63 (m, 8H, H9, H12), 4.24 

(broad s, 4H, H1), 3.84 (s, 4H, H2), 3.75 (s, 2H, H5), 3.40 (s, 12H, H10), 1.89 (s, 12H, H8) ppm.  

13C NMR (CDCl3, 101 MHz): δ 158.5 (C6), 137.4 (C7), 129.9 (C13), 117.4 (C9), 109.8 (C12), 100.0 (C3), 

78.1 (C4), 70.5 (C1), 68.5 (C2), 55.3 (C10), 22.1 (C8). 

 

 

FcBisMeOMe2+  

550 mg (0.51 mmol, 2.05 eq.) of Brookhart’s acid in 40 mL 

of dry degassed Et2O were added dropwise to 179.4 mg 

(0.25 mmol, 1 eq.) of FcBisMeOMe-OH in 40 mL dry 

degassed Et2O at room temperature. The reaction mixture 

turned from yellow to dark yellow. After stirring for 30 

minutes the solvent was stripped of the ochre solution was 

reduced and the resulting purple solid was dried in vacuo, 

yielding 590 mg (0.246 mmol, quantitative) of FcBisMeOMe2+. Due to paramagnetic broadening it 

was not possible to obtain meaningful NMR spectra. MS (ESI): calcd. for C44H44FeO4 346.1306 [M]2+; 

found 346.1461 (measured in dichloromethane, non-calibrated). CH-analysis: calcd. for 

C108H68B2F48FeO4: 53.62 % C, 2.83 % H; found: 52.71 % C, 4.42 % H. 
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11. APPENDIX 

11.1. VINYL RUTHENIUM-MODIFIED CRYSTAL VIOLET DERIVATIVES 

 

 

Figure-SI 1. 1H-NMR spectrum of OMeH-a in CDCl3. 
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Figure-SI 2. 13C{1H}-NMR spectrum of OMeH-a in CDCl3. 

 

 

Figure-SI 3. 1H-NMR spectrum of OMeH-b in CDCl3. 



Appendix - Vinyl Ruthenium-Modified Crystal Violet Derivatives 

 
204 

 

Figure-SI 4. 1H-NMR spectrum of OMeH-c+ in CDCl3. 

 

Figure-SI 5. 19F{1H}- NMR spectrum of OMeH-c+ in CDCl3. 
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Figure-SI 6. 1H-NMR spectrum of OMeOMe-a in CDCl3. 

 

Figure-SI 7. 13C{1H}-NMR spectrum of OMeMe-b in CDCl3. 
 



Appendix - Vinyl Ruthenium-Modified Crystal Violet Derivatives 

 
206 

 

Figure-SI 8. 1H-NMR spectrum of OMeOMe-b in CDCl3. 

 

Figure-SI 9. 1H-NMR spectrum of OMeOMe-c+ in CDCl3. 



Appendix - Vinyl Ruthenium-Modified Crystal Violet Derivatives 

 
207 

 

Figure-SI 10. 19F{1H}- NMR spectrum of OMeOMe-c+ in CDCl3. 

 

Figure-SI 11. 1H-NMR spectrum of NMe2H-a in CDCl3. 
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Figure-SI 12. 13C{1H}-NMR spectrum of NMe2H-a in CDCl3. 

 

Figure-SI 13. 1H-NMR spectrum of NMe2H-b in CDCl3. 
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Figure-SI 14. 1H-NMR spectrum of NMe2NMe2-a in CDCl3. 
 

 
 
Figure-SI 15. 13C{1H}-NMR spectrum of NMe2NMe2-a in CDCl3. 
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Figure-SI 16. 1H-NMR spectrum of NMe2NMe2-b in CDCl3. 
 

 
Figure-SI 17. 1H-NMR spectrum of NMe2-a in CDCl3 (traces of remaining ester are marked with*). 
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Figure-SI 18. 13C{1H}-NMR spectrum of NMe2-a in CDCl3. 
 

 

Figure-SI 19. 1H-NMR spectrum of NMe2-b in CDCl3 
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Figure-SI 20. 1H-NMR spectrum of RuOMeH+ in CD2Cl2. 
 
 

 
Figure-SI 21. 13C{1H}- NMR spectrum of RuOMeH+ in CD2Cl2. 
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Figure-SI 22. 31P{1H}- NMR spectrum of RuOMeH+ in CD2Cl2. 
 

 
Figure-SI 23. 19F{1H}- NMR spectrum of RuOMeH+ in CD2Cl2. 
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Figure-SI 24. 1H-NMR spectrum of RuOMeOMe+ in CD2Cl2. 

 

Figure-SI 25. 13C{1H}- NMR spectrum of RuOMeOMe+ in CD2Cl2. 
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Figure-SI 26. 31P{1H}- NMR spectrum of RuOMeOMe+ in CD2Cl2. 
 

 
 
Figure-SI 27. 19F{1H}- NMR spectrum of RuOMeOMe+ in CD2Cl2. 
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Figure-SI 28. 1H-NMR spectrum of RuNMe2H+ in CD2Cl2. 

 

Figure-SI 29. 13C{1H}-NMR spectrum of RuNMe2H+ in CD2Cl2. 
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Figure-SI 30. 31P{1H}-NMR spectrum of RuNMe2H+ in CD2Cl2. 

 

Figure-SI 31. 19F{1H}-NMR spectrum of RuNMe2H+ in CD2Cl2. 
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Figure-SI 32. 1H-NMR spectrum of RuNMe2NMe2

+ in CD2Cl2. 

 
Figure-SI 33. 13C{1H}-NMR spectrum of RuNMe2NMe2

+ in CD2Cl2. 
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Figure-SI 34. 31P{1H}-NMR spectrum of RuNMe2NMe2

+ in CD2Cl2. 
 

 
 
Figure-SI 35. 19F{1H}-NMR spectrum of RuNMe2NMe2

+ in CD2Cl2. 
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Figure-SI 36. 1H-NMR spectrum of RuRuNMe2

+ in CD2Cl2. 

 

Figure-SI 37. 13C{1H}-NMR spectrum of RuRuNMe2
+ in CD2Cl2. 
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Figure-SI 38. 31P{1H}-NMR spectrum of RuRuNMe2

+ in CD2Cl2. 
 
 

 

 

Figure-SI 39. Cyclic voltammogram (v = 100 mV/s, oxidation) RuOMeH+ in CH2Cl2 at T = 293(± 3) K with the 0.1 mM 
NBu4+ B{C6H3(CF3)2}4- electrolyte. 
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Figure-SI 40. Cyclic voltammogram (v = 100 mV/s, reduction) RuOMeH+ in CH2Cl2 at T = 293(± 3) K with the 0.1 mM NBu4
+ 

B{C6H3(CF3)2}4
- electrolyte. 

 

Figure-SI 41. Cyclic voltammogram (v = 100 mV/s, oxidation) RuOMeOMe+ in CH2Cl2 at T = 293(± 3) K with the 0.1 mM 
NBu4

+ B{C6H3(CF3)2}4
- electrolyte. 
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Figure-SI 42. Cyclic voltammogram (v = 100 mV/s, reduction) RuOMeOMe+ in CH2Cl2 at T = 293(± 3) K with the 0.1 mM 
NBu4

+ B{C6H3(CF3)2}4
- electrolyte. 

 

Figure-SI 43. Cyclic voltammogram (v = 100 mV/s, oxidation) RuNMe2H+ in CH2Cl2 at T = 293(± 3) K with the 0.1 mM 
NBu4

+ B{C6H3(CF3)2}4
- electrolyte. 

 

Figure-SI 44. Cyclic voltammogram (v = 100 mV/s, reduction) RuNMe2H+ in CH2Cl2 at T = 293(± 3) K with the 0.1 mM 
NBu4+ B{C6H3(CF3)2}4- electrolyte. 
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Figure-SI 45. Changes of IR spectra of complex RuOMeH+ (1,2-C2H4Cl2, NBu4
+ B{C6H3(CF3)2}4

-, T = 293( 3) K) in the Ru(CO) 
region during the oxidation (blue to red). 

 

Figure-SI 46. Changes of IR spectra of complex RuOMeH+ (1,2-C2H4Cl2, NBu4+ B{C6H3(CF3)2}4-, T = 293( 3) K) in the 
Ru(CO) region during the reduction (blue to yellow). 
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Figure-SI 47. Changes of IR spectra of complex RuNMe2H+ (1,2-C2H4Cl2, NBu4
+ B{C6H3(CF3)2}4

-, T = 293( 3) K) in the 
Ru(CO) region during the oxidation (blue to red). 

 

Figure-SI 48. Changes of IR spectra of complex RuNMe2H+ (1,2-C2H4Cl2, NBu4
+ B{C6H3(CF3)2}4

-, T = 293( 3) K) in the 
Ru(CO) region during the reduction (blue to yellow). 
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Figure-SI 49. Changes of IR spectra of complex RuNMe2NMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the 

Ru(CO) region during the oxidation (blue to red). 

 

Figure-SI 50. Changes of IR spectra of complex RuNMe2NMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the 

Ru(CO) region during the reduction (blue to yellow). 
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Figure-SI 51. Changes of IR spectra of complex RuRuNMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the 

Ru(CO) region during the first oxidation (blue to red). 

 

Figure-SI 52. Changes of IR spectra of complex RuRuNMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the NIR 

region during the first oxidation (blue to red). 

C Ru
+ C Ru

+ +

C Ru
+ C Ru

+ +



Appendix - Vinyl Ruthenium-Modified Crystal Violet Derivatives 

 
228 

 

Figure-SI 53. Changes of IR spectra of complex RuRuNMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the 

Ru(CO) region during the second oxidation (red to green). 

 

Figure-SI 54. Changes of IR spectra of complex RuRuNMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the NIR 

region during the second oxidation (red to green). 

C Ru
+ C Ru

+ +2

C Ru
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+ +2
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Figure-SI 55. Changes of IR spectra of complex RuRuNMe2
+ (1,2-C2H4Cl2, NBu4

+ B{C6H3(CF3)2}4
-, T = 293( 3) K) in the 

Ru(CO) region during the reduction (blue to yellow). 
 

 

 
 

Figure-SI 56. Experimental (black) and simulated (blue) EPR spectrum of RuOMeOMe2+ in CH2Cl2 solution at r. t. 
 

 
 

Figure-SI 57. Experimental EPR spectrum of RuOMeOMe• in CH2Cl2 solution at r. t. 

C Ru.C Ru
+



Appendix - Vinyl Ruthenium-Modified Crystal Violet Derivatives 

 
230 

 

Figure-SI 58. Experimental (black) and simulated (blue) EPR spectrum of RuNMe2H2+ in CH2Cl2 solution at r. t. 
 

 

Figure-SI 59. Experimental EPR spectrum of RuNMe2H• in CH2Cl2 solution at r. t. 
 

 

Figure-SI 60. Experimental EPR spectrum of RuNMe2H• in CH2Cl2 solution at r. t. 
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Figure-SI 61. Experimental EPR spectrum of RuRuNMe2
• in CH2Cl2 solution at r. t. 

 

 

Figure-SI 62. Contour plots of the calculated spin densities of RuOMeOMe2+ (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 

 

Figure-SI 63. Contour plots of the calculated spin densities of RuOMeOMe• (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 
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Figure-SI 64. Contour plots of the calculated spin densities of RuNMe2H2+ (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 
 

 

Figure-SI 65. Contour plots of the calculated spin densities of RuNMe2H• (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 
 

 

Figure-SI 66. Contour plots of the calculated spin densities of RuNMe2NMe2
2+ (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 

 
Figure-SI 67. Contour plots of the calculated spin densities of RuNMe2NMe2

• (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl). 
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Figure-SI 68. Changes of UV/Vis NIR spectra of complex RuOMeH+ (1,2-C2H4Cl2, NBu4
+ [B{C6H3(CF3)2}4]-, T = 293( 3) K) 

during the oxidation (blue to red, top) and the reduction (blue to yellow, bottom). 



Appendix - Vinyl Ruthenium-Modified Crystal Violet Derivatives 

 
234 

 

Figure-SI 69. Changes of UV/Vis NIR spectra of complex RuOMeOMe+ (1,2-C2H4Cl2, NBu4
+ [B{C6H3(CF3)2}4]-, T = 293 

( 3) K) during the oxidation (blue to red, top) and the reduction (blue to yellow, bottom). 
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Figure-SI 70. Changes of UV/Vis NIR spectra of complex RuNMe2NMe2

+ (1,2-C2H4Cl2, NBu4
+ [B{C6H3(CF3)2}4]-, T = 293( 3) 

K) during the oxidation (blue to red, top) and the reduction (blue to yellow, bottom). 
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Table-SI 1. MO-coefficients of the most important FMOs of complex RuOMeHn+. 

n=0 

α-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe ring-OMe para-H ring-H C+ 

197 L+3 0.06 A 0 0 14 0 55 0 30 0 

196 L+2 -0.03 A 99 1 0 0 0 0 0 0 

195 L+1 -0.29 A 7 23 48 0 6 0 14 1 

194 LU

MO 

-1.24 A 85 14 1 0 0 0 0 0 

193 HO

MO 

-4.04 A 5 8 23 2 17 0 17 27 

192 H-1 -5.35 A 31 29 17 2 11 0 5 5 

191 H-2 -6.06 A 100 0 0 0 0 0 0 0 

190 H-3 -6.29 A 96 4 0 0 0 0 0 0 

β-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe ring-OMe para-H ring-H C+ 

197 L+3 -0.02 A 93 2 3 0 1 0 1 0 

196 L+2 -0.11 A 14 22 37 0 8 0 17 2 

195 L+1 -1.23 A 85 14 1 0 0 0 0 0 

194 LU

MO 

-1.83 A 2 6 23 2 16 0 20 32 

193 HO

MO 

-5.22 A 31 33 27 1 4 0 2 2 

192 H-1 -6.05 A 100 0 0 0 0 0 0 0 

191 H-2 -6.22 A 3 1 3 19 60 0 11 2 

190 H-3 -6.28 A 96 4 0 0 0 0 0 0 

             

n=1 

MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe ring-OMe para-H ring-H C+ 

196 L+3 -2.93 A 0 0 22 0 47 0 30 0 

195 L+2 -3.29 A 7 20 45 1 11 0 14 2 

194 L+1 -3.59 A 85 14 1 0 0 0 0 0 

193 LU

MO 

-5.61 A 6 9 24 2 17 0 14 27 

192 HO

MO 

-7.91 A 37 26 19 2 8 0 4 4 

191 H-1 -8.26 A 98 1 1 0 0 0 0 0 

190 H-2 -8.66 A 97 3 0 0 0 0 0 0 

189 H-3 -9.22 A 7 1 7 20 49 0 12 3 

             

n=2 

α-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe ring-OMe para-H ring-H C+ 

196 L+3 -5.56 A 1 0 68 0 18 0 12 0 

195 L+2 -6.2 A 10 30 44 1 8 0 6 2 

194 L+1 -6.67 A 82 17 1 0 0 0 0 0 

193 LU

MO 

-8.19 A 2 4 18 4 25 0 18 30 

192 HO

MO 

-10.87 A 82 8 7 1 2 0 0 0 

191 H-1 -11.26 A 47 17 20 4 11 0 1 0 

190 H-2 -11.59 A 98 2 0 0 0 0 0 0 

189 H-3 -11.73 A 8 3 3 15 36 0 33 3 

β-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe ring-OMe para-H ring-H C+ 

196 L+3 -5.99 A 11 21 49 1 9 0 7 2 

195 L+2 -6.59 A 83 16 1 0 0 0 0 0 

194 L+1 -8.04 A 14 10 14 3 21 0 15 23 

193 LU

MO 

-9.08 A 38 22 17 2 9 0 5 7 

192 HO

MO 

-10.93 A 95 2 1 0 0 0 0 0 

191 H-1 -11.51 A 97 2 0 0 0 0 0 0 

190 H-2 -11.61 A 2 1 5 19 44 0 27 3 

189 H-3 -12.14 A 1 0 3 0 3 0 93 0 
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Table-SI 2. MO-coefficients of the most important FMOs of complex RuOMeOMen+. 

n=0

α-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe1 ring-OMe1 para-OMe2 ring-OMe2 C+ 

205 L+3 -5.56 A 0 0 11 0 44 0 43 0 

204 L+2 -6.2 A 98 1 1 0 0 0 0 0 

203 L+1 -6.67 A 8 24 48 1 9 0 8 2 

202 LUMO -8.19 A 85 14 1 0 0 0 0 0 

201 HOMO -10.87 A 4 7 23 2 17 2 17 27 

200 H-1 -11.26 A 31 29 18 2 7 2 7 3 

199 H-2 -11.59 A 100 0 0 0 0 0 0 0 

198 H-3 -11.73 A 0 0 1 12 37 12 37 0 

β-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe1 ring-OMe1 para-OMe2 ring-OMe2 C+ 

205 L+3 -5.99 A 47 13 22 0 8 0 7 1 

204 L+2 -6.59 A 60 11 17 0 6 0 5 1 

203 L+1 -8.04 A 85 14 1 0 0 0 0 0 

202 LUMO -9.08 A 2 6 24 2 17 2 17 32 

201 HOMO -10.93 A 30 33 27 1 3 1 3 1 

200 H-1 -11.51 A 0 0 1 11 38 11 38 1 

199 H-2 -11.61 A 100 0 0 0 0 0 0 0 

198 H-3 -12.14 A 95 4 1 0 0 0 0 0 

            

n=1

MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe1 ring-OMe1 para-OMe2 ring-OMe2 C+ 

204 L+3 -2.91 A 0 0 13 0 42 0 43 0 

203 L+2 -3.13 A 7 20 47 1 13 1 10 2 

202 L+1 -3.45 A 85 14 1 0 0 0 0 0 

201 LUMO -5.45 A 5 8 23 2 16 2 16 27 

200 HOMO -7.76 A 37 27 19 1 5 1 5 3 

199 H-1 -8.14 A 98 1 0 0 0 0 0 0 

198 H-2 -8.52 A 97 3 0 0 0 0 0 0 

197 H-3 -8.92 A 0 0 1 13 36 13 36 1 

            

n=2

α-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe1 ring-OMe1 para-OMe2 ring-OMe2 C+ 

204 L+3 -5.39 A 1 0 63 0 16 0 20 0 

203 L+2 -6.0 A 9 31 43 1 7 1 6 2 

202 L+1 -6.57 A 82 17 1 0 0 0 0 0 

201 LUMO -7.87 A 2 4 17 3 21 3 21 29 

200 HOMO -10.72 A 75 10 10 1 2 0 2 0 

199 H-1 -11.11 A 45 13 17 6 17 0 1 0 

198 H-2 -11.12 A 8 2 4 8 23 15 39 1 

197 H-3 -11.51 A 98 1 0 0 0 0 0 0 

β-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-OMe1 ring-OMe1 para-OMe2 ring-OMe2 C+ 

204 L+3 -5.77 A 11 22 49 1 8 1 7 2 

203 L+2 -6.49 A 83 16 1 0 0 0 0 0 

202 L+1 -7.77 A 12 8 13 3 19 3 19 24 

201 LUMO -8.87 A 41 24 18 1 5 1 5 5 

200 HOMO -10.82 A 94 3 2 0 0 0 0 0 

199 H-1 -11.05 A 0 0 1 13 36 13 36 1 

198 H-2 -11.42 A 98 2 0 0 0 0 0 0 

197 H-3 -11.85 A 12 3 20 9 19 9 19 7 
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Table-SI 3. MO-coefficients of the most important FMOs of complex RuNMe2
n+. 

n=0 

α-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-NMe2 ring-NMe2 para-H ring-H C+ 

201 L+3 0.23 A 0 0 22 0 41 0 37 0 

200 L+2 0.01 A 99 0 0 0 0 0 0 0 

199 L+1 -0.18 A 7 24 48 0 6 0 14 1 

198 LUM

O 

-1.19 A 85 14 1 0 0 0 0 0 

197 HOM

O 

-3.79 A 4 6 20 7 20 0 16 26 

196 H-1 -5.14 A 25 26 19 12 17 0 1 1 

195 H-2 -5.79 A 10 6 5 27 24 0 18 9 

194 H-3 -6.01 A 100 0 0 0 0 0 0 0 

β-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-NMe2 ring-NMe2 para-H ring-H C+ 

201 L+3 0.02 A 82 5 7 0 2 0 4 0 

200 L+2 0 A 25 19 32 1 7 0 15 2 

199 L+1 -1.18 A 85 14 1 0 0 0 0 0 

198 LUM

O 

-1.66 A 2 5 22 4 17 0 19 31 

197 HOM

O 

-5.07 A 24 27 25 9 13 0 1 1 

196 H-1 -5.52 A 9 7 4 33 35 0 8 5 

195 H-2 -6.0 A 100 0 0 0 0 0 0 0 

194 H-3 -6.24 A 96 4 0 0 0 0 0 0 

             

n=1 

MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-NMe2 ring-NMe2 para-H ring-H C+ 

200 L+3 -2.78 A 1 1 17 1 52 0 28 0 

199 L+2 -3.08 A 6 18 46 1 15 0 12 1 

198 L+1 -3.35 A 85 14 1 0 0 0 0 0 

197 LUM

O 

-5.38 A 4 7 20 7 22 0 13 27 

196 HOM

O 

-7.62 A 36 27 19 5 9 0 1 2 

195 H-1 -8.04 A 99 0 0 0 0 0 0 0 

194 H-2 -8.41 A 97 3 0 0 0 0 0 0 

193 H-3 -8.67 A 8 2 6 32 34 0 11 6 

             

n=2 

α-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-NMe2 ring-NMe2 para-H ring-H C+ 

200 L+3 -5.29 A 1 1 66 0 22 0 10 0 

199 L+2 -5.98 A 9 31 42 1 9 0 4 2 

198 L+1 -6.49 A 82 17 1 0 0 0 0 0 

197 LUMO -7.77 A 2 4 16 8 27 0 14 28 

196 HOMO -10.65 A 66 10 11 5 7 0 0 0 

195 H-1 -10.92 A 43 6 11 15 20 0 4 1 

194 H-2 -11.28 A 26 12 10 12 13 0 24 4 

193 H-3 -11.43 A 98 2 0 0 0 0 0 0 

β-MO  eV symmetry RuCOClPiPr3 vinyl ring-Ru para-NMe2 ring-NMe2 para-H ring-H C+ 

199 L+3 -5.75 A 11 21 49 2 10 0 5 2 

198 L+2 -6.41 A 83 16 1 0 0 0 0 0 

197 L+1 -7.71 A 11 8 13 9 25 0 12 23 

196 LUMO -8.82 A 39 25 18 4 9 0 2 4 

195 HOMO -10.74 A 92 2 2 2 2 0 1 0 

194 H-1 -10.97 A 7 1 5 27 31 0 22 7 

193 H-2 -11.34 A 98 2 0 0 0 0 0 0 

192 H-3 -11.77 A 0 0 2 0 1 0 96 0 
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Table-SI 4. Fragment decomposition according to NBO analysis (charge) and Mullikan analysis (spin) for complexes RuOMeHn+, 
RuOMeOMen+ and RuNMe2Hn+. 

    charge distribution spin distribution 

    n=0 n=1 n=2 n=0 n=2 

1 

RuCOCl(PiPr3)2 0.12 0.31 0.77 0.03 0.50 

vinyl -0.04 0.06 0.21 0.06 0.29 

ring-Ru -0.07 0.11 0.17 0.13 0.11 

sum-Ru 0.01 0.49 1.16 0.21 0.90 

para-OMe -0.20 -0.14 -0.08 0.02 0.02 

ring-OMe 0.21 0.37 0.51 0.09 0.08 

sum-OMe -0.01 0.23 0.43 0.11 0.10 

para-H 0.24 0.26 0.27 -0.01 0.00 

ring-H -0.27 -0.13 -0.04 0.08 0.02 

sum-H -0.03 0.14 0.23 0.08 0.02 

carbocation 0.02 0.14 0.18 0.60 -0.02 

total 0.00 1.00 2.00 1.00 1.00 

2 

RuCOCl(PiPr3)2 0.11 0.29 0.76 0.02 0.50 

vinyl -0.04 0.05 0.21 0.05 0.30 

ring-Ru -0.08 0.09 0.16 0.12 0.12 

sum-Ru -0.01 0.43 1.13 0.20 0.91 

para-OMe-1 -0.20 -0.14 -0.10 0.02 0.01 

ring-OMe-1 0.20 0.36 0.46 0.08 0.05 

sum-OMe -0.00 0.21 0.36 0.10 0.06 

para-OMe-2 -0.20 -0.14 -0.10 0.02 0.01 

ring-OMe-2 0.20 0.36 0.45 0.08 0.05 

sum-OMe 0.00 0.21 0.35 0.10 0.06 

carbocation 0,01 0.14 0.16 0.60 -0.03 

total 0.00 1.00 2.00 1.00 1.00 

3 

RuCOCl(PiPr3)2 0.11 0.27 0.73 0.02 0.45 

vinyl -0.04 0.04 0.22 0.04 0.29 

ring-Ru -0.08 0.08 0.15 0.10 0.14 

sum-Ru -0.01 0.38 1.10 0.16 0.88 

para-NMe2 -0.02 0.12 0.21 0.07 0.13 

ring-NMe2 0.05 0.24 0.36 0.11 0.13 

sum-NMe2 0.03 0.36 0.58 0.18 0.27 

para-H 0.24 0.26 0.27 -0.01 0.00 

ring-H -0.28 -0.14 -0.09 0.08 -0.01 

sum-H -0.04 0.12 0.18 0.07 0.00 

carbocation 0.01 0.14 0.14 0.59 -0.14 

total 0.00 1.00 2.00 1.00 1.00 
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Table-SI 5. Contour plots of the calculated (pbe1pbe/6-31G(d)PCM(CH2Cl-CH2Cl) moleculcar orbitals corresponding to the transitions given in Table 7. 
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11.2. FERROCENE MONO-TRITYLIUM DYES 

 

Figure-SI 71. 1H-NMR spectrum of FcMonoNMe2-OH in CDCl3. 

 
Figure-SI 72. 13C{1H}-NMR spectrum of FcMonoNMe2-OH in CDCl3. 
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Figure-SI 73. 1H-NMR spectrum of Mono in CDCl3. 

 

 

 

Figure-SI 74. 13C{1H}-NMR spectrum of FcMonoOMe-OH in CDCl3. 
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Figure-SI 75. 1H-NMR spectrum of FcMonoMeOMe-OH in CDCl3. 

 
Figure-SI 76. 13C{1H}-NMR spectrum of FcMonoOMe-OH in CDCl3. 
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Figure-SI 77. 1H-NMR spectrum of FcMonoNMe2

+ in CDCl3. 
 

 
Figure-SI 78. 13C{1H}-NMR spectrum of FcMonoNMe2

+ in CDCl3. 
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Figure-SI 79. 1H-NMR spectrum of FcMonoOMe+ in CDCl3. 
 
 
 

 
Figure-SI 80. 13C{1H}-NMR spectrum of FcMonoOMe+ in CDCl3. 
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Figure-SI 81. 1H-NMR spectrum of FcMonoMeOMe+ in CDCl3. 
 
 
 

 
Figure-SI 82. 13C{1H}-NMR spectrum of FcMonoMeOMe+ in CDCl3. 
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Figure-SI 83. 1H-NMR spectrum of FcMe5MonoOMe+ in CDCl3. 

 
 
 

 

Figure-SI 84.13C{ 1H}-NMR spectrum of FcMe5MonoOMe+ in CDCl3. 
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Table-SI 6. Structure data for complex FcMonoNMe2-OH. 

Empirical formula  C27 H30 Fe N2 O  

Formula weight  454.38  

Temperature  100(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P -1  

Unit cell dimensions a = 7.558(2) Å α = 68.66(2)°. 

 b = 11.601(3) Å β = 80.64(3)°. 

 c = 13.829(4) Å γ = 78.37(2)°. 

Volume 1100.8(6) Å3  

Z 2  

Density (calculated) 1.371 Mg/m3  

Absorption coefficient 0.707 mm-1  

F(000) 480  

Crystal size, colour, habit 0.5 x 0.3 x 0.1 mm3, orange plate  

Theta range for data collection 1.908 to 26.774°.  

Index ranges 
-9<=h<=9, -14<=k<=14, -

17<=l<=17  

Reflections collected 15416  

Independent reflections 4662 [R(int) = 0.0627]  

Completeness to theta = 25.242° 99.5 %   

Absorption correction Integration  

Max. and min. transmission 0.9215 and 0.7250  

Refinement method Full-matrix least-squares on F2  

Data / restraints / parameters 4662 / 0 / 285  

Goodness-of-fit on F2 1.027  

Final R indices [I>2sigma(I)] R1 = 0.0291, wR2 = 0.0706  

R indices (all data) R1 = 0.0361, wR2 = 0.0729  

Extinction coefficient n/a  

Largest diff. peak and hole 0.367 and -0.244 e.Å-3  
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Table-SI 7. Structure data for complex FcMonoMeOMe-OH. 

Empirical formula  C27 H28 Fe O3  
Formula weight  456.34  
Temperature  100(2) K  
Wavelength  0.71073 Å  
Crystal system  Monoclinic  
Space group  P 21/n  
Unit cell dimensions a = 10.6848(8) Å α = 90°. 

 b = 16.8158(11) Å β = 97.210(6)°. 

 c = 12.0810(9) Å γ = 90°. 

Volume 2153.5(3) Å3  
Z 4  
Density (calculated) 1.408 Mg/m3  
Absorption coefficient 0.727 mm-1  
F(000) 960  

Crystal size, colour, habit 
0.4 x 0.3 x 0.2 mm3, yellow 

block  
Theta range for data collection 2.087 to 26.912°.  

Index ranges 
-13<=h<=13, -21<=k<=21,  
-15<=l<=15  

Reflections collected 30331  
Independent reflections 4596 [R(int) = 0.1283]  
Completeness to theta = 

25.242° 
100.0 %  

 
Absorption correction Integration  
Max. and min. transmission 0.9467 and 0.7695  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 4596 / 0 / 285  
Goodness-of-fit on F2 0.952  
Final R indices [I>2sigma(I)] R1 = 0.0457, wR2 = 0.0656  
R indices (all data) R1 = 0.0872, wR2 = 0.0728  

Extinction coefficient n/a  

Largest diff. peak and hole 0.395 and -0.365 e.Å-3  
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Table-SI 8. Structure data for complex FcMe5MonoOMe+. 

Empirical formula  C62H45BF23.98FeO2   

Formula weight  1344.26   

Temperature  100.15 K  

Crystal system  Triclinic   

Space group  P-1   

Unit cell dimensions  a = 12.5996(11) Å α = 98.441(8)°  

 b = 13.7047(12) Å  β = 92.249(8)° 

 c = 18.3647(19)  γ = 111.149(7)°   

Volume  2910.8(5) Å3  

Z  2   

Density (calculated)  
 

1.534 Mg/m3  

μ/mm-1  0.380   

F(000)  1360.0   

Crystal size, color, habit 0.5 × 0.4 × 0.3 mm3, green block   

Radiation  MoKα (λ = 0.71073)   

Theta range for data collection  
 

4.25 to 53.778°   

Index ranges  -16 ≤ h ≤ 15, -17 ≤ k ≤ 17, -23 ≤ l ≤  

Reflections collected  36373   

Independent reflections  12519 [Rint = 0.0812, Rsigma = 0.0592]  

Data/restraints/parameters  12519/37/858   

Goodness-of-fit on F2  1.035   

Final R indexes [I>=2σ (I)]  R1 = 0.0487, wR2 = 0.1217   

Final R indexes [all data]  R1 = 0.0723, wR2 = 0.1323   

Largest diff. peak and hole  0.81 and -0.51 e Å-3  



Appendix - Ferrocene Mono-Tritylium Dyes 

 
265 

 
 
Figure-SI 85. Comparison of cyclic voltammograms of the carbinols (v = 100 mV/s) in CH2Cl2 at T = 293( 3) K with the 

0.1 mM NBu4
+ B{C6H3(CF3)2}4

- electrolyte. 
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Table-SI 9. Summarized computed electronic transitions of the full model complex FcMonoOMe0+. 

No. Energy (cm-1) λ (nm) Osc. Strength Major contribs 

1 9.53838E3 1048 2E-4 
H-1(A)->L+1(A) (20%), H-1(B)->LUMO(B) (15%), 

H-1(B)->L+5(B) (13%), H-1(B)->L+6(B) (20%) 

2 1.16475E4 859 0 
H-1(A)->L+3(A) (11%), H-1(A)->L+5(A) (26%), H-1(B)->L+3(B) (11%), H-1(B)->L+5(B) 

(21%), H-1(B)->L+6(B) (10%) 

3 1.26477E4 791 8E-4 H-2(A)->L+5(A) (14%), HOMO(B)->L+5(B) (19%) 

4 1.27477E4 784 0.0056 HOMO(B)->LUMO(B) (26%), HOMO(B)->L+6(B) (26%) 

5 1.59021E4 629 0.0058 H-5(A)->L+1(A) (15%), H-4(B)->L+5(B) (14%), H-4(B)->L+6(B) (10%) 

6 1.66063E4 602 0 H-5(A)->L+5(A) (18%), H-4(B)->L+6(B) (11%), H-1(B)->LUMO(B) (11%) 

7 1.76193E4 568 0.0202 H-2(A)->L+1(A) (50%) 

8 1.82121E4 549 4E-4 H-1(A)->L+1(A) (42%), H-1(B)->LUMO(B) (11%) 

9 2.04665E4 489 0.0035 H-5(A)->L+1(A) (25%), H-1(A)->L+5(A) (11%), H-1(B)->L+5(B) (12%) 

10 2.06044E4 485 1E-3 H-2(A)->L+5(A) (13%), HOMO(B)->L+5(B) (10%) 

11 2.16602E4 462 9E-4 HOMO(A)->L+1(A) (32%), HOMO(B)->LUMO(B) (25%), HOMO(B)->L+6(B) (14%) 

12 2.3858E4 419 8E-4 HOMO(A)->LUMO(A) (17%), HOMO(A)->L+3(A) (27%), H-2(B)->LUMO(B) (30%) 

13 2.4292E4 412 0.0016 HOMO(A)->L+5(A) (10%), H-1(B)->LUMO(B) (24%) 

14 2.46598E4 406 0.006 HOMO(A)->LUMO(A) (64%), HOMO(A)->L+3(A) (12%) 

15 2.51614E4 397 0.0542 H-5(A)->L+1(A) (17%), HOMO(A)->L+1(A) (28%), H-3(B)->LUMO(B) (11%) 

16 2.63914E4 379 0.0029 HOMO(A)->L+3(A) (20%), HOMO(A)->L+5(A) (32%) 

17 2.71101E4 369 0.0158 
HOMO(A)->L+4(A) (35%), HOMO(A)->L+5(A) (12%), H-4(B)->LUMO(B) (10%), H-3(B)-

>LUMO(B) (10%) 

18 2.77449E4 360 0.0838 HOMO(A)->L+4(A) (16%), H-3(B)->LUMO(B) (30%) 

19 2.8403E4 352 0.1216 H-2(A)->L+1(A) (11%), HOMO(A)->L+1(A) (10%) 

20 2.92354E4 342 0.4851 HOMO(A)->L+3(A) (18%), HOMO(A)->L+4(A) (10%), H-2(B)->LUMO(B) (50%) 

21 2.94636E4 339 0.0179 -- 

22 3.05025E4 328 6E-4 HOMO(A)->L+2(A) (88%) 

23 3.20237E4 312 0.0133 H-4(B)->LUMO(B) (20%), H-4(B)->L+6(B) (15%), H-3(B)->LUMO(B) (19%) 

24 3.23689E4 309 0.0748 H-4(B)->LUMO(B) (25%), H-3(B)->LUMO(B) (15%) 

25 3.31464E4 302 1E-3 H-5(B)->LUMO(B) (79%) 

26 3.3227E4 301 0.0012 H-6(B)->LUMO(B) (75%) 

27 3.37707E4 296 0.0077 H-7(A)->LUMO(A) (17%), H-6(B)->L+1(B) (13%) 

28 3.44538E4 290 0.0199 HOMO(A)->L+6(A) (10%), H-7(B)->LUMO(B) (64%) 

29 3.46539E4 289 0.0669 HOMO(A)->L+6(A) (27%), H-7(B)->LUMO(B) (21%) 

30 3.51313E4 285 0.0025 H-8(B)->LUMO(B) (57%) 

31 3.66114E4 273 0.0045 H-9(B)->LUMO(B) (16%), H-8(B)->LUMO(B) (13%), HOMO(B)->L+1(B) (14%) 

32 3.67001E4 272 2E-4 HOMO(B)->L+1(B) (34%) 

33 3.68646E4 271 0.0023 H-9(B)->LUMO(B) (53%) 

34 3.72292E4 269 0.0293 H-3(A)->LUMO(A) (15%), H-10(B)->LUMO(B) (13%), H-2(B)->L+1(B) (14%) 

35 3.78196E4 264 0.0031 HOMO(A)->L+6(A) (18%), H-10(B)->LUMO(B) (44%) 

36 3.8735E4 258 7E-4 HOMO(B)->L+1(B) (29%), HOMO(B)->L+2(B) (36%) 

37 3.92028E4 255 0.0042 H-10(B)->LUMO(B) (11%), H-2(B)->L+3(B) (10%) 

38 3.92795E4 255 0.0012 HOMO(A)->L+7(A) (89%) 

39 3.94795E4 253 0.0028 HOMO(B)->L+2(B) (30%), HOMO(B)->L+3(B) (11%) 

40 3.98199E4 251 0.0013 HOMO(A)->L+8(A) (19%), HOMO(B)->L+2(B) (22%) 
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Table-SI 10. Summarized computed electronic transitions of the full model complex FcMonoOMe+. 

No. Energy (cm-1) λ (nm) Osc. Strength Major contribs 

1 1.28452E4 779 6E-4 H-1->LUMO (78%), H-1->L+3 (16%) 

2 1.41486E4 707 0.0424 HOMO->LUMO (70%), HOMO->L+3 (18%) 

3 1.77321E4 564 0.0089 H-4->LUMO (30%), H-4->L+3 (15%), H-3->LUMO (17%) 

4 2.11656E4 472 0.0015 HOMO->L+4 (41%) 

5 2.20907E4 453 0.0104 H-1->L+4 (35%), HOMO->LUMO (11%) 

6 2.31917E4 431 0.6354 H-2->LUMO (94%) 

7 2.38337E4 420 0.02 H-4->L+4 (14%), H-1->LUMO (14%), H-1->L+3 (32%) 

8 2.50782E4 399 0.4037 H-3->LUMO (69%) 

9 2.67211E4 374 0.0016 H-5->LUMO (69%), H-4->LUMO (27%) 

10 2.76947E4 361 0.004 H-4->LUMO (17%), H-1->L+4 (11%), HOMO->L+3 (38%) 

11 2.85052E4 351 0.0175 H-6->LUMO (98%) 

12 2.93279E4 341 0.015 H-9->LUMO (18%), H-8->LUMO (14%), H-7->LUMO (28%) 

13 2.94747E4 339 0.0238 H-9->LUMO (11%), H-8->LUMO (12%), H-7->LUMO (51%) 

14 3.0128E4 332 0.0109 H-8->LUMO (73%) 

15 3.14008E4 318 0.0028 H-9->LUMO (60%), H-1->L+3 (10%) 

16 3.18081E4 314 0.0026 H-7->LUMO (12%), H-4->L+3 (19%), H-3->L+3 (12%) 

17 3.70354E4 270 0.0498 H-10->LUMO (91%) 

18 4.02245E4 249 0.0148 HOMO->L+1 (89%) 

19 4.17287E4 240 9E-4 H-1->L+1 (90%) 

20 4.179E4 239 0.08 H-2->L+1 (79%) 

21 4.20352E4 238 0.0293 HOMO->L+2 (81%), HOMO->L+4 (12%) 

22 4.24546E4 236 0.0229 H-11->LUMO (84%) 

23 4.30692E4 232 0.0104 H-1->L+2 (14%), HOMO->L+5 (51%) 

24 4.30869E4 232 0.0016 H-12->LUMO (83%) 

25 4.34499E4 230 0.0108 H-1->L+2 (65%), HOMO->L+5 (15%) 

26 4.35822E4 229 0.0049 H-1->L+5 (50%), H-1->L+7 (23%) 

27 4.3979E4 227 0.0052 H-7->L+4 (20%), H-5->L+3 (11%), H-3->L+1 (13%) 

28 4.41782E4 226 0.0096 H-3->L+1 (22%), H-2->L+5 (28%) 

29 4.49969E4 222 0.0067 H-5->L+3 (14%), H-3->L+3 (16%), H-2->L+2 (10%) 

30 4.50203E4 222 0.0147 H-13->LUMO (49%) 

31 4.51235E4 222 0.0043 H-13->LUMO (39%), H-7->L+4 (10%) 

32 4.54155E4 220 0.0321 H-2->L+2 (55%) 

33 4.55542E4 220 0.0122 H-5->L+3 (13%), H-5->L+4 (11%), H-2->L+2 (14%) 

34 4.58163E4 218 0.0311 H-2->L+3 (81%) 

35 4.60309E4 217 0.0014 HOMO->L+7 (53%) 

36 4.62051E4 216 0.0058 H-3->L+1 (37%), H-2->L+5 (27%), HOMO->L+6 (11%) 

37 4.63382E4 216 0.0014 HOMO->L+6 (82%) 

38 4.67447E4 214 0.0072 H-2->L+4 (48%) 

39 4.68648E4 213 0.0193 H-3->L+3 (11%), H-2->L+4 (28%) 

40 4.69503E4 
213 

0.0027 
H-15->LUMO (20%), H-14->LUMO (12%), H-1->L+5 (16%), H-1-

>L+7 (25%) 
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Table-SI 11. Summarized computed electronic transitions of the full model complex FcMonoOMe2+. 

No. Energy (cm-1) λ (nm) Osc. Strength Major contribs 

3 7.35179E3 1360 0 H-2(B)->LUMO(B) (12%), H-2(B)->L+1(B) (11%), H-2(B)->L+2(B) (13%), H-

2(B)->L+3(B) (29%) 

4 7.4018E3 1351 6E-4 H-3(B)->L+3(B) (10%), H-2(B)->L+2(B) (14%), H-1(B)->LUMO(B) (10%), H-

1(B)->L+2(B) (12%), H-1(B)->L+3(B) (15%) 

5 1.16274E4 860 0 H-6(A)->L+1(A) (12%), H-2(B)->L+2(B) (18%),  

H-1(B)->L+2(B) (16%), H-1(B)->L+3(B) (16%) 

6 1.19032E4 840 3E-4 H-7(A)->L+1(A) (13%), H-2(B)->L+2(B) (22%), H-2(B)->L+3(B) (24%) 

7 1.26428E4 791 0.0037 HOMO(A)->LUMO(A) (56%), HOMO(B)->LUMO(B) (33%) 

8 1.73394E4 577 0.0135 H-7(A)->LUMO(A) (11%), H-7(A)->L+2(A) (10%),  

H-6(A)->L+1(A) (10%), H-1(A)->LUMO(A) (23%) 

9 1.74636E4 573 0.0013 H-7(A)->L+1(A) (12%), H-6(A)->LUMO(A) (22%), H-6(A)->L+2(A) (19%) 

10 1.80298E4 555 0.0016 H-1(A)->LUMO(A) (26%), H-1(B)->LUMO(B) (21%) 

11 1.92219E4 520 0.289 HOMO(A)->LUMO(A) (25%), HOMO(B)->LUMO(B) (64%) 

12 2.09367E4 478 0.3197 HOMO(A)->LUMO(A) (18%), HOMO(B)->L+1(B) (78%) 

13 2.14384E4 466 1E-3 H-2(A)->LUMO(A) (54%), H-4(B)->LUMO(B) (21%) 

14 2.17376E4 460 0.0182 H-9(B)->LUMO(B) (10%), H-9(B)->L+1(B) (12%), H-1(B)->L+1(B) (13%) 

15 2.20562E4 453 0.0094 H-7(A)->L+1(A) (10%), H-6(A)->L+1(A) (27%) 

16 2.24425E4 446 0.0631 H-7(A)->L+1(A) (23%), H-6(A)->L+1(A) (12%) 

17 2.27579E4 439 2E-4 H-3(A)->LUMO(A) (55%), H-5(B)->LUMO(B) (26%) 

18 2.35161E4 425 0.0012 H-9(B)->LUMO(B) (11%), H-9(B)->L+1(B) (12%),  

H-8(B)->LUMO(B) (25%), H-8(B)->L+1(B) (23%) 

19 2.38201E4 420 0.0185 H-7(B)->LUMO(B) (17%), H-7(B)->L+1(B) (25%) 

20 2.41621E4 414 0.0097  

21 2.49066E4 402 0.0303 H-2(A)->LUMO(A) (20%), H-1(A)->LUMO(A) (11%),  

H-4(B)->LUMO(B) (18%), H-3(B)->LUMO(B) (21%) 

22 2.50453E4 399 0.0265 H-6(B)->LUMO(B) (42%), H-6(B)->L+1(B) (28%) 

23 2.55994E4 391 0.1616 H-2(A)->LUMO(A) (12%), H-1(A)->LUMO(A) (11%),  

H-4(B)->LUMO(B) (21%) 

24 2.57986E4 388 0.0228 H-4(A)->LUMO(A) (49%) 

25 2.60325E4 384 0.0158 H-5(A)->LUMO(A) (16%), H-1(B)->L+3(B) (12%) 

26 2.63285E4 380 0.0061 HOMO(A)->L+1(A) (98%) 

27 2.65673E4 376 0.0046 H-3(A)->LUMO(A) (22%), H-5(B)->LUMO(B) (27%) 

28 2.69601E4 371 0.0189 H-4(A)->LUMO(A) (17%), H-5(B)->LUMO(B) (22%),  

H-2(B)->L+3(B) (11%) 

29 2.76698E4 361 0.138 HOMO(A)->L+2(A) (91%) 

30 2.88039E4 347 0.0376 H-5(A)->LUMO(A) (12%), H-3(B)->L+1(B) (16%) 

31 2.89999E4 345 0.0015 H-7(A)->L+1(A) (10%), H-1(A)->L+1(A) (59%) 

32 2.90991E4 344 0.0138 H-4(B)->L+1(B) (50%), H-3(B)->L+1(B) (18%) 

33 3.00774E4 332 0.0056 H-12(A)->L+1(A) (18%), H-4(A)->L+1(A) (15%) 

34 3.02033E4 331 0.0021 H-12(A)->LUMO(A) (15%) 

35 3.0521E4 328 0.0024 H-5(B)->LUMO(B) (10%), H-5(B)->L+1(B) (73%) 

36 3.12461E4 320 0.0123 H-12(A)->L+1(A) (11%), H-4(A)->L+1(A) (25%),  

H-6(B)->L+1(B) (11%) 

37 3.13099E4 319 0.0066 H-1(A)->L+2(A) (15%), HOMO(A)->L+4(A) (10%), HOMO(B)->L+5(B) (11%)

38 3.1497E4 317 0.0075 H-6(B)->LUMO(B) (18%), H-6(B)->L+1(B) (33%) 

39 3.23535E4 309 0.0328 HOMO(B)->L+2(B) (47%), HOMO(B)->L+3(B) (11%) 

40 3.24221E4 308 0.0244 H-7(B)->LUMO(B) (30%) 
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Figure-SI 86. TD-DFT calculated UV/Vis/NIR spectrum (black) and the corresponding transitions (blue) of complex 
FcMonoOMe2+ and the molecular orbitals involved in the major absorptions. 
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Figure-SI 87. TD-DFT calculated UV/Vis/NIR spectrum (black) and the corresponding transitions (blue) of complex 
FcMonoOMe• and the molecular orbitals involved in the major absorptions. 

  



Appendix - Ferrocene Mono-Tritylium Dyes 

 
271 

  



Appendix - Ferrocene -Bis-Tritylium Dyes 

 
272 

11.3. FERROCENE -BIS-TRITYLIUM DYES 

Table-SI 12. Structure data for complex ansa-FcBisOMe-O2. 

Empirical formula  C40 H36 Fe O6  
Formula weight  668.54  
Temperature  100(2) K  
Wavelength  0.71073 Å  
Crystal system  Monoclinic  
Space group  P 21/c  
Unit cell dimensions a = 11.5478(10) Å a= 90°. 

 
b = 22.6329(14) Å b= 95.318(7)°. 

 c = 12.2296(11) Å g = 90°. 

Volume 3182.6(4) Å3  
Z 4  
Density (calculated) 1.395 Mg/m3  
Absorption coefficient 0.524 mm-1  
F(000) 1400  

Crystal size, colour, habit 0.4 x 0.3 x 0.2 mm3, yellow block 
 

Theta range for data 
collection 

1.771 to 26.017°. 
 

Index ranges 
-14<=h<=14, -27<=k<=27, -
15<=l<=13  

Reflections collected 20942  
Independent reflections 6166 [R(int) = 0.0435]  
Completeness to theta = 
25.242° 

99.9 %  
 

Absorption correction Integration  
Max. and min. transmission 0.9310 and 0.8746  
Refinement method Full-matrix least-squares on F2  

Data / restraints / parameters 6166 / 0 / 428 
 

Goodness-of-fit on F2 0.936  
Final R indices [I>2sigma(I)] R1 = 0.0327, wR2 = 0.0631  
R indices (all data) R1 = 0.0557, wR2 = 0.0676  
Extinction coefficient n/a  
Largest diff. peak and hole 0.385 and -0.294 e.Å-3  
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11.4. MATLAB – COMPLETE CODE  

%%Read Files 
clear all 
close all 
  
DATcv    = 'FcBisNMe2_50mVs_CV.dat'; 
DATcvr     = 'FcBisNMe2_fc_50mVs_CV.dat';  
   
fc    =  0; 
dmfc  = -0.55; 
cocp2 = -1.330; 
  
Ref=dmfc; 
   
XLSXraw = strrep(DATcv,'.dat','.xlsx');     % strip  file extension *.dat, add *.xlsx ; 
XLSX = ['RES_' XLSXraw];                     % add suffix RES_ ; 
EMFraw = strrep(DATcv,'.dat','.emf');     % strip  file extension *.dat, add *.pdf ; 
EMF = ['EMF_' EMFraw];                     % add suffix EMF_ ; 
SVGraw = strrep(DATcv,'.dat','.svg');     % strip  file extension *.dat, add *.jpg ; 
SVG = ['SVG_' SVGraw];                     % add suffix JPG_ ; 
JPGraw = strrep(DATcv,'.dat','.jpg');     % strip  file extension *.dat, add *.jpg ; 
JPG = ['JPG_' JPGraw];                     % add suffix JPG_ ; 
PLAIN =strrep(DATcv,'.dat',' '); 
  
disp(' ')  
disp(' ')  
disp(' ')  
disp(' ')  
disp(' ')  
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
disp('%             step 1 / 6              %'); 
disp('%            files defined            %'); 
disp('%            reference set            %'); 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
  
% Import Parameters 
  
% Import inital potential 
filename = DATcv; 
delimiter = ' '; 
startRow = 6; 
endRow = 6; 
formatSpec = '%s%*s%*s%*s%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvIR = dataArray{:, 1}; 
clearvars filename delimiter startRow endRow formatSpec fileID dataArray ans; 
  
Importline6 = cellstr(cvIR); 
cvIRString = 'IR-Comp.'; 
cvCheckIR=strcmp(Importline6,cvIRString); 
  
if cvCheckIR == 1; 
    disp(' ')  
    disp ('CV IR. Comp: YES') 
  
filename = DATcv; 
delimiter = ' ';        
startRow = 10; 
endRow = 10; 
formatSpec = '%*s%*s%*s%f%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvInitalPotential = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 1 
startRow = 11; 
endRow = 11; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvSwitchingPotential1 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 2 
startRow = 12; 
endRow = 12; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvSwitchingPotential2 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import number of segments 
startRow = 14; 
endRow = 14; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvNumberOfScans = [dataArray{1:end-1}]; 
clearvars filename delimiter startRow endRow formatSpec fileID dataArray ans; 
  
else  
    disp(' ')  
    disp ('CV IR. Comp: NO') 
     
filename = DATcv; 
delimiter = ' ';        
startRow = 8; 
endRow = 8; 
formatSpec = '%*s%*s%*s%f%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvInitalPotential = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
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% Import switching potenial 1 
startRow = 9; 
endRow = 9; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvSwitchingPotential1 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 2 
startRow = 10; 
endRow = 10; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvSwitchingPotential2 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import number of segments 
startRow = 12; 
endRow = 12; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvNumberOfScans = [dataArray{1:end-1}]; 
clearvars filename delimiter startRow endRow formatSpec fileID dataArray ans; 
     
end 
  
% Import reference paramters  
filename = DATcvr; 
delimiter = ' '; 
startRow = 6; 
endRow = 6; 
formatSpec = '%s%*s%*s%*s%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrIR = dataArray{:, 1}; 
clearvars filename delimiter startRow endRow formatSpec fileID dataArray ans; 
  
Importline6 = cellstr(cvrIR); 
cvrIRString = 'IR-Comp.'; 
cvrCheckIR=strcmp(Importline6,cvrIRString); 
  
if cvrCheckIR == 1; 
    disp(' ')  
    disp ('reference IR. Comp: YES') 
  
filename = DATcvr; 
delimiter = ' ';        
startRow = 10; 
endRow = 10; 
formatSpec = '%*s%*s%*s%f%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrInitalPotential = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 1 
startRow = 11; 
endRow = 11; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrSwitchingPotential1 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 2 
startRow = 12; 
endRow = 12; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrSwitchingPotential2 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import number of segments 
startRow = 14; 
endRow = 14; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrNumberOfScans = [dataArray{1:end-1}]; 
clearvars filename delimiter startRow endRow formatSpec fileID dataArray ans; 
  
else  
    disp(' ')  
    disp ('reference IR. Comp: NO') 
     
filename = DATcvr; 
delimiter = ' ';        
startRow = 8; 
endRow = 8; 
formatSpec = '%*s%*s%*s%f%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrInitalPotential = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 1 
startRow = 9; 
endRow = 9; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
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dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrSwitchingPotential1 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import switching potenial 2 
startRow = 10; 
endRow = 10; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrSwitchingPotential2 = [dataArray{1:end-1}]; 
clearvars  startRow endRow formatSpec fileID dataArray ans; 
  
% Import number of segments 
startRow = 12; 
endRow = 12; 
formatSpec = '%*s%*s%*s%*s%f%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError', false); 
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 'Delimiter', delimiter, 'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
fclose(fileID); 
cvrNumberOfScans = [dataArray{1:end-1}]; 
clearvars filename delimiter startRow endRow formatSpec fileID dataArray ans; 
     
end 
  
disp(' ')  
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
disp('%             step 2 / 6              %'); 
disp('%         parameters imported         %'); 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
  
% READ file, set reference and process Squarewave with reference, in the following swr 
  
ReadDATcv = dlmread(DATcv,',',41,0); 
ReadDATcvr = dlmread(DATcvr,',',41,0);  
  
cvDirectionCheckV1 = ReadDATcv(1); 
cvDirectionCheckV2 = ReadDATcv(2); 
cvDirectionCheck = (cvDirectionCheckV1 < cvDirectionCheckV2); 
  
cvrDirectionCheckV1 = ReadDATcvr(1); 
cvrDirectionCheckV2 = ReadDATcvr(2); 
cvrDirectionCheck = (cvrDirectionCheckV1 < cvrDirectionCheckV2); 
  
figure(1) 
ax1 = subplot(2,1,1); 
plot(ax1,ReadDATcvr(1:end,1),ReadDATcvr(1:end,2),'k','LineWidth',2); 
 set(gca,'XDir','reverse'); 
 title(ax1,'CV with reference') 
hold on 
ax2 = subplot(2,1,2); 
plot(ax2,ReadDATcv(1:end,1),ReadDATcv(1:end,2),'k','LineWidth',2); 
set(gca,'XDir','reverse'); 
 title(ax2,'CV without reference') 
  
disp(' ')  
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
disp('%             step 3 / 5              %'); 
disp('%              files read             %'); 
disp('%          define peaks please        %'); 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
%% defining peaks  
  
  
% Welcher Peak von kathodisch (negatives Ende der x-Achse) ist Referenz? 
cvrRefPeakNumber = 2; 
% Welcher Peak ist von kathodisch (negatives Ende der x-Achse) aus Verbindungspeak mit Referenz? 
cvrCompPeakNumberRef = 1; 
% Welchem Peak entspricht dieser ohne Referenz? 
cvCompPeakNumber = 2; 
  
MinPeakProminence=0.01; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% find peaks for cvr 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
if cvrDirectionCheck == 1 
  
    disp('oxidative direction') 
     
if cvrNumberOfScans == 3 
     
       disp('3 segments') 
    
cvrSeg1Range = cvrSwitchingPotential1-cvrInitalPotential; 
cvrSeg2Range = cvrSwitchingPotential1-cvrSwitchingPotential2; 
cvrSeg3Range = cvrInitalPotential-cvrSwitchingPotential2; 
  
cvrSeg1U = ReadDATcvr(1:cvrSeg1Range,1); 
cvrSeg2U = ReadDATcvr(cvrSeg1Range:cvrSeg1Range+cvrSeg2Range,1); 
cvrSeg3U = ReadDATcvr(cvrSeg1Range+cvrSeg2Range+1:end,1); 
  
cvrSeg1I = ReadDATcvr(1:cvrSeg1Range,2); 
cvrSeg2I = ReadDATcvr(cvrSeg1Range:cvrSeg1Range+cvrSeg2Range,2); 
cvrSeg3I = ReadDATcvr(cvrSeg1Range+cvrSeg2Range+1:end,2); 
  
cvrForwardUraw = [cvrSeg3U; cvrSeg1U]; 
cvrForwardIraw = [cvrSeg3I; cvrSeg1I]; 
cvrReverseUraw = cvrSeg2U; 
cvrReverseIraw = cvrSeg2I; 
  
  
elseif cvrNumberOfScans == 2 
  
    disp('2 segments') 
     
cvrSegRange = cvrSwitchingPotential1-cvrInitalPotential; 
  
cvrForwardUraw = ReadDATcvr(1:cvrSegRange,1); 
cvrReverseUraw = ReadDATcvr(cvrSegRange:end,1);   
cvrForwardIraw = ReadDATcvr(1:cvrSegRange,2); 
cvrReverseIraw = ReadDATcvr(cvrSegRange:end,2);   
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else 
  
    disp('Too many Scans') 
end 
  
else  
    disp('reductive direction') 
  
    if cvrNumberOfScans == 3 
     
        disp('3 segments') 
         
cvrSeg1Range = cvrInitalPotential-cvrSwitchingPotential1; 
cvrSeg2Range = cvrSwitchingPotential2-cvrSwitchingPotential1; 
cvrSeg3Range = cvrSwitchingPotential2-cvrInitalPotential; 
  
cvrSeg1U = ReadDATcvr(1:cvrSeg1Range,1); 
cvrSeg2U = ReadDATcvr(cvrSeg1Range:cvrSeg1Range+cvrSeg2Range,1); 
cvrSeg3U = ReadDATcvr(cvrSeg1Range+cvrSeg2Range:end,1); 
  
cvrSeg1I = ReadDATcvr(1:cvrSeg1Range,2); 
cvrSeg2I = ReadDATcvr(cvrSeg1Range:cvrSeg1Range+cvrSeg2Range,2); 
cvrSeg3I = ReadDATcvr(cvrSeg1Range+cvrSeg2Range:end,2); 
  
cvrForwardUraw = cvrSeg2U; 
cvrForwardIraw = cvrSeg2I; 
cvrReverseUraw = [cvrSeg3U; cvrSeg1U]; 
cvrReverseIraw = [cvrSeg3I; cvrSeg1I]; 
  
elseif cvrNumberOfScans == 2 
  
    disp('2 segments') 
     
cvrSegRange = cvrSwitchingPotential1-cvrInitalPotential; 
  
cvrForwardUraw = ReadDATcvr(1:cvrSegRange,1); 
cvrReverseUraw = ReadDATcvr(cvrSegRange:end,1);   
cvrForwardIraw = ReadDATcvr(1:cvrSegRange,2); 
cvrReverseIraw = ReadDATcvr(cvrSegRange:end,2);   
  
else 
  
    disp('Too many Scans') 
     
end 
  
end 
  
cvrForwardI = datasmooth(cvrForwardIraw,100); 
cvrReverseI = datasmooth(cvrReverseIraw,100);  
  
cvrForwardIpos=-cvrForwardI; 
MAXcvrForwardIpos=max(cvrForwardIpos); 
cvrForwardIposnormalized=(cvrForwardIpos/MAXcvrForwardIpos); 
  
MAXcvrReverseI=max(cvrReverseI); 
cvrReverseInormalized=cvrReverseI/MAXcvrReverseI; 
  
[PeakcvrForwardIposnormalized, idx]=findpeaks(cvrForwardIposnormalized,'MinPeakProminence',MinPeakProminence); 
PeakcvrForwardU=cvrForwardUraw(idx); 
clearvars idx; 
  
[PeakcvrReverseInormalized,   idx] =findpeaks(cvrReverseInormalized,    'MinPeakProminence',MinPeakProminence); 
PeakcvrReverseU=cvrReverseUraw(idx); 
clearvars idx; 
  
close(figure(1)); 
figure(2); 
ax1 = subplot(2,1,1); 
 plot(ax1,cvrForwardUraw,cvrForwardI*1000000,'b','LineWidth',2); 
  hold on; 
plot(ax1,cvrReverseUraw,cvrReverseI*1000000,'r','LineWidth',2); 
 set(gca,'XDir','reverse'); 
 title(ax1,'constructed CV with reference') 
ax2 = subplot(2,1,2); 
plot(ax2,cvrForwardUraw,cvrForwardIposnormalized,'b','LineWidth',2); 
 hold on; 
plot(ax2,cvrReverseUraw,cvrReverseInormalized,'r','LineWidth',2); 
 hold on; 
plot(ax2,PeakcvrForwardU,PeakcvrForwardIposnormalized,'ok'); 
 hold on; 
plot(ax2,PeakcvrReverseU,PeakcvrReverseInormalized,'ok'); 
 set(gca,'XDir','reverse'); 
 title(ax2,'picked peaks'); 
  
PeakcvrReverseUFlipped=flip(PeakcvrReverseU); 
  
CheckPeakcvrForwardU = numel(PeakcvrForwardU); 
CheckPeakcvrReverseUFlipped = numel (PeakcvrReverseUFlipped); 
  
if CheckPeakcvrForwardU == CheckPeakcvrReverseUFlipped 
else 
    open PeakcvrForwardU 
    open PeakcvrReverseUFlipped 
end 
  
X = ['%             ',num2str(cvNumberOfScans),' segements             %']; 
disp(' ')  
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
disp('%             step 4 / 6              %'); 
disp('%         reference measurement       %'); 
disp(X); 
disp('%             peaks found             %'); 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
  
%% Import without reference 
  
if cvDirectionCheck == 1 
  
    disp('oxidative direction') 
  
if cvNumberOfScans == 3 
     
cvSeg1Range = cvSwitchingPotential1-cvInitalPotential; 
cvSeg2Range = cvSwitchingPotential1-cvSwitchingPotential2; 
cvSeg3Range = cvInitalPotential-cvSwitchingPotential2; 



Appendix - Matlab – Complete Code 

 
277 

  
cvSeg1U = ReadDATcv(1:cvSeg1Range,1); 
cvSeg2U = ReadDATcv(cvSeg1Range+1:cvSeg1Range+cvSeg2Range,1); 
cvSeg3U = ReadDATcv(cvSeg1Range+cvSeg2Range+1:end,1); 
  
cvSeg1I = ReadDATcv(1:cvSeg1Range,2); 
cvSeg2I = ReadDATcv(cvSeg1Range+1:cvSeg1Range+cvSeg2Range,2); 
cvSeg3I = ReadDATcv(cvSeg1Range+cvSeg2Range+1:end,2); 
  
cvForwardUraw = [cvSeg3U; cvSeg1U]; 
cvForwardIraw = [cvSeg3I; cvSeg1I]; 
cvReverseUraw = cvSeg2U; 
cvReverseIraw = cvSeg2I; 
  
elseif cvNumberOfScans == 2 
    
     
cvSegRange = cvSwitchingPotential1-cvInitalPotential; 
  
cvForwardUraw = ReadDATcv(1:cvSegRange,1); 
cvReverseUraw = ReadDATcv(cvSegRange:end,1);   
cvForwardIraw = ReadDATcv(1:cvSegRange,2); 
cvReverseIraw = ReadDATcv(cvSegRange:end,2);   
  
  
else 
  
    disp('Too many Scans') 
end 
  
else  
    disp('reductive direction') 
  
    if cvNumberOfScans == 3 
    
        disp('3 segments') 
     
cvSeg1Range = cvInitalPotential-cvSwitchingPotential1; 
cvSeg2Range = cvSwitchingPotential2-cvSwitchingPotential1; 
cvSeg3Range = cvSwitchingPotential2-cvInitalPotential; 
  
cvSeg1U = ReadDATcv(1:cvSeg1Range,1); 
cvSeg2U = ReadDATcv(cvSeg1Range:cvSeg1Range+cvSeg2Range,1); 
cvSeg3U = ReadDATcv(cvSeg1Range+cvSeg2Range+1:end,1); 
  
cvSeg1I = ReadDATcv(1:cvSeg1Range,2); 
cvSeg2I = ReadDATcv(cvSeg1Range:cvSeg1Range+cvSeg2Range,2); 
cvSeg3I = ReadDATcv(cvSeg1Range+cvSeg2Range+1:end,2); 
  
cvForwardUraw = cvSeg2U; 
cvForwardIraw = cvSeg2I; 
cvReverseUraw = [cvSeg3U; cvSeg1U]; 
cvReverseIraw = [cvSeg3I; cvSeg1I]; 
  
elseif cvrNumberOfScans == 2 
  
    disp('2 segments') 
     
cvSegRange = cvSwitchingPotential1-cvInitalPotential; 
  
cvForwardUraw = ReadDATcv(1:cvSegRange,1); 
cvReverseUraw = ReadDATcv(cvSegRange:end,1);   
cvForwardIraw = ReadDATcv(1:cvSegRange,2); 
cvReverseIraw = ReadDATcv(cvrSegRange:end,2);   
  
else 
  
    disp('Too many Scans') 
  
end 
  
end 
  
  
cvForwardI = datasmooth(cvForwardIraw,10);  
cvReverseI = datasmooth(cvReverseIraw,10);  
  
cvForwardIpos=-cvForwardI; 
MAXcvForwardIpos=max(cvForwardIpos); 
cvForwardIposnormalized=(cvForwardIpos/MAXcvForwardIpos); 
  
MAXcvReverseI=max(cvReverseI); 
  
cvReverseInormalized=cvReverseI/MAXcvReverseI; 
  
[PeakcvForwardIposnormalized, idx]=findpeaks(cvForwardIposnormalized,'MinPeakProminence',MinPeakProminence); 
PeakcvForwardU=cvForwardUraw(idx); 
clearvars idx; 
  
[PeakcvReverseInormalized,   idx] =findpeaks(cvReverseInormalized,    'MinPeakProminence',MinPeakProminence); 
PeakcvReverseU=cvReverseUraw(idx); 
clearvars idx; 
  
close(figure(2)); 
figure(3); 
ax3 = subplot(2,1,1); 
 plot(ax3,cvForwardUraw,cvForwardI*1000000,'b','LineWidth',2); 
  hold on; 
plot(ax3,cvReverseUraw,cvReverseI*1000000,'r','LineWidth',2); 
 set(gca,'XDir','reverse'); 
 title(ax3,'constructed CV') 
ax4 = subplot(2,1,2); 
plot(ax4,cvForwardUraw,cvForwardIposnormalized,'b','LineWidth',2); 
 hold on; 
plot(ax4,cvReverseUraw,cvReverseInormalized,'r','LineWidth',2); 
 hold on; 
plot(ax4,PeakcvForwardU,PeakcvForwardIposnormalized,'ok'); 
 hold on; 
plot(ax4,PeakcvReverseU,PeakcvReverseInormalized,'ok'); 
 set(gca,'XDir','reverse'); 
 title(ax4,'picked peaks'); 
  
X = ['%             ',num2str(cvNumberOfScans),' segements             %']; 
disp(' ')  
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
disp('%             step 5 / 6              %'); 
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disp('%      reference free measurement     %'); 
disp(X); 
disp('%             peaks found             %'); 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
  
PeakcvReverseUFlipped=flip(PeakcvReverseU); 
   
CheckPeakcvForwardU = numel(PeakcvForwardU); 
CheckPeakcvReverseUFlipped = numel (PeakcvReverseUFlipped); 
  
if CheckPeakcvForwardU == CheckPeakcvReverseUFlipped 
else 
    open PeakcvForwardU 
    open PeakcvReverseUFlipped 
end 
  
%% correcting potentials and calculating DeltaEp 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% correcting potentials 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
AllEcvr=((PeakcvrForwardU + PeakcvrReverseUFlipped)/2)'; 
AllEcv=((PeakcvForwardU + PeakcvReverseUFlipped)/2)'; 
  
  
cvrRefPotential=AllEcvr(cvrRefPeakNumber); 
cvrCompPotential=AllEcvr(cvrCompPeakNumberRef); 
cvCompPotential=AllEcv(cvCompPeakNumber); 
  
ShiftedBy=cvrRefPotential-Ref; 
cvrCompPotentialShiftedTo=cvrCompPotential-ShiftedBy; 
absCorrectionFactor=abs(cvrCompPotentialShiftedTo-cvCompPotential); 
cvCorrectedPotentials = AllEcv-absCorrectionFactor; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Calculating DeltaEp values and correcting them vs reference 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
DeltaEpUnCorr = abs(PeakcvForwardU - PeakcvReverseUFlipped); 
DeltaEpcvr = (PeakcvrForwardU - PeakcvrReverseUFlipped); 
DeltaEpRef = DeltaEpcvr(cvrRefPeakNumber); 
DeltaEpCorrectionFactor1 = 0.057-DeltaEpRef; 
  
DeltaEpCorrWithRef = DeltaEpcvr(cvrCompPeakNumberRef)+DeltaEpCorrectionFactor1; 
DeltaEpCorrectionFactor2 = DeltaEpCorrWithRef-DeltaEpUnCorr(cvCompPeakNumber); 
DeltaEpCorr = DeltaEpUnCorr+DeltaEpCorrectionFactor2; 
  
  
%%% Correcting and Plotting of CV 
  
cvForwardUcorr = cvForwardUraw-absCorrectionFactor; 
cvReverseUcorr = cvReverseUraw-absCorrectionFactor; 
  
close(figure(3)); 
figure(4); 
plot(cvForwardUcorr,cvForwardIraw*1000000,'k','LineWidth',2); 
  hold on; 
plot(cvReverseUcorr,cvReverseIraw*1000000,'k','LineWidth',2); 
hold on 
plot([((cvForwardUcorr(1))+0.2); ((cvForwardUcorr(1))+0.2)], [((min(cvForwardIraw)*1000000)+1); ((min(cvForwardIraw)*1000000)+2)], '-k', 

'LineWidth', 2); 
hold off 
axis([[cvForwardUcorr(1)  cvForwardUcorr(end)]    ((min(cvForwardIraw)*1000000)-0.1)  max(cvReverseIraw)*1000000]); 
text(((cvForwardUcorr(1))+0.1),((min(cvForwardIraw)*1000000)+0.5), '1 µA', 'HorizontalAlignment','right', 'FontSize',16) 
set(gca,'XDir','reverse'); 
set(gca,'ytick',[]); 
set(gca,'YColor','none'); 
  
xlabel('{\itE} / V {\itvs.} Fc/Fc^{+}'); 
ylabel('{\it I} / \muA'); 
  
set(gca,'box','off'); 
set(gca,'TickDir','out'); 
set(gca, 'XTicklabel', num2str(get(gca, 'XTick')', '%.1f')) 
  
set(gca,'LineWidth',1.75); 
  
annotation('arrow',[0.19 0.29], [0.82 0.82],'LineWidth',1.5,'HeadStyle','cback2'); 
annotation('arrow',[0.29 0.19], [0.7 0.7],'LineWidth',1.5,'HeadStyle','cback2'); 
  
xoutForward = [cvForwardUcorr] 
xoutReverse = [cvReverseUcorr] 
youtForward = [cvForwardIraw] 
youtReverse = [cvReverseIraw] 
xoutAll = vertcat(xoutForward,xoutReverse) 
youtAll = vertcat(youtForward,youtReverse) 
outAll = [xoutAll, youtAll] 
csvwrite('CVKorr.dat',outAll) 
  
print(EMF,'-dmeta'); 
print(SVG,'-dsvg'); 
  
%winopen (EMF); 
  
E12_mV = round(cvCorrectedPotentials*1000,0)'; 
NumberRedox = numel(E12_mV); 
RedoxProces = [1:NumberRedox]'; 
DeltaEp_mV_corrected = round(DeltaEpCorr*1000,0); 
DeltaEp_mV_uncorrected = round(DeltaEpUnCorr*1000,0); 
  
Res = table(RedoxProces ,E12_mV ,DeltaEp_mV_uncorrected,DeltaEp_mV_corrected ) 
writetable(Res, XLSX ); 
  
disp(' ') ; 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
disp('%             step 6 / 6              %'); 
disp('%           values corrected          %'); 
disp('%             table written           %'); 
disp('%               CV plotted            %'); 
disp('%                                     %'); 
disp('%            A L L   D O N E          %'); 
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%'); 
  
 

 




