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ABSTRACT 

Metal carbonyl clusters, such as the [Ni32C6(CO)36]6- anion, have been 

documented to display electron-sink phenomena. However, such large clusters suffer from 

inefficient yields due to their demanding and unreliable synthesis routes. To approach this 

obstacle, we investigated the electrochemical properties of Fe2(μ-PPh2)2(CO)6, an 

organometallic complex known to experience a reversible two-electron transfer process.  

In this work, we report a modular synthetic strategy for expanding the electron-sink 

capacity of molecular assemblies by installing Fe2(μ-PPh2)2(CO)6 redox mediators to 

arylisocyanide ligands. Specifically, the coordination of three Fe2(μ-PPh2)2(CO)6 subunits 

to a trifunctional arylisocyanide ligand produces an electron-sink ensemble that can 

accommodate six electrons, exceeding the precedent benchmark [Ni32C6(CO)36]6- anion. 

The redox mediators store electrons within quantized unoccupied frontier orbitals and act 

as individual quantum capacitors. Ultimately, we propose to modify the electrode surfaces 

with these redox mediators to examine the relationship between the electrode’s 

mesoscopic structure and its macroscopic capacitance. 
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CHAPTER 1: INTRODUCTION  

1.1 Capacitors and Electrochemical Capacitors 

A diverse spectrum of energy storage technologies is currently available, including 

chemical, mechanical, thermal, and electrochemical storage systems. Among these 

technologies, capacitors and supercapacitors are attracting substantial research interest in 

recent years.1-4 A capacitor is an electronic component that stores and modulates current 

flow. A typical capacitor consists of two conductive metal plates separated by an 

insulating or a dielectric medium. When an electrical potential is applied, positive and 

negative charges accumulate on opposite plates, creating an electric field across the 

dielectric. A charging current will flow until the voltage across both metallic plates equals 

the applied potential during the charging process. Due to the presence of the electric field, 

the capacitor blocks direct currents while storing the potential in the form of electrostatic 

charges. The potential difference across the capacitor depends on the work done by the 

applied voltage and the capacitor’s ability to store charges or its capacitance. Capacitance 

(C) is defined as the ratio of accumulated charges (q) on the plates to the voltage (V) 

between them: 

𝐶𝐶 =
𝑞𝑞
𝑉𝑉 

An electrochemical capacitor (EC) or supercapacitor is a new generation of energy 

storage device. ECs can bridge the performance gaps between electrostatic capacitors and 

rechargeable batteries. They manifest higher capacitance, quicker charging cycles, and 
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longer shelf life compared to conventional capacitors.5,6 A simple EC can be assembled 

by inserting two metallic electrodes into an electrolyte solution. ECs are conventionally 

divided into two categories based on their storage mechanism: electrochemical double-

layer capacitors and pseudocapacitors.  

In electrochemical double-layer capacitors (EDLCs), the current flows from one 

electrode to the other, causing charge separation at each electrode-electrolyte interface 

due to physical ion adsorption and desorption. This electrostatic storage process is non-

Faradaic, in which no charge transfer takes place across the electrode surfaces.12,13 The 

capacitance of EDLCs depends heavily on the specific surface area of the electrodes. 

Porous carbon materials, carbide-derived carbons, and carbon-supported metal oxides 

have been tested as electrode materials for EDLCs.6-8  

Alternatively, pseudocapacitors rely on the redox reactions at the surface of the 

electrodes. The pseudo-capacitive mechanism is a Faradaic process where electrons are 

transferred across the electrode interface via quick and reversible redox reactions of 

electrochemically active species.12,13 Pseudo-capacitance depends intrinsically on the 

electrolyte choice as well as the material of the electrodes. Electroactive metal oxides 

(MnO2, RuO2, etc.), conductive polymers, and graphene derivatives have been the primary 

focus in developing electrode materials for pseudocapacitors.9-11 

One of the critical challenges of the aforementioned bulk electrode materials for 

supercapacitors is their limited electrochemical tunability.6-10 For example, crystallinity 

and electronic configurations are inherent factors that can impact capacitive performance. 

This thesis will explore the electrochemical capacitance phenomenon and discuss the 

electrochemical properties of discrete molecular species exhibiting quantized redox states. 
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Our objective is to investigate the relationship between the electrochemical density of 

states and the macroscopic capacitance using molecular-modified electrodes.  

1.2 Mesoscopic Phenomenon and Quantum Capacitance 

The energy storage ability of supercapacitors depends on the surface area of the 

electrodes. Nanomaterials have been studied and developed to maximize electrode surface 

area as well as their capacitive performance. However, upon miniaturization, the 

predictability of physical and electrochemical properties of materials becomes limited and 

elusive. At such diminutive scales, the material’s conduction, resistance, capacitance, and 

charge transport mechanisms are not well understood.14,15 Thus, from a theoretical 

standpoint, it becomes evident that an approximating model is urgently needed to bridge 

our knowledge gap regarding the intricate and perplexing nanoscale electrochemistry. 

Inspired by the work of Bueno and colleagues, our studies were designed and 

constructed based on their mesoscopic physics model. The mesoscopic region is an 

intermediate region between the microscopic (molecular) and the macroscopic (bulk) 

scales. The mesoscopic realm provides essential information on the verge of purely 

quantum mechanical and purely classical regimes.14,15 At the mesoscales, materials 

manifest complicated dynamics where quantum phenomena interfere with classical 

principles. Incidentally, electrochemical processes are essentially mesoscopic events. 

Depending on the charged state and the presence of chemical reactions, the 

electrochemical analysis can shift from classical mechanics to quantum mechanics or a 

combination of both.14-17 Thus, by investigating and studying the mesoscopic electron 

transfer processes across molecular structures, we can extrapolate our conclusions to gain 

a deeper understanding of electrochemical properties at the nanoscales. 
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According to Bueno, the metallic electrode (electronic conductor) and the 

electrolyte solution (ionic conductor) supply electrons and ions, respectively. 

Fundamentally, the metallic and electrolytic environments only differ in terms of 

electronic or ionic statistics.14-16 In a purely non-Faradaic charging process, 

distinguishable ions predominate, and Boltzmann approximation takes place. Therefore, 

variations in the electrical potential follow classical principles. On the other hand, 

indistinguishable electrons are the primary particles that govern Faradaic dynamics. In 

this case, Fermi-Dirac statistics is assumed, and fluctuations in the electrical potential 

follow quantum mechanics. Thus, the electrochemical Faradaic and non-Faradaic 

processes are intrinsically the same event at the mesoscales with different magnitudes of 

classical and quantum mechanics contributions.14-16  

A mesoscopic circuit can be modeled as quantum capacitors assembled on a 

macroscopic electrode immersed in an electrolyte solution. The electrode and quantum 

capacitors are electronically coupled via quantum channels. The electrochemical 

capacitance can be defined as  

1
𝐶𝐶𝜇𝜇�

=
1
𝐶𝐶𝑖𝑖

+
1
𝐶𝐶𝑞𝑞

 

where Cμ� is the electrochemical capacitance, Ci is the ionic capacitance at the 

interface, and Cq is the quantum capacitance. The ionic capacitance term, Ci, is typically 

modeled as the double-layer capacitance. The quantum capacitance Cq is proportional to 

the electronic density of states (DOS) accessible at the interface due to perturbations made 

in the electrodes.14,15 In the presence of faradaic activities, 1/Cq represents the energy 

difference between the frontier orbitals HUMO and LUMO of the mesoscopic system. As 
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such, the electrochemical capacitance term is a combination of ionic and quantized 

pseudo-capacitance elements. 

1.3 Metal Carbonyl Clusters as Quantum Capacitors 

Metal carbonyl clusters (MCCs) are organometallic complexes containing two or 

more transition metal centers stabilized by carbon monoxide (CO) ligands. Electron-sink 

compounds, such as MCCs, can reversibly store and release electrons when a potential is 

applied.18-21 The [Ni32C6(CO)36]6- carbide anion is considered a benchmark of electron-

sink capacity in molecular materials.22 The anion’s cyclic voltammogram displays a five-

electron transfer process with features of redox reversibility while retaining the original 

structure. However, such large clusters suffer from demanding synthesis and 

unpredictable yields, which hinders the advancement of MCCs as practical capacitor 

materials.22-25 To address such obstacles, we propose to synthesize redox arrays via a 

modular synthetic approach and investigate their electrochemical capabilities. 
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Figure 1. (a) Molecular structure of [Ni32C6(CO)36]6- complex and (b) its cyclic 

voltammetry profile, which shows successive five-electron reduction steps. 

 

The organometallic complex Fe2(CO)6(μ −PPh2)2 (1) contains an iron–iron single 

bond, in which each iron atom is bound to two bridging phenylphosphido ligands and 

three terminal carbonyl ligands. The cyclic voltammogram of 1 suggests the occurrence 

of a reversible, two-electron reduction process. 26-28 
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Figure 2. Fe2P2 structure and cyclic voltammogram. A two electron-reduction 
process is observed.  

To further examine the electron-sink capacity of this redox mediator precursor, we 

prepared several derivatives of the 1, in which one of the terminal carbonyls is replaced 

with an isolobal arylisocyanide analog. The cyclic voltammogram profile of the 

monosubstituted arylisocyanide derivative shows a reversible, two-electron transfer 

process similar to the parent subunit. However, there was a slight cathodic shift in the 

redox wave. Installation of two 1 subunits to a disubstituted arylisocyanide ligand results 

in an electron-reservoir conglomeration that can accommodate up to four electrons. With 

this experimental evidence, it was hypothesized that the installation of an additional 1 

subunit to a trifunctional arylisocyanide ligand would result in an expanded electron-sink 

capacity (i.e., six electrons).  

1.4 Electrochemical Impedance Spectroscopy (EIS) 

Resistance is a measure of an electric circuit’s opposition to the flow of a steady 

direct current (DC). Impedance is defined as the overall resistance that only occurs in AC 

circuits. In addition to resistance, impedance also includes the effects of inductance and 

capacitance due to the magnetic field and electrostatic charges, respectively.29 The 

impedance (Z) complex number is often represented in Cartesian coordinates as 

Z = R + jX 
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where the real component of the impedance is resistance (R), and the imaginary 

component is a combination of capacitance and inductance (X).31,32  

Electrochemical impedance spectroscopy (EIS) is a sensitive method used to 

determine the double-layer capacitance and to examine electrode and complex interface 

processes.30-33 EIS studies how an electrochemical system responds to an application of a 

sinusoidal voltage over a range of various frequencies. Impedance is determined by 

exciting an electrochemical cell with an AC potential and measuring the resulting current. 

The current response is a sinusoid at the same frequency as the excitation voltage but 

shifted in phase. The excitation signal as a function of time can be written as 

E(t) = E0 sin(ωt) 

where E0 is the amplitude of the voltage signal, ω is the angular frequency, and t is 

time.31,32 The response signal I with amplitude I0 shifted in phase ϕ can be written as 

I(t) = I0 sin(ωt + ϕ) 

The impedance (Z) can be expressed in terms of an impedance with magnitude Z0 and a 

phase shift ϕ as  

Z =
E(t)
I(t) = Z0

sin(ωt)
sin(ωt + ϕ) 

The results of the impedance measurements are often evaluated using the Nyquist 

plot or Bode plot.31,32 The Nyquist plot shows the imaginary component of the impedance 

as a function of the real counterpart, whereas in the Bode plot, phase angles are plotted as 

a function of frequency. While both diagrams offer certain advantages, they contain the 

same information that can easily be extracted for different purposes. Our research group 

is interested in employing EIS to determine electrochemical parameters of electroactive 
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redox arrays, which will explicate the electrochemical interactions at the mesoscopic 

levels.  

 
Figure 3. Schematic representation of an electrode surface modified with 

molecular redox mediators & circuit representation of the ensemble. 
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Redox mediators, such as 1 and its derivatives, accommodate electrons within the 

quantized unoccupied frontier molecular orbitals. Since these molecular orbitals represent 

quantized energy states, redox mediators act as individual quantum capacitors. In recent 

publications, Bueno and colleagues proposed a quantum RC electronic circuit model, in 

which the redox mediators are represented as circuit elements (Figure 3). In this model, 

each quantum capacitor is assembled on an electrode via quantum channels creating an 

ensemble of individual quantum point contact structures (or quantum dots).14,15 An 

important implication of this model is that the total charge transfer resistance due to the 

electrolyte solution (Rct), the double-layer capacitance (Cdl), and the quantum capacitance 

(Cq) can be experimentally quantified using EIS. 

1.5 Thesis Overview 

In this chapter, the Faradaic and non-Faradaic charge storage mechanisms have 

been introduced. Our research group is interested in studying the electron-sink behaviours 

of metal carbonyl clusters. We propose to use a modular synthetic approach to construct 

redox mediator arrays and examine their electrochemical features. The synthesis and 

structural characterization of a 1 derivative bearing trifunctional arylisocyanide ligand 

will be discussed in the following chapter. The electrochemical properties and optimized 

reduction conditions of 1 and its derivatives will be described. Lastly, this thesis will 

briefly outline the directions for future studies based on the results of this work.  
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF C106H7Fe6N3O15P6 

2.1. Introduction 

With the advancement of technological devices, there is a great demand for the 

research and development of materials with deliberate and predetermined properties. 

Phosphido-bridged transition metal complexes have been gaining research interests as 

promising avenues for technological applications, including electrochemical devices. The 

binuclear phosphido-bridged transition metal complex Fe2(CO)6(μ −PPh2)2 (1) is 

considered the simplest form of metal carbonyl cluster (MCC). Our research group 

identified complex 1 as an ideal precursor for our studies, in which 1 was chosen due to 

its electron-sink behaviors, constituent elemental abundance, and simplistic structure.34,35 

Along with the PR2 phosphido groups, the terminal carbonyl CO ligands enhance the 

stability of the diiron system due to the 𝜎𝜎-donor and 𝜋𝜋-acceptor characteristics of CO 

ligands. In this context, electron-rich metal centers are stabilized by 𝜋𝜋-backbonding, 

where electrons are donated to the 𝜋𝜋∗ orbitals reside on the carbon molecules. 



12 

 

 
Figure 4. 𝝈𝝈-donor and 𝝅𝝅-acceptor molecular orbitals of carbonyl and 

arylisocyanide ligands. Isocyanides are isolobal analogues of CO with similar steric 
properties. 

The isocyanide N≡C functional group is a versatile surrogate to the carbonyl 

ligand, in which isocyanide is proven to form stable transition metal complexes analogous 

to metal carbonyls.36 Notably, empirical studies classified isocyanides as stronger 𝜎𝜎-
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donors and weaker 𝜋𝜋-acceptors compared to CO ligands.37,38 Such similarities in bonding 

properties between isocyanide and carbonyl ligands are attributed to their analogous 

molecular orbital architectures and steric profiles (Figure 4). As part of our ongoing 

studies to systematically expand the electron-sink capacity of molecular redox arrays, our 

research group has been exploring the chemistry of arylisocyanides for use as alternatives 

to carbonyl ligands. Specifically, we have successfully prepared two derivatives of 1, in 

which one of the terminal carbonyl ligands was replaced with an aromatic ligand bearing 

one or two isocyanide functional groups (Figure 5).   

 
Figure 5. (a) Modular synthetic strategy for preparing electroactive assemblies 

bearing one (2) and two (3) Fe2(CO)6(μ −PPh2)2 fragments tethered to 
arylisocyanide ligands. (b) Molecular structure of 2 and 3. Hydrogen atoms are 

omitted for clarity. 

The monosubstituted and disubstituted derivatives were prepared via a series of 

chemical reactions as shown in Figure 5a. Accordingly, treatment of 1 with 

trimethylamine N-oxide (TMANO) causes one of the terminal CO ligands to displace via 

TMANO

CH3CN
+

1 x

½ x
1 1-NCMe

2

3

32

(a)

(b)
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the decarbonylation reaction mechanism. The intermediate(1–NCMe) from this reaction 

was subsequentially combined with 2-isocyano-1,3-dimethylbenzene and 1,4-

diisocyanobenzene to form 2 and 3, respectively. Encouraged by the successful synthesis 

of 2 and 3, we have adapted the described derivatization procedure to prepare 4, a 

derivative of 1 bearing three arylisocyanide functional groups as outlined in Scheme 1. In 

this chapter, the synthesis of the 2,4,6-triisocyanomesitylene ligand and the electroactive 

derivative 4 is discussed. Also reported herein is the structural characterization of 4 using 

IR spectroscopy and x-ray crystallography. 

 
Scheme 1. Synthesis of electroactive assemblies bearing three 

Fe2(CO)5(𝛍𝛍 −PPh2)2 fragments appended to 2,4,6-triisocyanomesitylene ligand.  

2.2. Experimental 

General considerations 

All reactions were performed using standard Schlenk and vacuum-line techniques 

under inert nitrogen atmosphere. Nitrogen gas was purified by passing through columns 

of activated copper catalyst (BASF PuriStar R3-11G) and molecular sieves (RCI-DRI 
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13X). Except where indicated, all chemical reagents were used as received without further 

purification. All solvents were dried according to standard procedures. Glassware was 

dried in an oven at 130 ℃, assembled while hot, and was allowed to cool under reduced 

pressure. 2,4,6-trinitromesitylene was prepared according to published procedure.  

Infrared spectra were collected using Thermo Scientific Nicolet iS5 FT-IR 

spectrometer equipped with a 0.2 nm BaF2 liquid cell. 1H and 13C NMR spectra were 

obtained using a 600 MHz Bruker AVANCE III spectrometer. 

Synthesis of triaminomesitylene (b) 

SnCl2∙2H2O (21.2288 g, 94.1 mmol) was dissolved in 79 mL HCl, followed by the 

addition of 2,4,6-trinitromesitylene (1.9932 g, 7.81 mmol). The reaction mixture was 

magnetically stirred and heated under reflux for 4 h. Once the solution turned yellow and 

clear, the flask was removed from heat and allowed to cool to room temperature. The 

reaction mixture was made basic using KOH until a pH of 11 was achieved. The alkaline 

mixture was gently heated until the solution became clear. Upon cooling to room 

temperature, a white crystalline precipitate formed, which was filtered and discarded. The 

filtrate was extracted with CH2Cl2. The organic layer was dried by anhydrous MgSO4 and 

the organic solvent was removed under reduced pressure to obtain fine, yellow powder. 

The crude product was purified by crystallization using MeOH. Yellow crystalline 

product (0.8591 g, 66.6%) was collected and dried under vacuum for a few hours.  IR 

(ATR, cm-1), 3390 (m), 3340 (m), 3240 (w), 2900 (w), 2860 (w), 1620 (s), 1600 (s), 1450 

(s), 1120 (s). 1H NMR (600 MHz, CDCl3), 𝛿𝛿 1.99 (s, 9 H), 3.488 (s, 6 H), which are 

consistent with literature values.   
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Synthesis of triformamidomesitylene (c) 

Formic acid (4.97 mL, 131.6 mmol) was combined with acetic anhydride (99 %, 

4.48 mL, 47.0 mmol) and magnetically stirred at 0 ℃ for 20 min. Triaminomesitylene 

(2.0708 g, 12.5 mmol) was dissolved in 70 mL dried CH2Cl2 and was slowly introduced 

to the reaction flask. The combined mixture was magnetically stirred at 0 ℃ for 20 min 

and then was stirred for an additional 24 h at 25 ℃, after which the mixture thickened and 

became pale yellow and cloudy. Solvents were removed under reduced pressure, and the 

pale-yellow solid product was obtained. The product was suspended in cold MeOH, 

filtered, and washed with additional cold MeOH. The obtained white powdery product 

was dried under vacuum for 1 h. Yield: 2.5501 g (81.6%). IR (ATR, cm-1), 3174 (w), 3013 

(w), 2913 (w), 1651 (𝜈𝜈𝐶𝐶𝐶𝐶 , s), 1587 (m), 1533 (m), 1495 (m). 13C NMR (600 MHz, DMSO-

d6), 𝛿𝛿 14.2, 131.2, 132.3, 159.6. 1H NMR is complicated by the known distribution of cis 

and trans tautomeric isomers. Anal.Calcd for C12H15N3O3: C, 57.82; H, 6.07; N, 16.86. 

Found: C, 57.67; H, 6.11; N, 16.76. 

Synthesis of triisocyanomesitylene (d) 

Triformamidomesitylene (1.0204 g, 4.09 mmol) and triethylamine (5 mL, 35.9 

mmol) were combined in 100 mL of dried CH2Cl2. The content was magnetically stirred 

while POCl3 (2.2596 g, 14.7 mmol) was added dropwise to the reaction flask, whereupon 

the mixture slowly changed from cloudy yellow to a hazy orange solution. The reaction 

flask was heated at reflux at 44 ℃ for 6 h and was stirred for an additional 24 h at 25 ℃. 

The reaction mixture was quenched with sodium bicarbonate solution and the bi-phasic 

mixture was filtered to remove insoluble impurities. The aqueous layer was extracted with 

CH2Cl2, and the organic extract was dried by anhydrous MgSO4. The crude solid was 
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purified by sublimation at 80 ℃ at 9.7 torr. Yield: 0.4934 g (61.8%). IR (ATR, cm-1), 

2111(𝜈𝜈𝑁𝑁𝐶𝐶 , s), 1669 (w), 1579 (w), 1445 (w), 1386 (m), 1067 (m). 1H NMR (600 MHz, 

CDCl3), 𝛿𝛿 2.57 (s, 9 H). 13C NMR (600 MHz, DMSO), 𝛿𝛿 15.9, 133.4, 170.5, ipso carbon 

was not observed.  

Synthesis of Fe2(CO)6(𝝁𝝁 −PPh2)2 (1)  

Adapted from published literature procedure.26,39-40 Fe3CO12 (10.13 g, 20.11 

mmol) and PPh2H (7.49 g, 40.22 mmol) was combined in 150 mL toluene. The mixture 

was magnetically stirred and heated at reflux for 72 h. Organic solvents were removed 

under vacuum upon cooling to room temperature. The crude product was purified by 

crystallization using hexanes. Shiny, brown crystalline product was collected and dried 

under reduced pressure for a few hours. Yield: 8.008 g (61%). IR spectroscopy (toluene, 

cm-1), 𝜈𝜈𝐶𝐶𝐶𝐶  2055 (m), 𝜈𝜈𝐶𝐶𝐶𝐶  2015 (s), 𝜈𝜈𝐶𝐶𝐶𝐶  1991 (m), 𝜈𝜈𝐶𝐶𝐶𝐶  1964 (m). IR spectroscopic data is 

consistent with literature values.26,39-40  

Synthesis of 1–NCMe  

Adapted from published literature procedure.26,39-40 Fe2P2 (2.0137 g, 3.10 mmol) 

was dissolved in 70 mL of dried CH3CN, followed by addition of TMANO (1.1750 g, 

15.7 mmol). The cloudy, orange reaction mixture was magnetically stirred at 50 ℃ for 2 

h, then stirred for an additional 30 min at 25 ℃. Organic solvents were removed under 

reduced pressure. The solid product was suspended in CH2Cl2 and filtered through a pad 

of alumina to remove insoluble impurities with additional CH2Cl2. The filtrate was 

collected and dried under reduced pressure. The product was used for following steps 

without further purification. Yield: 1.73 g (84.3%). IR (CH3CN, cm-1),  𝜈𝜈𝐶𝐶𝑁𝑁  2056 (w), 𝜈𝜈𝐶𝐶𝐶𝐶  

2022 (m), 𝜈𝜈𝐶𝐶𝐶𝐶  1980 (s), 𝜈𝜈𝐶𝐶𝐶𝐶  1943 (m), 𝜈𝜈𝐶𝐶𝐶𝐶  1921 (w). 
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Synthesis of 4 

1–NCMe (1.70 g, 0. 534 mmol) was dissolved in 100 mL of dried THF, followed 

by addition of triisocyanomesitylene (0.1394 g, 0.712 mmol). The content was 

magnetically stirred for 3 h at 50 ℃, then stirred for an additional 24 h at 25 ℃. Organic 

solvents were removed under reduced pressure. The crude product was suspended in 

CH2Cl2 and filtered through a silica plug. The filtrate was dried, and the remaining solid 

was extracted in hot CH3CN then slowly cooled to 0℃ for a few hours. The precipitate 

was filtered to obtain the fine, yellow powder product. The final product was purified by 

crystallization using toluene and IPA layer diffusion. Yield: 1.1426 g (78%). IR (CH2Cl2, 

cm-1), 𝜈𝜈𝐶𝐶𝑁𝑁  2087 (m, br), 𝜈𝜈𝐶𝐶𝐶𝐶  2022 (s), 𝜈𝜈𝐶𝐶𝐶𝐶  1988 (s), 𝜈𝜈𝐶𝐶𝐶𝐶  1953 (s). 1H NMR (600 MHz, 

CDCl3), 𝛿𝛿 1.68 (s, 9 H), 6.69 (t, 12 H), 6.80 (t, 6 H), 7.15 (m, 12 H), 7.16 (m, 19 H), 7.60 

(m, 12 H). Anal. Calcd for C106H7Fe6N3O15P6•0.4 C7H8: C, 58.27; H, 3.47; N, 2.00. 

Found: C, 58.17; H, 3.41; N, 2.06. 
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Table 1. X-ray data collection and refinement parameters for complex 2 – 4 

Compound 2 3 4 

Formula C38H29Fe2NO5P2 C66H44Fe4N2O10P4 C109.5H81Fe6N3O15P6 

Formula weight 753.26 1372.31 2199.69 

Temperature (K) 100 100 100 

Crystal system monoclinic monoclinic triclinic 

Space group P21/n P21/n P-1 

a (Å) 10.3290(9) 11.8076(10) 17.1726(18) 

b (Å) 15.2946(15) 15.2235(14) 17.5708(18) 

c (Å) 22.037(2) 19.0754(16) 40.208(4) 

α (deg) 90 90 81.352(5) 

β (deg) 94.996(3) 100.840(3) 80.677(5) 

γ (deg) 90 90 88.014(4) 

Volume (Å3) 3468.1(6) 3367.7(5) 11835(2) 

Z 4 2 4 

density (g/cm3) 1.443 1.353 1.235 

abs coeff (mm-1) 0.973 0.995 6.971 

F(000) 1544.0 1396.0 4500.0 

Crystal size (mm) 0.27 × 0.16 × 0.1 0.6 × 0.17 × 0.15 0.31 × 0.21 × 0.05 

λ  (MoKα) (Å) 0.71073 0.71073 1.54178a 

2θ range (deg) 4.516 to 55.104 5.716 to 61.014 4.502 to 80.176 

reflns (coll) 119149 117989 96822 

reflns (unique) 7981 10269 14361 
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a CuKα radiation 

 

Data/restraints/parameter
s 7981/0/435 10269/0/388 14361/4919/2437 

GOF (on F2) 1.038 1.046 1.080 

Final R indexes [I ≥ 2σ 
(I)] 

R1 = 0.0277 

wR2 = 0.0637 

R1 = 0.0295 

wR2 = 0.0739 
R1 = 0.1054 

wR2 = 0.2456 

Final R indexes [all data] 
R1 = 0.0370 

wR2 = 0.0677 

R1 = 0.0397 

wR2 = 0.0784 
R1 = 0.1260 

wR2 = 0.2569 

Largest diff. peak/hole (e 
Å-3) 0.44/-0.21 0.51/-0.26 1.38/-0.78 
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2.3 Results and Discussion 

Synthesis of organic ligand 

In pursuing our interest in expanding the electron-sink capacity of molecular 

materials, we sought to identify a suitable triisocyanide aromatic core capable of binding 

to our chosen electroactive subunit 1. In previous pilot experiments, we prepared 1,3,5-

triisocyanobenzene via the dehydration of 1,3,5-triformamidobenzene. Unfortunately, 

1,3,5-triisocyanobenzene showed poor thermal stability, in which the decomposition 

reaction proceeds steadily at 35℃. This thermal instability led to challenges in the 

purification of 1,3,5-triisocyanobenzene as well as the coordination of the ligand to 1.  

Given the preceding limitations, we hypothesized that the presence of additional 

methyl groups on the benzene ring would afford an improvement in the stability of the 

trifunctional arylisocyanide core. Accordingly, we have designed a methodology for the 

synthesis of 2,4,6-triisocyanomesitylene (d) using inexpensive reagents (Scheme 1). 

Before undertaking this study, this organic ligand has not been reported in the literature. 

However, just recently, Hsu and colleagues published their preparation of 2,4,6-

triisocyanomesitylene using a procedure similar to that outlined in this work.41  

The triisocyanide derivative d was obtained through a four-step procedure starting 

with mesitylene. Nitration of mesitylene using nitric acid and concentrated sulfuric acid 

at 0℃ produces the 2,4,6-trinitromesitylene (a) intermediate, which was then reduced to 

yield 2,4,6-triaminomesitylene (b). Preliminary work carried out indicated that the 

reduction of a was particularly exacting and unpredictable. Previously, FeCl3•6H2O and 

hydrazine monohydrate were employed to reduce the nitro groups on the mesitylene ring. 

While producing the desired product a, this reduction methodology required refluxing the 
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mixture for over 12h. In addition, the yields of the reaction were inconsistent (10–79%), 

and a combination of partially reduced products and hydrochlorate products were present 

as impurities. Despite attempting different experimental conditions, improved results 

could not be obtained. We speculate that the presence of weakly electron-donating methyl 

groups increased the electron density and altered the reactivity of the molecule, which led 

to incomplete reduction of nitro functionalities.  

 
Figure 6. Structure of a – d. 

We then examined the reduction of a using a combination of SnCl2•2H2O and 

concentrated hydrochloric acid. While this combination was very efficient in reducing the 

nitro groups to primary amines, the isolation of the desired product was complicated by 

the regeneration of SnCl2 upon neutralization during workup. Therefore, we have 

established optimized conditions for the isolation and purification of b. Specifically, the 

reaction time was reduced to four hours, and the mixture was made basic using a solution 

of KOH until a pH of 11 was achieved. Additionally, we found that the SnCl2 byproduct 

can be easily isolated and filtered upon recrystallization. Under these optimized 

conditions, b was obtained in good yields (66.6%) and was purified via crystallization 

using MeOH. 
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The formylation reaction to convert b to 2,4,6-triformamidomesitylene (c) 

proceeded at mild conditions and was very efficient (82%). The 2,4,6-

triisocyanomesitylene ligand (d) was successfully prepared via the dehydration of c using 

triethylamine (Et3N) and phosphoryl chloride (POCl3). It should be noted that d 

arylisocyanide core is appreciably more stable compared to the 1,3,5-triisocyanobenzene 

precursor, in which d was efficiently purified by sublimation at 80℃ without experiencing 

decomposition.  

The products b – d were characterized by IR, 1H NMR, 13C NMR, elemental 

analysis, and mass spectrometry (Experimental section). Interestingly, the 1H NMR 

spectrum of c is complicated by the distribution of cis and trans tautomeric isomers of the 

formamide functional groups.42 Additionally, substantial peak overlapping encumbered 

the spectral assignment of the 1H spectrum of c. The 1H NMR spectrum of d features a 

singlet 2.57 ppm, and the IR spectrum shows a strong NC stretching frequency at 2111 

cm-1. The 13C NMR result features three peaks at 15.9, 133.4, and 170.5 ppm, in which 

the ipso carbon was not observed. The spectral data, mass spectrometry and elemental 

analysis results confirmed the formulation of d using the proposed synthetic route.  

Synthesis and characterization of trimer 

Given the success of the above reaction, we explored the coordination of d to the 

redox-active subunit using a similar procedure to prepare 2 and 3. Accordingly, the 

acetonitrile-coordinated intermediate 1–NCMe was combined with d to produce the 

corresponding isocyanide-appended complex 4 bearing three Fe2(CO)6(μ −PPh2)2 

fragments (Scheme 1). Upon workup, the obtained product was a glassy, amorphous 

orange solid. Due to its sterically hindered structure and the presence of multiple 
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functional groups, purification by crystallization of 4 was particularly challenging. We 

speculated that a bulky solvent system is required to fill in the large void spaces around 

the aromatic core in order to crystallize the desired product efficiently.  

 
Figure 7. Molecular structure of 4 determined by single-crystal XRD. Hydrogen 

atoms and toluene solvent molecules are excluded for clarity. 

In our initial crystallization studies, we found that complex 4 was insoluble in most 

alcohol solvents, in which isopropyl alcohol (IPA) was chosen as the suitable anti-solvent 

due to its sterically hindered structure. Promising crystallization results were achieved 

with combinations of IPA and acetonitrile, dimethylformamide, toluene, and benzene. 

Gratifyingly, crystallization by layer diffusion using toluene and IPA at 25 ℃ yielded 

shiny, orange single crystals. The resulting crystalline product was characterized by IR 

and 1H NMR spectroscopy, and the molecular structure of 4 was determined by single-

crystal x-ray diffraction (XRD) (Figure 7). 

The isocyanide ligand of the synthesized complex was monitored by IR 

spectroscopy (Figure 8). The diagnostic NC and CO stretching frequencies of 1, 2, 3, and 

4 are listed in Table 2. As expected, one of the CO peaks of 1 occurred at 2055 cm-1 was 
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not observed upon coordination to the aromatic core, suggesting one terminal carbonyl 

has been replaced with an isocyanide ligand. This observation is consistent in all three 

derivatized complexes. Inspection of the IR spectra shows that the NC stretching 

frequency of complex 4 occurred at 2087 cm-1, which is significantly lower compared to 

that of the free triisocyanide ligand (2111 cm-1). A shift to lower wavenumbers suggests 

the NC ligand participates in 𝜋𝜋–backbonding while acting as a 𝜎𝜎-donor. It is worth noting 

that similar discrepancies were seen in complexes 2 and 3 with smaller magnitudes of 

variation, indicating the presence of more Fe2(CO)5(μ −PPh2)2 fragments corresponded 

to an increase in 𝜋𝜋–back donation.  

 
Table 2. Diagnostic IR stretching frequencies of NC and CO for 1–4 

Compound 𝜈𝜈𝐶𝐶≡𝑁𝑁  (𝑐𝑐𝑐𝑐−1) 𝜈𝜈𝐶𝐶≡𝐶𝐶  (𝑐𝑐𝑐𝑐−1) 

1a - 2055,  2015,  1991,  1964 

2a 2109 2025,  1986,  1966,  1948 

3a 2104 2023,  1988,  1966,  1949 

4b 2087 2022,  1988,  1953 
  a Recorded in toluene 
  b Recorded in in CH2Cl2 
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Figure 8. IR spectra of 1 – 4 showing only the diagnostic regions of NC and CO 

The 1H NMR spectrum of 4 displayed the expected sharp singlet at 1.68 ppm 

corresponding to the methyl groups on the aromatic core. Additionally, the aromatic 

regions on the NMR spectrum displayed several peaks representing the aromatic protons 

on the derivatized Fe2(CO)5(μ −PPh2)2 subunit.  Upon the successive replacement of a 

carbonyl with the weaker 𝜋𝜋–accepting d ligand, we expected the presence of two different 

electronic environments within the Fe2(CO)5(μ −PPh2)2 fragments. In this context, a 

change in electron density due to 𝜋𝜋–backbonding resulted in differences in chemical shifts 

of the mentioned aromatic protons. Interestingly, diagnostic chemical shifts of toluene 
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were also observed, suggesting this solvent molecule is trapped within the structure of the 

synthesized complex. This observation is consistent with the crystallographic results, in 

which toluene were seen within the crystal lattice of 4. 
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CHAPTER 3. ELECTROCHEMICAL STUDIES OF MOLECULAR ASSEMBLIES 

3.1 Introduction 

One of the primary objectives of this thesis is to explore the electron-sink 

behaviour of the redox-active assemblies containing multiple Fe2(CO)5(μ-PPh2)2 

fragments appended to an aromatic core. We were drawn to Fe2(CO)6(μ-PPh2)2 (1) as the 

redox precursor for our studies due to its simple structure and convenient synthesis.43-44 

Furthermore, complex 1 is conveniently stable towards air oxidation, and the reduced 

dianion experience reversible oxidation when exposed to molecular oxygen.45 Most 

importantly, 1 is known to undergo a reversible two-electron transfer process via two 

sequential one-electron reduction steps. Interestingly, the second electron transfer is 

thermodynamically more favourable than the first, a situation commonly referred to as 

redox potential inversion.46-48 
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Figure 9. a) Schematic representation of structural changes of 1 upon 
reduction. b) Experimental (solid line) and simulated (dotted line) cyclic 

voltammograms of 1. 

In the previous chapter, we proposed a modular synthetic approach to prepare 

assemblies containing one, two, and three Fe2(CO)5(μ-PPh2)2 fragments. Specifically, 

complex 2 was first prepared to observe the spectroscopic and electrochemical changes of 

the Fe2(CO)5(μ-PPh2)2 fragments upon replacement of a CO ligand with an isocyanide 

aromatic core. In our pilot electrochemical experiments, the cyclic voltammetry profile of 

complex 2 suggested that the arylisocyanide ligand did not alter the parent subunit’s 

electrochemical properties. This finding further validated aromatic isocyanides are 

suitable ligands for the purpose of our studies.  We speculated that appending more redox-

active Fe2(CO)5(μ-PPh2)2 fragments onto aromatic ligands would result in an expansion 
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in electron-sink capacity. Specifically, 3 and 4 were hypothesized to accommodate up to 

four and six electrons, respectively. In this chapter, the investigation of redox behaviours 

and electron-sink capacities of 2, 3, and 4 via cyclic voltammetry is discussed. 

Additionally, parameters such as formal potentials, charge transfer coefficients, and rate 

constants obtained from simulated models will also be reported herein.  

3.2 Experimental 

General considerations 

Unless otherwise indicated, all electrochemical experiments were performed with 

a PARSTAT 4000A potentiostat under inert nitrogen atmosphere. Nitrogen gas was 

purified by passing through columns of activated copper catalyst (BASF PuriStar R3-11G) 

and molecular sieves (RCI-DRI 13X). Except where indicated, all chemical reagents were 

used as received without further purification. All solvents were dried according to 

standard procedures. [Bu4N][PF6] (CHEM-IMPEX INT’L INC., 98.48 %) was purified 

by recrystallization using ethanol and water prior to use. DMF (Beantown Chemical, 99.9 

%) were distilled under reduced pressure and stored over molecular sieves prior to 

electrochemical experiments according to published procedures. Glassware was dried in 

an oven at 130 ℃, assembled while hot, and was allowed to cool under reduced pressure. 
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Cyclic voltammetry 

Cyclic voltammograms were recorded in 0.25 M [Bu4N][PF6] DMF solution at 

varying scan rates. Glassy carbon working electrode (3 mm, CH Instruments) was used 

for all experiments and was polished with aqueous slurries of 0.05 𝜇𝜇𝑐𝑐 MicroPolish 

alumina powder (CH Instrument, Inc.) and rinsed with Milli-Q water and methanol. The 

working electrode were preconditioned by performing two cyclic scans from 0.5 to 2.0 V 

at 0.1 mV/sec in 0.25 M DMF solution of [Bu4N][PF6] (TBAPF6). A graphite rod counter 

electrode was polished and washed with methanol before use. A silver wire immersed in 

a 0.25 M DMF solution of TBAPF6 separated from the cell compartment by a porous 

glass frit (CoralPor 1000) was employed as a Ag+/Ag pseudoreference electrode.  

 
Figure 10. Schematic representation of CV experimental set up. 
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Cyclic voltammograms were recorded at the following rates: 0.01, 0.025, 0.05, 

0.075, 0.1, 0.15, 0.25, 0.50, and 1.0 V/s. Between each scan, initial conditions at the 

working electrode surface were restored via polishing. iR correction was done via 

electrochemical impedance spectroscopy (EIS) in between scan to compensate for 90 % 

of solution resistance. Measured potentials are reported relative to the 

ferrocenium/ferrocene redox couple. Simulated kinetic parameters were optimized using 

a non-linear regression protocol within the DigiElch software. All simulation models 

assume redox potential inversion mechanisms. 

Controlled Potential Electrolysis 

Electrolysis in 0.25 M DMF solution of TBAPF6 was conducted at 0.5 V in the 

three-electrode manner. The Ag+/Ag pseudoreference electrode was prepared by 

immersing a silver wire into a 0.25 M DMF solution of TBAPF6 separated from the cell 

compartment by a porous glass frit. The counter electrode was a platinum wired immersed 

in a solution of 3 % ferrocene in 0.25 M DMF solution of TBAPF6, and a Hg pool 

electrode was utilized as the working electrode.  The complexes (1 mM) were electrolyzed 

until a constant current was achieved 
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Figure 11. Controlled potential bulk electrolysis experimental set up. 
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3.3 Results and Discussion 

Preliminary cyclic voltammetry (CV) studies were carried out in several different 

solvent systems at varying concentrations for complexes 1 – 4. While some experiments 

yielded encouraging results, features of the cyclic voltammograms were not well resolved 

for complexes 3 and 4 (Figure 12), where peaks are expected to be more complicated. 

Consequently, we have designed and developed optimization conditions for complexes 1 

– 4 suitable for CV analysis. Specifically, CV experiments were recorded in a 0.25 M 

analyte solution comprised of TBAPF6 dissolved in pure DMF. Under these conditions, 

CV profiles of 3 and 4 improved significantly, in which distinctive peaks on the forward 

reduction scans were observed.  

 
Figure 12. Experimental cyclic voltammograms of 3 and 4 recorded in 0.25 M 

TBAPF6 in 80:20 mesitylene:DMF solution at 0.25 V/s using glassy carbon working 
electrodes, graphite counter electrodes, and Ag wire pseudoreference electrodes. 

Features on the forward reduction scan were not well resolved, in which distinctive 
peaks were not observed. 

Experimental and simulated cyclic voltammograms of complexes 1 – 4 under the 

aforementioned optimized conditions are shown in Figure 13. Accordingly, attachment 
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of one Fe2(CO)5(μ-PPh2)2 fragment to a monofunctional arylisocyanide ligand, as seen in 

complex 2, resulted in a cathodic shift of the redox wave relative to the parent subunit 1. 

Despite such a shift in redox potentials, the derivatization did not otherwise alter the two-

electron reduction capacity or the electrochemical reversibility of complex 2.  

Additionally, features on CV profiles of complexes 3 and 4 were well resolved relative to 

previous attempts, in which additional peaks were observed.  

Similar to precursor 1, the reduction of Fe2(CO)5(μ-PPh2)2 fragments was expected 

to occur as two one-electron transfer steps. However, CV scans of complexes 1 and 2 over 

a sweep rate range of 0.1 to 1.0 V/s revealed single reduction and oxidation waves. This 

result suggested the one-electron reactions could not be resolved due to the redox potential 

inversion phenomenon, which implies that the addition of the second electron is more 

favorable than the first. As such, the formal potential of the second electron would have a 

slight anodic shift relative to the first electron. Consequently, the overall process 

coalesced as a single peak and appeared as a single concerted two-electron transfer 

process. This potential inversion phenomenon was also observed in complexes 3 and 4, 

where each peak maximum on the cyclic voltammograms corresponded to a two-electron 

reduction. Thus, complex 3 and 4 can accommodate four and six electrons, respectively. 

The electron-sink capacities of these complexes were further confirmed by controlled 

potential bulk electrolysis, in which 2, 3, and 4 were verified to accommodate two, four, 

and six electrons, respectively. 



36 

 

 
Figure 13. Schematic structures and experimental (solid lines) and simulated 

(dotted lines) cyclic voltammograms of complex 1 – 4 reported relative to the 
ferrocene redox couple. CV data recorded at 0.25 V/s scan rates are shown. 
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Table 3. Formal potential 𝑬𝑬𝟎𝟎′, charge transfer coefficient 𝜶𝜶, rate constant 𝒌𝒌𝒌𝒌, 
and diffusion coefficient 𝑫𝑫 determined from simulated results using DigiElch.  

Complex  𝐸𝐸0′ (𝑉𝑉) 𝛼𝛼 𝑘𝑘𝑠𝑠 (𝑐𝑐𝑐𝑐 𝑠𝑠−1) 𝐷𝐷 (𝑐𝑐𝑐𝑐2 𝑠𝑠−1) 

1 
𝟏𝟏0 + 𝑒𝑒− ⇄ 𝟏𝟏−1 -1.64 0.53 0.0090 3.47 × 10−6 

𝟏𝟏−1 + 𝑒𝑒− ⇄ 𝟏𝟏−2 -1.52 0.40 0.0015 3.47 × 10−6 

      

2 
𝟐𝟐0 + 𝑒𝑒− ⇄ 𝟐𝟐−1 -1.91 0.52 0.043 2.70 × 10−6 

𝟐𝟐−1 + 𝑒𝑒− ⇄ 𝟐𝟐−2 -1.61 0.48 0.040 2.70 × 10−6 

      

3 

𝟑𝟑0 + 𝑒𝑒− ⇄ 𝟑𝟑−1 -1.83 0.65 0.015 1.64 × 10−6 

𝟑𝟑−1 + 𝑒𝑒− ⇄ 𝟑𝟑−2 -1.42 0.49 0.014 1.64 × 10−6 

𝟑𝟑−2 + 𝑒𝑒− ⇄ 𝟑𝟑−3 -2.10 0.42 0.078 1.64 × 10−6 

𝟑𝟑−3 + 𝑒𝑒− ⇄ 𝟑𝟑−4 -1.51 0.54 0.075 1.64 × 10−6 

      

4 

𝟒𝟒0 + 𝑒𝑒− ⇄ 𝟒𝟒−1 -1.81 0.55 0.014 1.82 × 10−6 

𝟒𝟒− + 𝑒𝑒− ⇄ 𝟒𝟒−2 -1.49 0.43 0.0052 1.82 × 10−6 

𝟒𝟒−2 + 𝑒𝑒− ⇄ 𝟒𝟒−3 -1.95 0.54 0.025 1.82 × 10−6 

𝟒𝟒−3 + 𝑒𝑒− ⇄ 𝟒𝟒−4 -1.63 0.49 0.011 1.82 × 10−6 

𝟒𝟒−4 + 𝑒𝑒− ⇄ 𝟒𝟒−5 -2.06 0.46 0.016 1.82 × 10−6 

𝟒𝟒−5 + 𝑒𝑒− ⇄ 𝟒𝟒−6 -1.70 0.47 0.023 1.82 × 10−6 

 

The experimental cyclic voltammogram data of complexes 1 – 4 have been 

modelled and fitted using DigiElch to investigate the electrochemical electron transfer 

processes. Parameters such as formal potentials 𝐸𝐸0′, charge transfer coefficient 𝛼𝛼, rate 

constant 𝑘𝑘𝑠𝑠, and diffusion coefficient 𝐷𝐷 were refined and determined using simulated CV 
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results. Obtained values for 𝐸𝐸0′, 𝛼𝛼, 𝑘𝑘𝑠𝑠, and 𝐷𝐷 are tabulated in Table 3. The charge transfer 

coefficients for all four complexes showed good agreements with typical values of 𝛼𝛼 

(approximately 0.5).49 In complexes 1 and 2, the formal potential of the second electron 

addition was more positive than the first (𝐸𝐸𝑒𝑒20′ > 𝐸𝐸𝑒𝑒10′), as expected for an inverted redox 

potential system. Similarly, the odd-electron transfer processes were shown to be more 

negative in complexes 3 and 4, indicating the addition of even-electrons was more 

thermodynamically favorable. The results for diffusion coefficient D were also listed in 

Table 3, in which it was assumed that all electron transfer processes have the same 

diffusion coefficient as the first electron addition. Efforts had been made to optimize 𝐷𝐷 

for individual electron transfer. However, significant responses from the optimization 

were not observed, and the simulation was refined based on the diffusion of the first 

addition of electron.   

The obtained rate constants 𝑘𝑘𝑠𝑠 were also reported in Table 3. Despite being more 

thermodynamically favorable, the addition of even-electrons appeared to be slower than 

the odd counterparts. Upon reduction, the Fe2(CO)5(μ-PPh2)2 fragment undergoes 

structural changes, in which the metal – metal bond was broken, and the overall structure 

unfolded (Figure 9). This structural reorganization energy, along with activation and 

solvent reorganization energies, was speculated to have significant impact on the kinetics 

of the electron transfer reactions. Thus, discrepancies in rate constants in each reduction 

reaction were observed.   
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CHAPTER 4. CONCLUSION AND FUTURE DIRECTIONS 

The purpose of the experimental work described in this thesis was to demonstrate 

how the electron-sink capacity of molecular assemblies may be expanded. Derivatives of 

the redox-active precursor, Fe2(CO)6(µ–PPh2)2 (1), were previously prepared via a 

modular synthetic approach to examine their electrochemical behaviours. Specifically, the 

simple Fe2(CO)5(µ–PPh2)2 fragments were used as a common electroactive subunit and 

were appended to aromatic isocyanides bearing one or two functional groups. In this work, 

the synthesis of complex 4 was designed and reported, in which three Fe2(CO)5(µ–PPh2)2 

fragments were tethered to a 2,4,6-triisocyanomesitylene ligand. The structure of the 

resultant complex 4 was confirmed using spectroscopic and crystallographic data. 

The electron-sink capacities and electrochemical properties of the derivatized 

complexes 2 – 4 were studied via cyclic voltammetry. Complex 2 was first prepared and 

analyzed as a model system to observe the effects of replacing a terminal CO functional 

with an isocyanide ligand. Spectroscopic and electrochemical results confirmed that no 

significant changes in features of the Fe2(CO)5(µ–PPh2)2 fragment were observed upon 

derivatization, indicating isocyanide ligands are suitable for the purpose of electron-sink 

augmentation studies. Furthermore, under optimized experimental conditions, as 

evidenced by their CV profiles, the redox-active complexes 2 and 3 can accommodate up 

to two and four electrons, respectively. On the other hand, attaching three Fe2(CO)5(µ–

PPh2)2 fragments to a trifunctional arylisocyanide ligand yielded an electron-sink 



40 

 

ensemble 4 capable of accommodating six electrons per unit, exceeding the precedent 

benchmark [Ni32C6(CO)36]6- anion. 

 
Figure 14. Schematic rendering of an electrode surface molecularly modified 

with the six-electron redox array 4.  

Redox arrays 2 – 4 are hypothesized to contribute to an area-dependent quantum 

capacitance upon grafted onto electrode surfaces, where each unit of the redox-active 

assemblies acts as individual quantum capacitors (Figure 14). In this general context, the 

overall quantum capacitance of the electrode is determined by the electron-sink capacity 

of the grafted species. We further hypothesized that the overall capacitance of the 

electrode could be enhanced by using higher electron-sink capacity arrays, such as 

complex 4. Our next step is to establish a method to graft these molecular assemblies onto 

electrode surfaces. Electrochemical analysis of complexes before and after tethering onto 

the electrode should provide valuable information regarding the electrode’s mesoscopic 

architecture and its overall quantum capacitance. 
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APPENDIX A 

NMR spectra of complex 4 2,4,6-triisocyaniomesitylene ligand, and important 

intermediates 
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Figure S1. 1H NMR spectrum of 2,4,6-triaminomesitylene. 
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Figure S2. 1H NR spectrum of 2,4,6-triformamidomesitylene. 
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Figure S3. 13C NMR spectrum of 2,4,6-triformamidomesitylene. 
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Figure S4. 1H NMR spectrum of 2,4,6-triisocyanomesitylene. 
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Figure S5. 13C NMR spectrum of 2,4,6-triisocyanomesitylene. 
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Figure S6. 1H NMR spectrum of complex 4.  
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Cyclic Voltammograms of complexes 2, 3, and 4 at varying scan rates 

 
Figure S7. Cyclic voltammogram of complex 1 in 0.25 M TBAPF6 DMF solution 

at varying scan rates. 
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Figure S8. Cyclic voltammogram of complex 2 in 0.25 M TBAPF6 DMF solution 

at varying scan rates. 

 
Figure S9. Cyclic voltammogram of complex 3 in 0.25 M TBAPF6 DMF solution 

at varying scan rates. 
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Figure S10. Cyclic voltammogram of complex 4 in 0.25 M TBAPF6 DMF solution 

at varying scan rates. 
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