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Abstract 

An important challenge to enable the wide-scale implementation of renewable 

energy sources, such as solar and wind, consists in the development of low cost, safe 

and environmentally benign electrical energy storage (EES) technologies with high 

energy and power densities. Secondary metal-ion batteries (MIBs) represent attractive 

alternatives as EES devices because they can potentially exhibit high voltages and 

high capacities, when compared to traditional batteries. One of the major challenges of 

current MIBs is to increase the gravimetric capacity and energy density of the cathode 

material. Organic compounds represent attractive alternatives as cathode materials for 

MIBs due to their well known redox chemistry as well as the variety of redox-active 

functional groups that can be studied. Among organic compounds, carbonyl-based 

organic molecules (C-bOMs) exhibit rapid and chemically reversible electrochemical 

behavior. Moreover, enolates, their singly reduced form, display strong ionic 

interactions with small radii cations. Furthermore, a wide range of chemical 

modifications can be performed on C-bOM structures to predictably tailor their 

electrochemical behavior. These modifications may lead to maximization of the 



interaction of the organic compound with small radii cations, and/or an increase in the 

number of electrons transferred, while minimizing the molecular weight of the 

compound, thus further increasing energy density. 

The focus of this dissertation is to synergistically use computational and 

electrochemical methods for the design and characterization of new organic-based 

cathode materials for electrochemical energy storage applications.   This has involved 

the design and development of novel light weight and high voltage C-bOMs, that can 

overcome the shortcomings of conventional materials, such as the high cost, low 

gravimetric capacities and energy densities and slow charge/discharge rates. 

Computational methods have been used to predict the formal potentials of new 

materials to enable the identification and down-selection of the most promising 

candidates. We have also studied the influence, in formal potential and lithium binding 

energy, of the addition of electron-withdrawing and electron-donating groups. The 

influence of metal cation, such as Li+, Na+, K+, Mg2+, Al3+, on the redox potentials of 

different C-bOMs molecules has been elucidated.  
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Chapter 1: 
Introduction 

 
1-1. Energy Storage: 

An important challenge of interest to the U.S. Department of Energy (DOE) is 

enabling the wide-spread utilization of renewable energy sources, such as solar and 

wind, through the development of highly efficient, low cost, safe and environmentally 

benign batteries and other electrical energy storage technologies.1 At the forefront of 

research has been the development of electrode materials for electrochemical 

supercapacitors and secondary batteries.2-5 As shown in the Ragone plot (Fig 1-1), 

capacitors have good power density but low energy density.3-6 A supercapacitor stores 

charge either nonfaradaically, through high surface area electrodes (e.g. high surface 

carbon), (Fig 1-2b) or faradaically (pseudocapacitor) through the charge transfer 

processes of surface immobilized redox couples.2, 5-8 Secondary batteries, on the other 

hand, have low power density but high energy density, resulting in devices that can 

discharge over a longer time. Lithium ion batteries (LIBs) have the highest energy 

density among secondary batteries.6 LIBs consist of 3 major components: the anode, 

the cathode, and the electrolyte (Fig. 1-2).5-6 In the discharge process, the anode is 

oxidized, and the intercalated Li ions are released into the electrolyte solution, the 

electrons travel through the external circuit to the cathode that incorporates Li ions due 

to its reduction (Fig 1-2a).5 During the charging process the reverse occurs.  
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Figure 1-1. Ragone plot for the different electrochemical energy storage technologies. 

Figure modified from Winter et. al.5 

1-1a. Metal-Ion Batteries 

Following the develoment of LIBs, different metal anodes, including sodium, 

magnesium and even aluminum, have been studied for electrical energy storage 

applications.9-11 Recent work on cathode materials for metal ion batteries have been 

focused on metal oxides such as LiCoO2, which can be expensive and degrade when 

overcharged.4-6 For example, magnesium ion batteries (MgIBs) are a good alternative 

to LIBs.11 The natural abundance of magnesium is 300 times higher than that of 

lithium, and resulting in a lower price.11-13 Magnesium has a relatively high specific 

capacity (2205 Ah/kg) although the magnesium electrode potential is ~700 mV higher 

than that of lithium. In addition, magnesium is more stable when exposed to air.11-13 

Some of the major challenges in the development of MgIBs are related to the 

electrolyte system. One of the major issues in the electrolyte system is anodic stability 
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during battery charging. In general, MIBs technologies present the same drawbacks in 

the cathode materials, which are low stability, low formal potential and low 

capacity.11-13 An efficient battery cathode should exchange multiple electrons, 

especially at high voltages and have a low molecular weight. The present work seeks 

to develop high performance electrical energy storage devices for application in MIBs 

by identifying/designing new low molecular weight and high voltage organic 

materials, which will overcome the current limitation of high cost, low gravimetric 

capacities and energy densities, and slow charge discharge rates.  

 

 

Figure 1-2. (a) Secondary battery and (b) capacitor, charge and discharge processes.  
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1-2. Organics as Electrode Materials for EES applications 
 
 

While the anode of a battery may be improved, the battery cathode is in fact 

the electrodes with more room for improvement. Currently, most cathode materials are 

based on the intercalation of lithium into metal oxide (e. g. LiCoO2) or metal 

phosphate (LiFePO4) lattices.4-6, 10-11 These can be costly (Co is a strategic metal) and 

their structural integrity can be compromised, especially if overcharged.4-11 

Additionally, safety, low capacity and energy density remain as unresolved issues in 

these materials. Organic materials represent an attractive alternative as electrode 

materials for secondary batteries.3,4,14-15 In fact, the first primary battery that was 

commercialized had an organic-based electrode material ((CF)n-Li).4 Because they are 

made from widely available and inexpensive elements, such as carbon, oxygen, 

nitrogen, and sulfur, organic based electrode materials can provide a cost advantage 

over inorganic materials.14-15 Among the characteristics that make organic materials 

attractive for electrical energy storage applications are their low molecular weight, 

capability for multiple electron transfers per formula unit and the possibility to 

manipulate their redox potentials by tuning the electronics.3,4,14-15 As shown in Figs. 1-

3 and 1-4 there are numerous redox active moieties that can be studied for EES 

applications.3-4 In Fig. 1-3 is shown the discharge capacity versus discharge potential 

for organic systems and is evident that these systems can exhibit high energy densities;  

even higher than several inorganic systems.3 Energy density represents the interplay of 
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the number of electrons transferred, the voltage at which these processes occur and the 

mass of the material, and considering the advances in organic chemistry, organic 

systems by design will be present to take advantage of each of these properties.  

 

Figure 1-3. Discharge capacity versus the discharge potential for different organic 

systems. This figure was adapted from Liang et. al.3 

Several classes of organic cathode materials have been studied over the past 

forty years (Fig. 1-3 and 1-4). 3-4 Where nitroxyl radical polymers (Fig. 1-4A) exhibit 

high discharge voltages and stable cycling, they are limited by their large molecular 

weights and number of electrons transferred per redox process, leading to low specific 

energy densities.3-4 Organosulfur materials (Fig. 1-4B) have disulfide (S-S) bonds that 

can be reversibly oxidized, producing two electrons per bond.3-4 Despite this reversible 

behavior, organosulfur materials are often soluble in the electrolyte and generally 
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display slow kinetics. Radical cation compounds (Fig. 1-4C), are readily 

polymerizable, mitigating solubility issues.3-4 They display rapid, reversible kinetics 

and are tunable to deliver high capacity. Conducting polymers (Fig. 1-4D), e.g. 

polythiophene and polyaniline, have been shown to have high conductivity, high 

voltages, but modest pseudocapacitance.3-4, 16-18 However, they are often unstable upon 

cycling, as oxidizing the reduced states of these polymers is a largely irreversible 

process. Some conducting polymers, such as PEDOT, can be modified with 

thiophene- or amino-based pendants (Fig. 1-4E), which can increase their specific 

capacities while maintaining their high rate capabilities. In summary, in most cases, 

small organic molecules are limited by low voltages, sluggish kinetics and/or poor 

cycling, but, due to their low molecular weights, they can exhibit high capacity 

values.3-4, 16-18 On the other hand, large molecules (polymeric systems) can exhibit 

high discharge voltages and stable cycling. However, they are limited by their high 

molecular weights and number of electrons transferred per redox process, leading to 

low specific energy densities. Because one of the main focal points of this dissertation 

is directed at the design and electrochemical characterization of carbonyl-based 

organic molecules (C-bOMs) (Figs. 1-4F and 1-5), I will discuss, in more detail, the 

properties of this family of molecules.  
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Figure 1-4. Schematic representation of different redox active organic moieties 

commonly used in EES technologies.  (RAP: Redox active pendant) 

In the 70’s and 80’s, C-bOMs were initially studied to be used as electrode 

materials for EES.19-22 However, their low reduction potentials and poor cyclability, 

caused by their solubility in the electrolyte, were difficult challenges to overcome, and 

therefore research on these materials for EES applications ceased for two decades.19-22 

However, their reversible redox chemistry, stability and ionic interactions with small 

cations made them popular again in the early 2000s.19-22 Among C-bOMs can be 



!
!

8 

found a variety of systems (Fig. 1-5) such as quinones, carboxylates, imides and 

thiophene linked redox active carbonyls (TLRC). Imides (Fig 1-5A), commonly used 

in their polymeric form, while they present low voltages and low conductivity, their 

redox process are stable and they have good stability towards cycling (discussed in 

more detail in Chapter 5). Carboxylates (Lithium salts) have a lower solubility, better 

cycling and, more importantly, they exhibit higher capacity than their counter parts in 

polymeric forms.22 TLRC systems are designed to maximize the number of electrons 

transfered per molecule so as to maximize energy density. Some drawback of these 

materials are low reduction potentials and dissolution into the electrolyte in their 

enolate forms (discussed in more detail in Chapter 3-4).20-21 

 

Figure 1-5. Schematic representation of different C-bOMs. 

 

The most familiar example of this class of molecules is quinones. In 

nonaqueous media, quinones are reduced in two reversible, one-electron steps, first to 

the radical anion (1) and subsequently to the dianion (2): 
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                                                     ! + !!↔ [!]!⦁             (1) 

                                                     [!]!⦁ + !! ↔ [!]!!      (2) 

where Q represents a quinone-class molecule.19, 23 Typically, the formal potential 

difference for these reductions is approximately 500 mV. In aqueous solutions, 

however, the electrochemical behavior of quinones change dramatically. Namely, the 

quinone reduction becomes a single reversible, two-electron step: 

                                                   ! + 2!! + 2!! ↔ !!!                   (3) 

As can be seen from Eqn. 3, the quinone dianion is stabilized by protonation. This 

dramatically shifts the reduction potential in the positive direction by hundreds of 

millivolts.19, 23 

Generally, C-bOMs exhibit both electrochemically and chemically reversible 

behavior, and their reduced forms generally show strong ionic interactions with 

cations. These interactions stabilize the reduced forms of C-bOMs, shifting positively 

the formal potentials of the reduction reactions and thereby increasing the gravimetric 

energy density of the cathode material.19-22 C-bOMs can be modified to predictably 

impart specific properties, such as an increased number of electrons exchanged per 

formula unit or interactions of the reduced form with metal cations.19-22 In their 

polymeric forms, C-bOMs do not readily dissolve in the electrolyte. Together, these 

properties make C-bOMs ideal candidates for EES applications, particularly as 

cathode materials in LIBs and MIBs. 

1-3. Computational Methods 

In the word presented here, different computational tools have been used for 

the design, screening and understanding of the charge transfer processes of new 
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organic molecules.19-23 In an electrochemistry laboratory, computational chemistry can 

be a helpful technique because it can be used to calculate redox potentials, study the 

electronic structure, provide mechanistic information and more importantly help in the 

interpretation of experimental data of new materials.19-23 The cluster used for these 

studies houses a total of 84 physical cores. Density functional theory (DFT)24-26 is the 

method of choice and together with the B3LYP (Becke, Three-parameter, Lee-Yang-

Parr)26 functional is very efficient in the calculation of ground state properties of  

materials. B3LYP is a hybrid functional method of DFT that incorporates a portion of 

the exact exchange from Hartree-Fock theory.26 

 We take advantage of all the different computational tools to calculate 

different properties of molecules, for example; to determine stability we use methods 

such as Nuclear Independent Chemical Shift (NICS)27, and Fukui indices28-29; for 

excited states we have used Time Dependant DFT (TDDFT)30 or Zerner's Intermediate 

Neglect of Differential Overlap (ZINDO)31, and for Raman or IR spectra we have used 

the keyword FREQ32. The use of these tools allows us a better understanding of 

experimental results as well as a better prediction of a molecule’s performance in 

electrochemical systems.  

1-4. Electrochemical Techniques33 

Because most of my studies focus on electrochemical techniques, a brief 

overview of these techniques will be discussed in this chapter. Cyclic voltammetry is a 

powerful analytical tool that can be use to rapidly study the electrochemical response 

of a system.34 This technique provides information about the chemical and 

electrochemical reversibility, charge transfer mechanism and charge transfer kinetics 
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of the material under study. As shown in Fig 1-6a, cyclic voltammetry consists of 

applying a triangular waveform in which the potential is varied linearly from an initial 

value and the resulting current is measured. In essence, the potential, which is the 

thermodynamic variable, can be controlled precisely by using a potentiostat and 

therefore we measure the kinetic response, which is the current. What makes this 

technique so useful is that by observing the voltammetric response (Fig. 1-6b-c) the 

reversibility of a reaction can be determined. For example, for a redox active species 

in solution the CV should look like the one shown in Fig. 1-6b with a peak to peak 

separation of 57 mV. For a surface bound species, the CV should look like the one 

shown in Fig. 1-6c with a peak to peak separation of 0 mV. Other important 

information that can be obtained from scan rate dependence with the current. If the 

current is directly proportional to the scan rate, the reaction is occurring at the 

electrode surface. On the other hand if the reaction is occurring with the redox species 

fully diffusing in solution, the current will be directly proportional to the square root 

of the scan rate.  

 

Figure 1-6. Cyclic voltammetric schemes (A) Triangular wave form (E vs t), (B) 

Solution process CV and (C) Surface process CV. 
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Another important electrochemical technique used in the studies presented in 

this dissertation is rotating disk electrode (RDE) voltammetry (Fig 1-7). RDE consists 

in the use of hydrodynamic transport via electrode rotation to bring reactants towards 

the electrode surface. Some of the advantages of this technique are that a steady state 

response is obtained (Fig. 1-7a), which makes the measurements more precise and 

double-layer charging are largely mitigated. This technique allows for the easy 

calculation of diffusion coefficients, heterogeneous rate constants and standard rate 

constants via Levich and Koutecky-Levich analysis. In these experiments, the rotation 

rate is varied. If a deviation from linearity in a plot of current versus the square root of 

the rotation rate (Fig 1-7b) is observed, it suggests kinetic limitations in the charge 

transfer process. A Koutecky-Levich analysis can then be employed to obtain the 

charge transport rate constant.  
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Figure 1-7. (A) Rotating disk voltammogram (steady state response), (B) Levich plot 

(i vs ω1/2) and Koutecky-Levich plot (i-1 vs ω-1/2). 
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Chapter 2: 

Theoretical Studies of Carbonyl Based Organic Molecules for Energy 

Storage Applications: The Heteroatom and Substituent Effect 

Reference: Hernández-Burgos, K.; Burkhardt, S. E.; Rodríguez-Calero, G. G.; Hennig 
R. G.; Abruña, H. D. Journal of Physical Chemistry C, (2014), 118(12), 6046.  
 
2-1. Introduction  

Electrochemical energy storage (EES) devices such as lithium ion batteries 

(LIBs) represent one of the most-promising approaches to enable the wide-spread 

utilization of renewable energy sources.1-4 One of the biggest challenges in LIB is the 

design of new cathode materials with high capacity, high voltage, long-term stability 

and low molecular weight.2-5 Different materials have been proposed and employed as 

cathodes. The most common cathodes used today are intercalation metal oxides (e.g. 

LiCoO2), which are expensive and prone to degradation and failure if overcharged.1-2, 

4-7 On the other hand, organic compounds represent a promising alternative as 

electrodes for EES applications.2-5, 8-15 The elements employed (C, S, O, N) in these 

compounds are abundant, inexpensive, and can be easily processed. Importantly, 

several organic compounds have been shown to exhibit reversible redox processes that 

are able to incorporate lithium ions.2-10 Other factors that make organic materials 

especially attractive as electrodes is the ability to easily design new materials with 

higher capacities and tune their electronic properties by making modifications to the 

structure and substituents by using common organic chemistry techniques.2  

Some of the main drawbacks of organic electrodes is their low volumetric 

energy densities and their solubility into the electrolyte solution, which, in turn, lowers 
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their cycle life.2-6 Being aware of these challenges, in this study, we concentrate on 

carbonyl based organic molecules (C-bOMs).8, 13-14 The main advantages of this 

family of molecules are the ionic interactions during the reduction processes between 

the radical anion/dianion and lithium ions (as well as others), the possibility of shifting 

the formal potential by making changes in the molecule, and their well known 

reversible redox chemistry.8,16-17 During the reduction of the carbonyl moiety, radical 

anions and dianions are formed which can reversibly bind to small cations such as 

lithium. The strong stabilization effect of the cations by the reduced C-bOMs shifts the 

formal potential for the reduction reaction in the positive direction resulting in a larger 

cell voltage which, in turn, increases the gravimetric energy density of the system.8 

Furthermore, a wide range of chemical variations/modifications can be done on the C-

bOM structures to predictably modify their electrochemical behavior. For example, 

they can be designed to maximize the interaction of the material with metal cations of 

interest, and maximize the number of electrons transferred while minimizing the 

molecular weight of the C-boMs, thus maximizing their gravimetric energy density.  

In this chapter we present a systematic study of families of fused benzene (6-

membered ring) and 5-membered rings with the goal of increasing the gravimetric 

energy density of these cathode materials. The study of fused benzene (6-membered 

ring) and 5-membered rings has been of great interest in organic chemistry.22-23 Often 

the 5-membered ring is a thiophene, furan or pyrrole.22-23 One aspect that makes these 

fused rings especially interesting is that by changing only the heteroatom, it is possible 

to change the stability, chemical and electronic properties of the molecule.22-24 In this 

study we show how a change in the heteroatom, or addition of substituents, can 
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increase the gravimetric energy density of these potential cathode materials. We 

combined 6-membered rings, benzene or quinone derivatives, such as 1,2-

benzoquinone and 1,4-benzoquinone, with thiophene, furan, pyrrole, and diones to 

form the molecules shown in Fig. 2-1. In the molecular structure we used sulfur (S), 

oxygen (O) or nitrogen (NH) for the heteroatom X. 

We have performed density-functional calculations to determine the stability 

and the electronic, thermodynamic and magnetic properties of the different molecules. 

Stability is an important property that we need to understand in order to design better 

cathode materials. We use aromaticity as the proxy property to characterize stability. 

Different computational tools can be used to measure aromaticity, including bond 

length equalization, energy, reactivity, and magnetic properties. In the present case we 

determined the magnetic properties of the molecules by using the nucleus independent 

chemical shift (NICS).  

 

Figure 2-1. Organic motifs under study. For all the cases X is either sulfur, oxygen or 

nitrogen. 
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2-2. Computational Method  

We have carried out extensive investigations using computational chemistry on 

the family of molecules shown in Fig. 2-1. These molecules were first optimized in 

planar, all-anti conformations, using the Universal Force Field25 as implemented in the 

Avogadro 1.0.1 software program.26 All subsequent density functional theory (DFT) 

calculations were performed using Gaussian09.27-29 The B3LYP exchange-correlation 

functional was used for the structural optimization of the molecules and to obtain the 

minimum energy for the specific conformations.30-31 The 6-31+G(d,p) basis set was 

employed, specifically to accurately treat the anionic species. The polarizable 

continuum model (PCM)32-33 was employed using propylene carbonate (PC) as the 

solvent with a static relative permittivity of 64.9 and a dynamic relative permittivity of 

2.02. The same computational parameters were used to estimate the basis set 

superposition error with the counterpoise method.27 However, no solvent model was 

used for these calculations because we wanted to study only the pure ionic interactions 

between the reduced carbonyl moiety and the lithium cation.  

The calculation of the nuclear independent chemical shift (NICS) 34-35 consists 

of a nuclear magnetic resonance (NMR) single point calculation for the optimized 

structures (keyword NMR=GIAO). The NICS calculations employed a larger 6-

311++G(d,p) basis set with the same solvent parameters. To determine the diatropic 

ring current originating from the π electron delocalization, the NICS method calculates 

the magnetic shielding of a ghost atom34-35 placed 1 Å above the geometric center of 

the ring. A more negative NICS values corresponds to a higher aromatic character of 

the molecule due to the presence of induced diatropic currents.34-35 In contrast, a 
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positive NICS value corresponds to anti-aromaticity due to the presence of paratropic 

currents.34-35 

We calculate the formal potential, E, for the molecules from the free energy 

difference of the reactions ΔG, using: 

ΔG = –nFE,      (1) 

where n is the number of electrons transferred and F is the Faraday’s constant. We 

approximate the standard free energy of the reaction with the adiabatic ionization 

potential and calculate the formal potential, E, in relative to vacuum. Corrections due 

to temperature and zero-point energy are sufficiently small for the desired accuracy of 

0.05 V and are henceforth neglected. For the reference potential of Li/Li+, we shift the 

calculated formal potentials relative to vacuum by -1.4 V (since SHE is -4.4 V vs 

vacuum and Li/Li+ is -3.0 V vs SHE). The same computational method was used by 

our group in a previous study, and was validated using available experimental data for 

C-bOMs.19 Figure 2-2 compares calculated formal potentials with the experimental 

cell potentials. We found an excellent linear correlation between the experimental and 

calculated values, indicating that our method provides an accurate description of the 

ground state properties for the neutral and anionic species. Ideally one would want a 

slope of one and an intercept of zero, but the intercept was –0.45 V vs. Li/Li+. The 

non-zero intercept could come from the experimental values, which are from 

galvanostatic discharge measurements and contain a contribution to the voltage drop 

due to the cell resistance. In addition, there is likely a contribution arising from the 

differences in the “computational” and “experimental” environments. In the following, 
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we use the linear fit shown in Fig. 2 -2 to predict the formal potentials (Eo
Pred) of the 

cathode materials.  

 

 

Figure 2-2. Linear regression showing the fit between the calculated potentials 

(Eo
Theor) and experimental data (Eo

Cell).19  

 

2-3. Results 

2-3a. Heteroatom Effects 

We have investigated six different organic motifs (see Fig. 2-1) with two main 

changes in the atoms in the chemical structure. First, we determined how the 

heteroatom identity (X = S, O, or NH) or its position in the ring affects the electronic 

properties of the material. The heteroatom types were selected because they are 

common in five membered rings and hence more easily accessible for future synthesis 

efforts. Second, we changed the position of the carbonyl groups (electro-active 

functionality of the molecule) within the organic motifs. This change can alter the 
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interaction of small radii cations with the reduced carbonyl functionalities, and 

therefore changes in the formal potential can be studied. Table 2-1 shows the 

theoretical (E0
Theor) and predicted formal potentials (E0

Pred) for each organic motif as a 

function of the heteroatom.  

Table 2-1. Theoretical and predicted formal potentials, E0
Theor and E0

Pred, respectively, 

for the organic molecules shown in Fig. 2-1 with different heteroatoms. The predicted 

formal potentials E0
Pred were calculated from the theoretical formal potentials E0

Theor 

using the linear regression equation of Fig. 2-2. 

Molecule Eo
Theor 

(V vs Li/Li+) 
Eo

Pred 
(V vs Li/Li+) Molecule Eo

Theor 
(V vs Li/Li+) 

Eo
Pred 

(V vs Li/Li+) 
1 (S) 3.1 2.7 2 (S) 3.1 2.8 
1 (O) 2.8 2.5 2 (O) 2.8 2.5 

1 (NH) 2.4 2.0 2 (NH) 2.2 1.9 
3 (S) 2.9 2.5 4 (S) 3.4 3.1 
3 (O) 2.7 2.3 4 (O) 3.3 3.0 

3 (NH) 2.1 1.7 4 (NH) 3.2 2.8 
5 (S) 3.5 3.2 6 (S) 3.5 3.1 
5 (O) 3.5 3.2 6 (O) 3.5 3.2 

5 (NH) 3.3 2.9 6 (NH) 3.3 2.9 
  

 The highest formal potentials of 2.7-3.2 V vs Li/Li+ were obtained when sulfur 

was used as the heteroatom (Tab. 2-1 and Fig. 2-3). Molecules with oxygen as the 

heteroatom had formal potentials slightly lower than sulfur with a range of 2.3-3.2 V 

vs. Li/Li+. Compounds with nitrogen (NH) as the heteroatom had the lowest formal 

potentials of all of the compounds studied with values ranging from 1.7-2.9 V vs. 

Li/Li+. The low formal potentials of the NH containing molecules can be explained by 

the lowest unoccupied molecular orbital (LUMO) energy levels. During the reduction 

process, an electron is added to the LUMO, which means that it is harder to reduce 
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molecules with higher LUMO energy values. Molecules in which sulfur and oxygen 

are the heteroatoms showed similar reduction potentials corresponding to similar 

LUMO energy values (see Fig. 2-3). When comparing the LUMO energy values of S 

and NH containing motifs, we observe that the S heteroatom results in a significantly 

negative shift in LUMO energy values (up to 0.5 eV). 

 In addition to understanding the role of the heteroatom, we also wanted to 

elucidate the effect of the position of the carbonyl groups in the six different organic 

molecules. Organic motif 3 had the lowest formal potential among all the organic 

motifs, followed by 2 < 1 < 4 < 5 < 6. To explain these trends we will use two 

different parameters, the LUMO energy level and the Li+-binding energy. To 

determine the Li+-binding energies, the differences in energy between the reduced 

molecule with a Li+ ion screening the charge and the energy of the reduced molecule 

plus the energy of a separated Li+ ion were calculated. For each organic molecule we 

performed a search for the lowest energy conformation for the Li+ binding energy by 

placing the Li+ ions in different initial positions and then relaxing the structures. The 

resulting Li+ binding energies were in the range of 0.3-0.8 eV. To ensure that the basis 

set superposition error did not significantly affect the results, we estimated this error 

using the counterpoise correction.27 The resulting corrections are in the range of 0.02-

0.03 eV and can easily be neglected compared to the binding energies of 0.3-0.8 eV. 

We found the largest Li+ binding energies of about 0.8 eV for the cases in 

which the carbonyls are in the ortho positions (organic motifs 4, 5 and 6). This large 

binding energy stabilizes the anion, which is consistent with the observation that these 

motifs are also those with the lowest LUMO energy levels.  
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Figure 2-3. (a) E0
Pred and (b) HOMO and LUMO energy levels of the different organic 

motifs for different heteroatoms. 

 

2-3b. Substituents effect on the formal potential 

 

Figure 2-4. Molecular scheme of the substituent/atoms used in these studies. 

 Previous studies have shown that electron-withdrawing and donating 

substituents can be used to tune the redox potentials of organic molecules.2 Electron-

withdrawing substituents, also known as deactivating groups, are functional groups 

that extract charge from a π-conjugated system resulting in a positive shift of the 
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formal potential. On the other hand, electron-donating (activating) groups donate 

charge to the π−conjugated system resulting in a negative shift of the formal potential. 

In general, the shift in the formal potential is due to a change of the energy level of the 

LUMO orbital. Electron-withdrawing groups in organic motifs decrease the energy 

level of the LUMO orbital (Fig. s2-1). This translates to a higher formal potential, and 

a higher cell voltage, because it is easier to add the extra electron to that orbital. 

Table 2-2. Predicted formal potential for the organic motif 1 with the sulfur 

heteroatom for the different substituents R1, R2, R3, and X, Y, and Z shown in Fig. 2-

4. 

Substituent 
E0

Pred (V vs. Li/Li+) 
R1 R2 R1R2 R3 R1R2R3 

H n/a n/a n/a n/a 2.7 
NO2 3.5 3.4 3.7 3.1 3.9 
CN 3.1 3.1 3.5 2.9 3.7 
CF3 3.2 3.0 3.3 3.1 3.4 
CH3 2.7 2.6 2.6 2.7 2.5 

OCH3 2.7 2.7 2.8 2.9 2.6 
NH2 2.4 2.4 2.4 2.7 2.4 

 X Y XY Z XYZ 
N 3.0 3.0 3.6 2.9 3.7 

  

 Table 2-2 shows that for electron-withdrawing R groups, formal potentials do 

indeed increase to values as high as 3.9 V vs. Li/Li+. However, the cathode voltage is 

only one of the parameters that we are aiming to improve in these materials. Capacity 

and energy density are of great importance as well. When organic substituents are 

used as R-groups, additional mass is added to the molecule, resulting in a decrease in 

the gravimetric capacity, which directly depends on the molar mass, per electron 
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transferred, of the molecule. The energy density represents a delicate interplay of the 

voltage at which the electron transfer occurs and the gravimetric capacity of a given 

molecule. When the R groups are hydrogen atoms (Fig. 2-4, R=H), the energy density 

of the molecule is 883 Wh/g (assuming 2 electrons). For the R groups leading to the 

highest voltage molecule (R1R2R3=NO2) the energy density is 699 Wh/g. Notice that 

the energy density is reduced even though we have a higher voltage system. This is 

due to the increase in the molar mass and therefore a decrease in the capacity. 

 Small modifications to the molecular motif such as adding more 

electronegative atoms to the ring, on the other hand, can be done to improve the 

formal potential without much change to the overall mass of the molecule. For 

example, substituting carbon with a more electronegative atom should have a similar 

effect as the addition of electron-withdrawing groups but without the mass penalty. 

The last row of Table 2-2 shows the results for the formal potential when substituting 

carbon with the more electronegative nitrogen atom at the X, Y, and Z positions; 

nitrogen has an electronegativity of 3 compared to 2.5 for carbon. This substitution 

increases the formal potential by up to one volt and increases the energy density to 

1187 Wh/g.  

 

2-3c. Stability calculations using magnetic properties  

 Stability of organic materials is a difficult property to estimate 

computationally, especially during the electron transfer processes. Electrochemical 

stability relates directly to battery cycle life and safety. There are different approaches 

to assess the stability of an organic molecule, such as using structural features (e.g. 
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bond length equalization), energy (e.g. enthalpy of reaction), reactivity, resonance 

stabilization energy, and aromaticity. Herein we chose aromaticity as a measure of the 

stability of an organic molecule. In organic chemistry, the definition of aromaticity is 

in terms of the electron delocalization through unsaturated bonds, empty orbitals or 

electron pairs. An increase in electronic delocalization will lead to a more stable 

molecule. Aromatic compounds have some characteristics that make them unique, 

such as a delocalized conjugated system, planarity and that they follow Hückel’s law 

(4n + 2 number of π electrons). We use the nucleus independent chemical shift (NICS) 

calculation? to determine the aromaticity.23 NICS does not require a reference value 

and is computationally inexpensive. It determines the absolute magnetic shielding of a 

ghost atom at the center of the aromatic ring, which is given by the diatropic current 

generated by the electron delocalization. A negative NICS value caused by diatropic 

currents indicates aromaticity, while a positive NICS value indicates the presence of 

paratropic currents and corresponds to anti-aromaticity. 
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Figure 2-5. Representative examples of the changes in NICS values during the 

reduction process. 

 Figure 2-5 shows how the NICS values decrease during the reduction of two 

representative examples of the organic motifs. Similar results were obtained for all 

other structures of these molecules. As mentioned before, a decrease in the NICS 

value is the result of an increased induced diatropic current, which corresponds to a 

higher aromatic character of the molecule. For both organic motifs presented in Fig. 2-

5, the NICS values are positive for the neutral molecules, which is expected because 
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they are quinoid-type molecules (conjugated but not aromatic). These quinoid-type 

systems are not considered aromatic because they exhibit higher reactivity and do not 

follow Hückel’s law. When the molecules are reduced to the di-anions, a negative 

NICS value is obtained. Furthermore, when the lithium cation is present during the 

calculation, an even more negative value was obtained. This result agrees with the 

thermodynamic stabilization of the reduced carbonyl with the Li cation.  

 

Figure 2-6. Change of the NICS values during the reduction process for different R-

group substituents. The R-groups are sorted in order of increasing formal potential. 

  

 The NICS analysis in Fig. 2-6 for the previously discussed R-group 

substituents, shows similar results and the same trend that the lithiated molecules are 

more stable than the non-lithiated ones. We observe that molecules with high 

reduction potentials have lower stability than molecules with a more negative 
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reduction potential and that, in fact, the reduced molecules are more stable than the 

neutral ones (Fig. s2-2).  

Figure 2-6 also compares the effects, on stability, of carbon substitution by 

nitrogen and the R-group substitution with a nitro group. For both substitutions, the 

formal potentials shown in Table 2-2 are approximately the same. The substitution of 

carbon by nitrogen, however, results in a significantly lower NICS value and hence 

high aromaticity and stability. 

2-4. Conclusions  

 We have predicted the formal potentials of a new family of organic electrode 

materials using density-functional calculations and identified the most promising 

candidates for further study as potential electrical energy storage materials. We found 

that the formal potential could be tuned over a range of 2 V, from 2.0 to 4.0 V, 

through the addition of electron-withdrawing and donating groups and a change of the 

heteroatoms. However, we also found that while the use of R-groups could increase 

the formal potentials of these materials, the increase on mass and concomitant 

decrease in capacity resulted in an overall decrease in energy density. For example, 

leaving hydrogen as the R groups resulted in higher energy densities than using NO2 

group substituents, which provided the highest potential. We have also investigated 

the effects, of substitution of more electronegative atoms in the aromatic ring, on the 

formal potential and found that nitrogen substitution resulted in both an increase in 

potential and an increase in energy density. To study the effects of these modifications 

on the stability of the materials, we focused on the aromaticity as measured by NICS 

calculations. The NICS studies showed that the high reduction potential molecules 
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have lower stability than the lower potential ones. Our study shows that computational 

methods can be employed to design and characterize new C-bOMs molecules, which 

provide promising alternatives as electrode materials for electrical energy store 

applications. 

2-5. Acknowledgements 

This material is based upon work supported as part of the Energy Materials Center at 

Cornell (EMC2), an Energy Frontier Research Center funded by the U.S. Department 

of Energy, Office of Science, Office of Basic Energy Sciences under Award Number 

DE-SC0001086. I want to thank Dr. Stephen E. Burkhardt and Dr. Gabriel G. 

Rodríguez-Calero for your contributions and all the helpful discussions. 

2-6. References 

(1) United States Department of Energy Report; Basic Research Needs for Electrical 

Energy Storage: Report of the Basic Energy Sciences Workshop for Electrical Energy 

Storage. 2007.  

(2) Song, Z.; Zhou, H., Energy Environ. Sci., 2013, 6, 2280-2301.  

(3) Poizot, P.; Dolhem, F., Energy Environ. Sci. 2011, 4, 2003-2019. 

(4) Burkhardt, S. E.; Lowe M. A.; Conte, S.; Zhou, W.; Qian, H.; Rodriguez-Calero, 

G. G.; Gao, J.; Hennig, R. G.; Abruña, H. D., Energy. Environ. Sci. 2012, 5, 7176-

7187.  

(5) Chen, H.; Armand, M.; Courty, M.; Jiang, M.; Grey, C. P.; Dolhem, F.; Tarascon, 

J.-M.; Poizot, P., J. Am. Chem. Soc. 2009, 131, 8984-8988. 

(6) Chen, H.; Armand, M.; Demailly, G.; Dolhem, F.; Poizot. P.; Tarascon, J.-M., 

ChemSusChem. 2008, 1 (4), 348. 



!
!

33 

 (7) NuLi, Y.; Guo, Z.; Liu, H.; Yang, J., Electrochemistry Communications. 2007, 9, 

1913-1917. 

(8) Hernández-Burgos, K.; Rodríguez-Calero, G. G.; Zhou, Weidong; Burkhardt, S. E.; 

Abruña, H. D., J. Am. Chem. Soc. 2013, 135, 14532-14535. 

(9) Bhatt, D. P.; Karthikeyan, S.; Udhayan, R. A New Magnesium/Organic Primary 

Cell. J. Electrochem. Soc. 1992, 139 (11), 3019-3024. 

 (10) Walker, W.; Grugeon, S.; Mentre, O.; Laruelle, S.; Tarascon, J.-M.; Wudl, F., J. 

Am. Chem. Soc. 2010, 132, 6517-6523. 

(11) Xiang, J.; Chang, C.; Li, M.; Wu, S.; Yuan, L.; Sun, J., Cryst. Growth Des. 2008, 

8(1), 280-282. 

(12) Song, Z.; Zhan, H.; Zhou, Y., Angew. Chem. Int. Ed. 2010, 49, 8444-8448. 

(13) Armand, M.; Grugeon, S.; Vezin, H.; Laruelle, S.; Ribiere, P.; Poizot, P.; 

Tarascon, J.-M., Nature Mat. 2009, 8 (2), 120-125. 

(14) Song, Z.; Zhan, H.; Zhou, Y., Chem. Commun. 2009, 448-450. 

(15) Zhou, W.; Hernandez-Burgos, K.; Burkhardt, S. E.; Qian, H.; Abruña, H. D., J. 

Phys. Chem. C. 2013, 117 (12), 6022-6032. 

(16) Williams, D. L.; Byrne, J. J.; Driscoll, J. S., J. Electrochem. Soc. 1969, 116 (1), 2-

4. 

(17) Lund, H.; Baizer, M. M.; Organic Electrochemistry: An Introduction and a Guide. 

Third Ed. Marcel Dekker, New York 1991; Chapter 10. 

(18) Glicksman, R.; Morehouse, C. K., J. Electrochem. Soc. 1959, 106 (9), 741-745. 

(19) Burkhardt S. E.; Bois, J.; Tarascon, J.; Hennig, R. G.; Abruña, H. D., Chem. 

Mater. 2013, 25, 132-141. 



!
!

34 

(20) Peover, M. E.; Davies, J. D., J. Electroanal. Chem. 1963, 6, 46-53. 

(21) Wain, A. J.; Wildgoose, G. G.; Heald, C. G. R.; Jiang, L.; Jones, T. G. J.; 

Comptom, R. G., J. Phys. Chem. B. 2005, 109 (9), 3971-3978. 

(22) Rodríguez-Calero, G. G.; Lowe, M. A.; Burkhardt, S. E.; Abruña, H. D., 

Langmuir. 2011, 27 (22), 13904-1309. 

(23) Martínez, A.; Vázquez, M.; Carreón-Macedo, J. L.; Sansores L. E.; Salcedo R., 

Tetrahedron, 2003, 59 (34), 6415-6422 

(24) Karlsson, C.; Jam̈storp, E.; Strømme, M.; Sjödin M., J. Phys. Chem. 

C., 2012, 116 (5), 3793-3801. 

(25) Rappe A. K.; Casewit C. J.; Colwell K. S.; Goddard III W. A.; Skiff W. N., J. 

Am. Chem. Soc. 1992, 114, 10024–10035 

(26) Hanwell M. D.; Curtis D. E.; Lonie D. C.; Vandermeersch T.; Zurek E.; 

Hutchison G. R., Journal of Cheminformatics, 2012, 4, 17 

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 

Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; et al. 

Gaussian 09, Revision A.1, Gaussian, Inc., Wallingford CT, 2009.  

(28) Kohn, W.; Sham, L., Phys. Rev. 1965, 140, A1133− A1138.  

(29) Kantchev, E. A. B.; Norsten, T. B.; Tan, M. L. Y.; Ng, J. J. Y.; Sullivan, M. B., 

Chem. Eur. J., 2012, 18, 695−708.  

 (30) Becke, A. D., J. Chem. Phys., 1993, 98, 5648−5652.  

(31) Lee, C.; Yang, W.; Parr, R. G., Phys. Rev. B., 1988, 37, 785−789.  

 (32) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V., J. Comput. Chem., 2003, 24, 

669−681. 767  



!
!

35 

(33) Barone, V.; Cossi, M., J. Phys. Chem. A., 1998, 102, 1995−2001.  

 (34) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. R. v. E., 

J. Am. Chem. Soc. 1996, 118 (26), 6317-6318.  

(35) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P., Chem. Rev. 

2005, 105 (10), 3842-3888.  

 

2-7. Supporting Information 

 

Figure S2-1. HOMO and LUMO energy levels for the organic motif 1S with different 

substituents/modifications.  
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Figure S2-2. Comparison between the NICS values and the reduction potentials for 

different R-group substituents. 
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Chapter 3: 

Influence of the Cation Polarizing Power on Organic Redox Couples 

as Electrode Materials for Energy Storage Applications 

Reference: Hernández-Burgos, K; Rodríguez-Calero, G. G.; Zhou, W.; Burkhardt, 
S. E.; and Abruña, H. D. Journal of the American Chemical Society (2013), 135, 
14532. 
Zhou W.; Hernandez-Burgos K.; Burkhardt S. E.; Abruña H. D., J. Phys. Chem. C. 
Journal of Physical Chemistry C, (2013), 117 (12), 6022. 
!

3-1. Introduction 

One of the most important challenges for enabling the wide-spread utilization of 

renewable energy sources, such as solar and wind, consists in developing high 

efficiency, low cost, high energy density, safe and environmentally benign 

electrochemical energy storage (EES) devices.1-4Among EES devices, lithium ion 

batteries (LIBs)1-4 and magnesium ion batteries (MIBs)6-7 represent attractive and 

promising  alternatives. Currently, LIBs have the highest energy density among EES 

devices and have captured the attention and efforts of academic and industrial 

researchers.1-4 However, the limited supply of lithium, as well as other factors, have 

spurred the search for alternatives such as MIBs.5-7  

Organic molecules are largely composed of carbon, nitrogen, oxygen and sulfur, 

which are abundant and, thus, inexpensive.1-4 They are also amorphous, precluding 

failure of the material due to structural changes and in principle, would allow for high 

C-rate operation since the charge/discharge processes do not involve intercalation. As 

mentioned before, in chapter 1, C-bOMs are a family of such organic molecules1,3-4, 8-

15 and one particular example is quinones. In non-aqueous solvents, quinones can be 
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reversibly reduced in two one-electron steps to, first, the anion radical and, then, the 

di-anion.16-18 The difference in formal potentials between these two redox processes 

(∆Eo’) is typically on the order of 500 mV. In aqueous media, however, the process 

changes to a reversible two-electron, two-proton process at potentials that are 

dramatically shifted positive, typically by hundreds of millivolts. The positive shift is 

due to the stabilization of the reduced species by the protonation and the shift 

represents an increase in cell voltage for a device incorporating such a redox process. 

These interesting electrochemical properties make C-bOMs attractive molecules to 

study for electrical energy storage applications, and because of their chemical and 

electrochemical stability, and strong ionic interaction with cations when reduced.19-20 

In addition, a wide range of synthetic variations/modifications can be done on C-bOM 

structures to predictably modify their electrochemical behavior. For example, they can 

be designed to maximize their interaction with metal cations of interest (i.e. Li+ and 

Mg2+),18-20 and maximize the number of electrons transferred while minimizing the 

molecular weight of the C-bOMs, thus maximizing the gravimetric energy density. 

Among C-bOMs, several thiophene linked redox active carbonyls (TLRC) (Fig. 3-1) 

have been recently shown to be important and effective candidates for developing new 

organic cathode materials for LIBs (Scheme 3-1).  

Herein, we experimentally studied, using cyclic voltammetry (CV) and rotating 

disk electrode voltammetry (RDE) the effects of small radii cations on the 

electrochemical reaction of TLRC molecules. 
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Figure 3-1. Thiophene linked redox active carbonyls structures. 

3-2. Experimental Section 

3-2a. Cyclic Voltammetry (CV) 

CVs were measured at room temperature in a three-compartment cell using a 

glassy carbon electrode (GCE) (5.0 mm diameter) as the working electrode, a Pt wire 

as counter electrode, and a silver/silver ion (Ag/Ag+) as the reference electrode. All 

experiments were carried out in 0.1 M tetrabutyl-ammonium perchloride (TBAP) in 

CH3CN solutions and thoroughly purged with nitrogen gas before experiments. All the 

CVs were done using a BASi Epsilon-EC potentiostat. 

3-2b. Rotating Disk Electrode (RDE) 

 All the RDE experiments were done using a Hokuto Denko Co., model HSV-

100 and HABF1510m, potentiostat. The RDE voltammetry was done using a Pine 

rotator (model AFMSRX). A home made 3-electrode electrochemical cell was used 

with a home made 5 mm glassy carbon, Ag/Ag+ (0.05 M AgClO4 + 0.1 M 

LiClO4/CH3CN) and Pt wire as the working, reference and counter electrodes, 
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respectively. The working electrode was cleaned by polishing using 0.3, 0.1 and 0.05 

µm alumina slurries on a polishing cloth, followed by rinsing with dimethyl 

formamide (DMF) prior to use. 

 To prevent any water or oxygen contamination, all the experiments were 

performed in an argon atmosphere glove box. For these experiments, four 0.1 M 

electrolytes solutions were prepared. All the perchlorate (TBA+, Li+ and Mg2+) and 

Aluminum Trifluoromethanesulfonate (AlTFMS) salts were from Sigma Aldrich and 

were used as received. All the molecules under study (Fig. 3-1) were synthesized 

using a previously reported procedure, and used at a 1 mM concentration in dry DMF 

solution. 

3-3. Results 

3-3a. Cyclic Voltammetry Experiments 

The CV profiles of both series compounds are shown in Figs. 3-2 and 3-3, 

respectively. As shown in Fig. 3-2, two and three well behaved redox couples were 

clearly observed for C-2 and C-3, and which could be assigned to the reduction of the 

carbonyl units to the enolate anion radical, dianion and tri-anion radical, respectively 

(scheme 3-1). All of these processes were chemically reversible and the corresponding 

first reduction peaks of the C-2 and C-3 molecules were observed at -1.45 V, -1.28 V 

versus to Ag/Ag+. The formal potential of the first reduction peak became more 

positive for C-3, indicating that the reduction process became easier with an increase 

in the number of carbonyl units in the molecules. As shown in Fig. 3-3, two, three and 

five redox couples were clearly observed for D-1, D-2 and D-3, respectively, and 
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which could be similarly attributed to the corresponding reduction of the di-carbonyl 

units to the enolate anion radicals (Scheme 3-1). All of these processes were again 

chemically reversible and the corresponding formal potentials of the first reduction 

peaks were observed at -1.40 V, -1.00 V, -0.80 V, respectively. This first reduction 

potential represents a positive shift of about 400 mV when compared with that of the 

C series and indicates that the carbonyl groups were easier to be reduced when present 

in the form of di-carbonyl units in D-1 to D-3. This is readily understandable when we 

consider the structures of these two families of molecules. The number of carbonyl 

units in D-1, D-2 and D-3 is twice that in C-1, C-2 and C-3, respectively, and given 

that carbonyl groups are electron withdrawing in nature, the expectation would be that 

the electron-poor di-carbonyls should be easier to be reduced, as was confirmed 

experimentally. As shown in the CV of D-2, the peak current at -2.25 V was 

approximately twice of the other two reduction process, indicating that this is a two-

electron reduction process. Similarly, for D-3, the peak current at -2.1 V was about 

twice of the other four peaks indicating that this is also a 2-electron reduction process. 

Considering the fact that C-2 and C-3 show two and three single electron redox 

processes, respectively, it is clear that all the carbonyl units in both families of TLRC 

with one carbonyls in between the thiophene rings (TLRC1) and TLRC with two 

carbonyl in between the thiophene rings (TLRC2) materials exhibit reversible redox 

process, which suggests a contribution of all the carbonyl units for electrical energy 

storage applications.  
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Figure 3-2. CVs at a scan rate of 20mv/s recorded in CH3CN for 0.5mM (a) C-2 

and (b) C-3 with Ag/Ag+ as a reference electrode. 
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Figure 3-3. CVs at a scan rate of 20mv/s recorded in CH3CN for 0.5mM (a) D-1 (b) 

D-2 and (c) D-3 with a Ag/Ag+ as reference electrode. 
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Scheme 3-1. Representative redox mechanism for two different sets of molecules. 

 

 

To further characterize the electrochemical behavior of the carbonyl units in 

these two series of molecules, the CVs of C-2 and D-1 were studied, compared and 

contrasted in detail since they both have two carbonyl units. Figures 3-4 present the 

CVs at different scan rates for C-2 and D-1. The peak potential separations for the 

redox couples were all less than 70 mV and did not change for sweep rates ranging 

from 10 to 200 mV/s, indicating that the reactions are all one-electron processes and 

electrochemically quasi-reversible under these conditions. Plots of ip vs v1/2 (Fig. S3-1) 

were linear, suggesting that the processes are mass transport controlled and that the 

reduced species are chemically stable on this time scale. The first formal potentials of 

C-2 and D-1 were -1.50V and -1.31V, respectively. The 200mV potential difference is 

a clear indication that D-1 is easier to be reduced than C-2. On the other hand, the 

formal potentials for the second reduction peaks of C-2 and D-1 were -1.88V and -

1.91V. These values are much closer to each other and indicate that the anion radicals 

C-2-. and D-1-. (scheme 3-1) exhibit similar affinities towards the second electron. 

These observations are also consistent with the chemical structures of C-2 and D-1. As 
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shown in Scheme 3-1, C-2 contains two carbonyl groups separated by a thiophene 

unit. The thiophene unit, as an electron donor, can delocalize its electrons to the 

carbonyl unit via π electron interactions and lower the reduction potential of the 

carbonyl units. On the other hand, the two carbonyl units in D-1 are connected directly 

with no thiophene bridge and as a result, the carbonyl can be more easily reduced, 

resulting in the relatively positive first reduction potential.   

 

Figure 3-4. CVs for 0.5 mM C-2 and D-1 at a bare GCE in a 0.1 M TBAP/CH3CN 

solution at different scan rates. Plots of ip vs v1/2 are shown in Fig. S3-1 
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3-3b. Rotating Disk Experiments 

 

Figure 3-5. Linear sweep voltammograms at 65 rpm for all the TLRC as a function of 

the electrolyte (TBA+, Li+, Mg2+, Al3+) at a concentration of 0.1 M. 

 

TLRC molecules have various advantages over traditional C-bOMs. First, they 

exhibit chemical and electrochemical reversibility during the charge transfer process 

and, second, the bonds next to the carbonyl moieties have free rotation (as will be 

discussed in Chapter 4), which allow the systems to have different conformations and 

therefore helps in the coordination of different cations. To understand the ionic 

interactions between the reduced carbonyl moieties and non-interacting cations 

(tetrabutylammonium ion (TBA+), as well as interacting cations, lithium-ion (Li+), 

magnesium-ion (Mg2+) and aluminum-ion (Al3+)), we employed RDE voltammetry. 

Figure 3-5, presents rotating disk voltammograms (RDV) at 65 rpm of the different 

TLRC molecules, as a function of the cation, in DMF solutions. As observed in Fig. 3-

5, as the ionic radius of the cation decreases (radius: TBA+ > Li+ > Mg2+ > Al3+) and 

the ionic charge increases, the redox processes merged and shifted positively. During 
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the reduction process, a negative charge is generated at the carbonyl moiety (Scheme 

3-1) that will directly interact with the small radii cations and therefore will 

thermodynamically stabilize the molecule. Table 3-1 shows the half wave potential 

(E1/2) for each molecule with the different electrolytes. To compare the positive shifts, 

we first studied the reduction processes of these molecules using TBA+, which will 

show a more negative reduction potential because there is no ionic stabilization 

between the enolate and the cation. For the family of molecules with a thiophene ring 

in between the carbonyls (C-1 and C-2) the shifts are more observable for the second 

electron process, exhibiting E1/2 shifts of 300, 550 and 740 mV respectively when 

using Li+, Mg2+ and Al3+. However, for molecules with a di-carbonyl unit in between 

the thiophene rings (D-1, D-2 and D-3) the shifts were larger than in the previous case. 

The E1/2 shifts were 500, 940 and 1390 mV when Li+, Mg2+ and Al3+ were used, 

respectively. In these cases, the molecules have free rotation which means that the 

conformation can change to form a bidentate chelate and will be more stable in the 

reduced state and therefore will have a higher thermodynamic stabilization, than the 

monodentate one.  From the values of the potential shifts (second electron transfer) 

one can estimate formation constants of about 6x106 for D-1 and 8x104 for C-2 when 

Li+ was used, 3x1012 for D-1 and 2x109 for C-2 when Mg2+ was used and 3x1017 for 

D-1 and 4x1015 for C-2 when Al3+ was used. In the supporting information (table S3-

1) we summarize the estimated values of the formation constants. The consequences 

of these changes are truly profound. The shift to more positive values means that a 

battery based on these reactions would exhibit a much higher cell voltage and thus 

energy density. In addition, the fact that for the case where Mg2+ was used the two 
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one-electron waves merge into one two-electron process means that there is no 

“voltage penalty”, as is generally the case for multi-electron processes. Moreover, 

such systems could enable MgIBs that is a system in which the anode material (Mg 

metal) is 700 mV more positive than Li metal. It should be reemphasized that the basic 

chemical reaction, mainly reduction of the carbonyl groups, remains the same. Thus, 

our stated claim that through the appropriate and judicious choice of cation, one can 

dramatically enhance the energy density of an organic battery material, as well as 

enable the use of Mg2+ and other multivalent ions (such as Al3+).    
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Table 3-1. Cations effects on the half wave potentials (E1/2) for the reduction of the 

TLRC molecules. 

Molecule 
E1/2 (V vs Ag/Ag+) 

TBA+ Li+ Mg2+ Al3+ 

C-2 -1.44 
-1.94 

-1.42 
-1.65 

-1.39 
-1.39 

-1.20 
-1.20 

C-3 
-1.25 
-1.65 
-2.31 

-1.24 
-1.50 
2.03 

-1.24 
-1.24 
N/A 

-1.05 
-1.05 
N/A 

D-1 -1.29 
-2.15 

-1.29 
-1.77 

-1.23 
-1.23 

-1.12 
-1.12 

D-2 

-0.95 
-1.41 
-2.30 
-2.30 

-0.94 
-1.29 
N/A 
N/A 

-0.93 
-1.09 
N/A  
N/A 

-0.84 
-0.84 
-1.16 
-1.16 

D-3 

-0.79 
-1.21 
-1.55 
-2.11 
-2.50 
-2.50 

-0.79 
-1.18 
-1.39 
-1.61 
N/A 
N/A 

-0.78 
-1.06 
-1.17 
-1.17 
N/A 
N/A 

-0.72 
-0.72 
-1.11 
-1.11 
-1.11 
-1.11 

*N/A= Precipitate formation was observed.  
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Figure 3-6. A. RDVs at different rotation rates, B. Levich plot (i vs ω1/2) and C. 

Koutecky-Levich plot (i-1 vs ω-1/2)  for C-2 using TBA+.
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Figure 3-7. A. RDVs at different rotation rates, B. Levich plot (i vs ω1/2) and C. 

Koutecky-Levich plot (i-1 vs ω-1/2) for D-1 using TBA+ 

 

RDVs of molecules C-2 and D-1 at different rotation rates in different 

electrolyte solutions are presented in Fig. 3-6, 3-7, S3-3 and S3-4 (refer to supporting 

information to see the RVDs for the rest of the molecules).  Using these results, it was 

possible to calculate the heterogeneous charge transfer rate constant (kf) using the 
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Koutecky-Levich equation (see supplemental information for the Levich and 

Koutecky-Levich plots). In these studies, we defined the kf at specified potentials and 

the standard rate constant (ko’) from the difference between Eo’ and a specified E (ko’ is 

not potential dependent). In these calculations, the transfer coefficient (α) was 

assumed to be 0.5. The values for kf and ko’ are presented in Table 3-2. For the first 

reduction process, the values of k0’ for C-2 were 0.007, 0.007, 0.005 and 0.0001 cm/s 

for TBA+, Li+ Mg2+ and Al3+ respectively. For the first reduction process, the values 

for D-1 of k0’ were 0.01, 0.009, 0.002 and 0.000001 cm/s for TBA+, Li+, Mg2+ and 

Al3+ respectively (Table 3-2). It should be noted that the first redox process in the 

presence of Mg2+ and Al3+ corresponds to a two-electron process. Thus, only one ko’ 

value is reported. Finally the standard rate constant value is lower (TBA+ > Li+ > Mg2+ 

> Al3+) when the cation has a stronger ionic binding interaction. Although speculative 

on our part, we believe that this may be due, at least in part, to electrostatic attraction 

effects. However the electron transfer is thermodynamically favored (potential shift) 

due to the above mentioned ionic interaction/stabilization. 
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Table 3-2. Cation effects on kf and ko’. 

  TBA+ Li+ *Mg2+ *Al3+ 
Molecule kf, cm/s (Potential, V vs Ag/Ag+) 

C-2 0.01 (-1.50) 0.02 (-1.5) 0.005 (-1.44) 0.006 (-1.26) 
C-3 0.02 (-1.34) 0.01 (-1.32) 0.01 (-1.35) 0.005 (-1.14) 
D-1 0.05 (-1.41) 0.07 (-1.42) 0.03 (-1.37) 0.01 (-1.22) 
D-2 0.01 (-1.00) 0.02 (-1.00) 0.01 (-1.00) 0.01 (-0.95) 
D-3 0.01 (-0.86) 0.01 (-0.85) 0.01 (-0.84) 0.008 (-0.82) 

  ko', cm/s 
C-2 0.007 0.007 0.005 0.0001 
C-3 0.01 0.006 0.008 0.00001 
D-1 0.009 0.009 0.003 0.000001 
D-2 0.01 0.008 0.005 0.00001 
D-3 0.002 0.003 0.001 0.000006 

* Note that for Mg2+ and Al3+ the reduction reaction involves a two electrons process. 

 

3-4. Conclusion 

Two families of TLRC structures have been characterized using CV and RDE 

voltammetry. The CV experiments indicate that the TLRC structures exhibit reversible 

electrochemical reduction processes and the molecules become easier to reduce with 

an increase in the number of carbonyl units. Relative to the single carbonyl containing 

compounds, the di-carbonyl containing compounds exhibited more positive reduction 

potentials. We have shown that the energy density of organic based electrical energy 

storage materials can be dramatically enhanced by ionic interactions. This strong 

stabilization effect that the cations have towards reduced C-bOMs results in a positive 

shift of the formal potential for the reduction reaction, which, in turn, increases the 

energy density of the cathode material. It should be emphasized that we are changing 

the formal potential without modifying the molecular structure of the C-bOMs, thus 

maximizing the energy density. In the present case, we employed a family of TLRC 
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molecules and investigated their redox processes in the presence of non-interacting 

(TBA+) as well as strongly interacting (Li+, Mg2+ and Al3+) ions. We found that in the 

presence of Mg2+ and Al3+, the two one-electron processes present with a non-

interacting cation (TBA+) are merged into a single two-electron wave and that the 

formal potential experiences a positive shift greater than one volt. We also 

investigated the charge transfer kinetics and find that the rate of electron transfer 

decreased with the strength of the ionic interactions (ko’, TBA+ > Li+ > Mg2+). We 

believe that these observations are of great importance because they suggest the 

possibility of incorporating Mg, Al and other multivalent ions, into EES applications, 

and that they could usher a new generation of organic-based electrical energy storage 

materials.  
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3-7. Supporting Information 

 

Figure S3-1. Plots of ip vs v1/2 for 0.5 mM C-2 and D-1 at a bare GCE in a 0.1 M 

TBAP/CH3CN solution.  
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Figure S3-2. CVs at 20 mV/s for DTED in DMF with TBA+, Li+ and Mg2+ (ClO4- 
counter ion) electrolyte solution. 

 
 

 

Figure S3-3. RDVs at 65 rpm for DTED in DMF with TBA+, K+, Na+, Li+, Mg2+ and 
Al3+ (ClO4- counter ion except for Al which is TFMS) electrolyte solutions. 
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Table S3-1. Estimated formation constants of the different cations with the 2e- 
reduced TLRC molecules. 
 

  TBA+ Li+ Mg2+ Al3+ 
Molecule Estimated Association Constant 

C-2 0 8x104 2x109 3x1012 
C-3 0 3x102 9x106 1x1010 
D-1 0 3x106 4x1015 3x1017 
D-2 0 1x102 3x105 4x109 
D-3 0 3x100 3x102 2x108 

 
Table S3-2. Cation effects in the diffusion coefficient  
 

  TBA+ Li+ Mg2+ Al3+ 
Molecule Diffusion Coefficient (x 10-6), cm2/s 

C-2 3.2 3.1 1.8 2.8 
C-3 2.5 2.8 2.5 2.8 
D-1 9.0 9.7 2.9 4.0 
D-2 4.5 5.3 1.9 3.8 
D-3 2.8 3.5 3.9 2.0 
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Figure S3-4. A. RDVs at different rotation rates, B. Levich plot (i vs ω1/2) and C. 

Koutecky-Levich plot (i-1 vs ω-1/2) (ClO4
- counter ion) for C-2. 
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Figure S3-5. A. RDVs at different rotation rates, B. Levich plot (i vs ω1/2) and C. 

Koutecky-Levich plot (i-1 vs ω-1/2) (ClO4
- counter ion)  for D-1. 

 

 (a)  , 
(b)  

Figure S3-6. Levich (a) and Koutecky-Levich (b) equations 
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Figure S3-7. RDVs at different rotation rates of C-3. 

 

 
Figure S3-8. RDVs at different rotation rates of D-2. 
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Figure S3-9. RDVs at different rotation rates of D-3, electrolyte concentration 0.1 M. 

 

 

 

 

 

 

 

 

 

 

 



! 63!

Chapter 4: 

Computational Analysis of Thiophene-Linked Redox Active 

Carbonyls Molecules 

Reference: Hernández-Burgos, K; Rodríguez-Calero, G. G.; Zhou, W.; Burkhardt, 
S. E.; and Abruña, H. D. Journal of the American Chemical Society (2013), 135, 
14532. 
Zhou!W.;!Hernandez(Burgos.K.;!Burkhardt!S.!E.;!Abruña!H.!D.,! J.!Phys.!Chem.!C.! Journal!of!
Physical!Chemistry!C,!(2013),!117!(12),!6022.!
!

4-1. Introduction  

Because of their high theoretical gravimetric energy densities metal ion batteries 

such as Li-ion batteries (LIBs) and Mg-ion batteries (MIBs) have been heavily 

researched in academia and industry.1-3 The extensive research is driven by the 

necessity for better electrochemical energy storage (EES) technologies to be used in 

conjunction with renewable energy sources.1-2 Currently, LIBs are widely utilized for 

automotive, grid energy storage and consumer electronics. Although they have not 

experienced commercial success, MIBs can serve as LIB alternatives, offering several 

advantages over them.2 Unlike lithium, magnesium does not form dendrites during 

cycling, and it is 300 times more abundant, making it potentially more cost-effective.3 

While MIBs do not yet have viable cathode materials, ongoing research focuses 

heavily on inorganic materials, especially oxides, and the selection of appropriate 

electrolyte systems.2-3 

Organic compounds offer an alternative to inorganic materials.2-4 Herein, we present 

the characterization of a family of Thiophene-linked redox active carbonyls (TLRC) 

(Fig. 4-1). Considering the electrochemical complexity of these materials (Chapter 3), 
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we currently seek to understand, by using computational methods, the redox processes 

of the aromatic carbonyl derivatives (Fig. 4-1) and their ionic interactions with small 

radii cations. Furthermore, herein we demonstrate a method to increase the gravimetric 

energy density of an EES, without changing the electrode material, by simply 

exploiting the ionic interactions of the reduced carbonyl moieties and the cation of 

interest. 

 

Figure 4-1. Structures of TLRC molecules 

 

Scheme 4-1. Electrochemical reaction mechanism for TLRC molecules. 
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4-2. Computational Method 

We have carried out extensive calculations on both families of TLRC 

materials. The two series were first optimized in planar, all-anti conformations, using 

the Universal Force Field5 as implemented in Avogadro 1.0.1 software program. 6 All 

calculations were performed using Gaussian09 at Density Functional theory level 

(DFT).7-9 B3LYP was used to further optimize the structures and obtain the minimum 

energy for the specific conformation.10-11 The 6-31+G(p,d) basis set was employed to 

achieve better accuracy in treating anionic compounds. The Conductor Polarizable 

Continuum Model (CPCM)12-13 for an acetonitrile (CH3CN) solution was used with 

the solvent conditions used as implemented in Gaussian09. To obtain the spin density 

(SD) surfaces, the Gaussview program was used.  

For all the molecules of the two series, the formal potentials were calculated 

using: 

ΔGo = nFEo
rxn (1) 

where ΔG is the standard free energy of reaction, n is the number of electrons, F is 

Faraday’s constant and Eo
rxn is the calculated formal potential. An approximation to 

the standard free energy of reaction was taken from the calculation as the adiabatic 

ionization potential and was then used to calculate the formal reduction potentials 

relative to vacuum. In order to compare the computational results with experimental 

data, the calculated formal potential was converted to a potential relative to Ag/Ag+(-

4.9 V vs vacuum).  

In order to test the computational method, the calculated first reduction 

potential of each molecule was compared with experimental results (data from chapter 
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3) and as observed in Fig. 4-2 the agreement is good, indicating that this method 

provides a good description of ground state properties for neutral and anionic species.  

 

Figure 4-2. Linear regression showing the fit between experimental (Chapter 3) and 

calculated potentials. 

4-3. Results 

4-3a. Conformational studies 

In order to have the best results, we need to identify the lower energy conformations 

for each molecule, and then compare those results with the single crystal structures 

obtained for some of the molecules (C-2, D-1 and D-2). Due to experimental 

difficulties, single crystal structures for C-1, C-3 and D-3 could not be obtained. C-2 

shows a twisted structure with three thiophene units on the same side of the carbonyl 

groups. Interestingly, the single crystal structure of D-1 exhibited a geometrical 

coplanar conformation and an anti-conformation of the two thiophene units. As for D-
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2, the thiophene rings 1 and 2 also adopt an anti-conformation as shown in Fig. 4-3c. 

On the other hand, the thiophene ring 3 rotates around the C12-C13 bond and adopts two 

distinct conformations, syn and trans, in the solid state (Fig. 4-3). 

 

Figure 4-3. Single crystal structures of molecules C-2, D-1 and D-2. Intramolecular 

S---O distances are indicated by dotted lines. 

Interatomic distances generally reflect the extent of interactions. In C-2, the S1---O1, 

O1---S2, S2---O2 and O2---S3 distances were 2.892, 2.889, 2.974 and 2.953 Å, 

respectively. These values are shorter than the sum of the van der Waals radii of sulfur 
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and oxygen (1.85 Å + 1.50 Å = 3.35 Å), although the thiophene units can rotate freely 

around the carbon-carbon bond to adopt various conformations. In D-1, two thiophene 

units adopt an anti-conformation in a coplanar structure, and a short S---O distance of 

2.76 Å was observed as well. Even for D-2, the S---O distances were all less than 2.98 

Å, which are, again, clearly shorter than the sum of the van der Waals radii of sulfur 

and oxygen, indicating the existence of self-rigidification in both series of molecules. 

It has previously been observed that in poly-3,4-ethylenedioxythiophene (PEDOT) the 

distance between the sulfur atom in thiophene to the neighboring oxygen atom is less 

than the sum of the van der Waals radii of the two atoms.14-17 Two theories have been 

put forth to explain these features; S---O non-covalent intramolecular interactions and 

π electrons interactions.17-19 The driving force here could be associated with the π 

electrons interactions, since the TLRC structure is a typical electronic donor-acceptor 

system and the π electrons favor delocalization over the entire molecule. For example, 

D-1 adopts a coplanar structure, which maximizes the electronic delocalization and 

lowers the energy. In D-2, the anti-conformation of thiophene rings 1 and 2 could also 

be attributed to π electrons delocalization as in D-1. As shown in the single crystal 

structure of D-2, thiophene rings 1, 2 and carbonyl C11---O3 are almost coplanar, 

which facilitates π electrons delocalization. In addition, it is clear that thiophene ring 3 

and carbonyl C12---O4 are also coplanar in both conformations, which would benefit 

from the π electrons delocalization and consequently lower the energy. As for the 

reason of thiophene ring 3 adopting two distinct conformations, it could be attributed 

to a break in conjugation around the C11-C12 bond in linear D-2. On the other hand, if 

S---O attractive interactions were at play, the interaction strengths and energy levels in 
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the two conformations should be different because the S3---O3 and S3---O4 distances 

are different. That is, the molecule should only adopt one fixed conformation if S---O 

attractive interactions were really operating here. 

The sulfur oxygen distances and C-C bond lengths comparisons between the single 

crystal structures and DFT lower energy conformations are shown in Table 4-1 and 

Fig. 4-4. As can be observed, these values are similar but not exactly the same. These 

discrepancies can be attributed, at least in part, to the fact that the calculations were 

performed with the Conductor Polarizable Continuum Model (CPCM)12-13 of 

acetonitrile as a solvent and the single crystals are all in the solid state. The lower 

energy conformation for each molecule is shown in Fig. 4-1. Among the DFT lower 

energy conformations, C-2 shows a twisted structure with three thiophene units on the 

same side of the carbonyl groups, which is in good agreement with the single crystal 

structure shown in Fig. 4-4A. As for D-1 and D-2, the DFT lowest energy 

conformations show some differences relative to the single crystals. From the DFT 

calculations, the single crystal structures of D-1 and D-2 have energies of 0.029eV and 

0.158eV above the lowest energy level, respectively. Comparison of the two 

conformations of D-2 in the single crystal yielded an energy difference of only 10 

meV, which means that the two conformations are iso-energetic. A figure that 

summarizes all the DFT conformational studies is shown in the Supporting 

Information. 
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Table 4-1. S-O bond distance comparison of single crystals and DFT models. 

Bond Single Crystal (Å) DFT data (Å) 

C-2 S-O distance 
Corner thiophene 
 
Central thiophene 

 
2.953 
2.892 
2.974 
2.889 

 
3.001 
3.001 
2.990 
2.990 

D-1 S-O distance 2.760 2.791 
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Figure 4-4. C-C bond length comparison of DFT models with single crystal 

structures of C-2 (A), D-1 (B), D-2 (C).   

To further study the structures of these molecules and validate the calculation 

results, the UV-Vis absorption spectra of both series of molecules were measured in 
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CH3CN solution (1×10-5 M) and as solid films. As shown in Table 4-2, the maximum 

absorption wavelengths (λmax) of films of C-1, C-2 and C-3 did not exhibit significant 

red shifts when compared to results in CH3CN solution. These features suggest that C-

1, C-2 and C-3 adopt similar conformations both in solution and in the solid state. On 

the other hand, the λmax-film of D-1, D-2 and D-3 films on quartz exhibited significant 

red shifts of about 52, 41 and 35nm when compared with results of λmax-sol in CH3CN 

solution. In addition, the λmax-sol of D-1 was 20nm lower than those of C-1 and C-2, 

which is different from the results of single crystals where D-1 exhibited a longer 

conjugation than C-2. These data suggest that the series of D-1, D-2 and D-3 adopts 

different structures in CH3CN solutions and in the solid state. In solution, the 

thiophene units in D-1, D-2 and D-3 are free to rotate around the carbon-carbon single 

bond, while in solid films, D-1, D-2 and D-3 all tend to adopt coplanar and conjugated 

structures to facilitate electronic delocalization, thus restricting the rotation of the 

thiophene units. All of these data can also explain the differences between DFT results 

and single crystals, where the single crystal structures of D-1 and D-2 have a slightly 

higher energy than the DFT lowest energies models simulated in CH3CN.  
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Table 4-2. UV-Vis absorption data for the two families of compounds in CH3CN 

solution (λmax-sol, 1×10-5 M) and as solid films on quartz plates(λmax-film). 

Compounds λmax-sol(nm) λmax-film(nm) 

C-1 

C-2 

C-3 

D-1 

D-2 

D-3 

328.8 

328.9 

341.9 

308.8 

335.2 

346.3 

337.2 

339.3 

352.1 

360.6 

376.5 

381.2 

 

4-3b. Electronic structures 

Extensive calculations on both families of TLRC materials were carried out to 

reveal the underlying electronic properties. As shown in Fig. 4-2, the calculated first 

reduction potential of each molecule is in good agreement with experimental results, 

indicating that with this method, a good description of ground state properties for 

neutral and radical anion species can be obtained. In order to have a better 

understanding of the structural changes in the molecule during the reduction process, 

we decided to study the bond deformation during the reduction process in the two 

families of molecules.  The use of the structural analysis reported by Moro et. al.,20-21 

where a change in bond length was induced by the addition of one electron, helped us 

understand the structural changes in the molecule during the reduction process. With 

this analysis, we are able to gain a better understanding of the most probable place for 

the electron, during the reduction process. Figure 4-5 presents the bond deformation 
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induced by the presence of one electron in C-2 and D-1.20-22 In Fig. 4-5A, C-2, a 

symmetrical deformation in C-C bonds 5 and 9 with a difference of 0.05 Ǻ was 

observed with respect to the neutral species. The SD surface, which shows the 

unpaired spin in the radical anion species, is located in the central thiophene ring and 

the carbonyl groups. In Fig. 4-5B, D-1, a deformation in C-C bond 5 between the two 

carbonyl functionalities with a deformation value of 0.09 Ǻ is observed versus the 

neutral species, which shows the unpaired electron delocalization to be in the di-

carbonyl units.25 In the Supporting Information section, we provide SD surfaces and 

bond deformation plots for all the other four molecules. This has allowed us to explain 

the delocalization of the electron during the reduction process (Scheme 4-1 and Fig. 4-

5). Upon comparing scheme 4-1 with the SD structures and bond deformation plots, 

one can appreciate that the reduction processes are all located within the carbonyl 

units. 

 

Figure 4-5. Spin density surfaces and bond length deformation plots of the one-

electron reduction for molecules C-2 and D-1. 
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4-3c. Effect of small cations in the formal potential 

 

Figure 4-6. Linear regression showing the fit between experimental (Chapter 3) and 

calculated potentials. Blue; calculations do not include a cation (experimental using 

tetrabutylamonium perchlorate), Red; calculations include a lithium cation and Green; 

calculations include a magnesium dication. 

TLRC molecules have some advantages over traditional C-bOMs. First they 

exhibit chemical and electrochemical reversibility during the charge transfer process 

and; second, the bonds next to the carbonyl moieties have free rotation, which allow 

the systems to have different conformations and therefore helps in the coordination of 

different cations. Also, the conjugation between the thiophene and carbonyl can assist 
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in the stabilization of both the charged and neutral structures when coordinating with 

other cations. To gain a deeper understanding of the reduction process and the 

structural changes in the presence of small cations, we carried out computational 

studies of the formal potential of the various species in the presence of TBA+, Li+ and 

Mg2+ cations (refer to supporting information to see the validation of the 

computational method). When the molecule contains two carbonyl groups separated 

by a thiophene unit, the delocalization of its electrons during the reduction process 

goes through the thiophene center (scheme 4-1 and Fig. 4-5A), which is an electron 

donor and therefore the reduction occurs at a more negative potential (Table 4-3). On 

the other hand, when two carbonyl units are connected directly (no thiophene in 

between) the delocalization of its electrons during the reduction process go through 

the carbonyl groups (scheme 4-1 and Fig. 4-5B), resulting in a more positive reduction 

potential. With this in mind, we repeated the conformational studies, but in this case 

including the cation in the calculation (Fig. S4-5). In the cases where the cation was 

included, the TLRC (D-1, D-2, D-3) conformation changed (Fig. 4-7). These systems 

adopt a new conformation in which the two carbonyls are in a cis position. This new 

conformation helps in the coordination of the cations. 
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Table 4-3. Theoretical and predicted formal potentials calculated by including the 

small radii cations.  

Molecule Eo
Theor (V vs Ag/Ag+) Eo

Pred (V vs Ag/Ag+) 
TBA+ Li+ Mg2+ TBA+ Li+ Mg2+ 

C-2 -1.4 -1.0 -0.5 -1.5 -1.5 -1.3 
C-3 -1.2 -0.8 -0.3 -1.3 -1.3 -1.2 
D-1 -1.2 -0.8 0.3 -1.3 -1.3 -0.9 
D-2 -0.8 -0.5 0.5 -1.0 -1.0 -0.9 
D-3 -0.6 -0.4 0.6 -0.8 -0.8 -0.8 

 

The objective of these studies was to have a better understanding of the 

reduction of these thiophene-linked carbonyl systems and to furthermore study the 

effects of the cations in the electron transfer. As observed in Table 4-3 and Fig. 4-6, as 

the ionic radii of the cations decrease (Size: TBA+ (non interacting cation) > Li+ > 

Mg2+) the voltage shifts positively. During the reduction process, a negative charge is 

generated at the carbonyl moiety, that will directly interact with small radii cations 

and, therefore, will thermodynamically and electrostatically stabilize the molecule. In 

Table 4-3 the theoretical (Eo
Theor) and predicted potentials (Eo

Predicted) are presented. 

When the cation is small and highly charged, for example Mg2+, the first reduction 

process is shifted positively by approximately 200 mV, increasing the energy density 

of the material.  
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Figure 4-7. Lower DFT calculated energy conformations including the cation. 

 

4-4. Conclusions 

Two families of TLRC structures have been characterized by DFT calculations. 

From single crystal studies, we learned that molecules containing the di-carbonyl units 

tend to adopt a planar structure in the solid state due to π electron delocalization 

between adjacent thiophene and carbonyl units. A comprehensive comparison of 

single crystal x-ray structures, DFT models and absorption spectra, offered reasonable 

explanation on the differences observed between solid state and DFT calculations. We 

find that, in the presence of Li+ and Mg2+, the formal potentials experienced a positive 

shift. Finally, we believe that these observations are of great importance and that they 

could usher a new generation of organic-based electrical energy storage materials     
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4-6. Supporting Information 

 

Figure S4-1. DFT calculated energy levels for different conformations of C-1, C-2 

and C-3. 
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Figure S4-2. DFT calculated energy levels of different conformations for D-1, D-2 

and D-3. 
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Figure S4-3. Bond length deformation of the one electron reduction for molecules C-1 
and C-3. 
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Figure S4-4. Bond length deformation of the one electron reduction for molecules D-2 
and D-3. 
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Figure S4-5. DFT calculated energy levels for different conformations including the 
cation of D-1. 
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Chapter 5: 

Enhanced Energy Density via Cation-dependent Stabilization of 

Naphthalene Diimide Dianions in Porous Polymer Thin Films 

Reference: Hernández-Burgos, K; DeBlase, C. R.; Rotter, J. R.; Fortman, D. J.; 
Abreu, D. S.; Abruña, H. D. and Dichtel, W. R. Submitted  
 
5-1. Introduction 

Utilizing, and integrating intermittent sustainable energy sources into our 

energy portfolio, will require efficient electrical energy storage devices (EESDs), 

whose design and development, grounded in fundamental electrochemical principles, 

are essential.1–4 Novel electrode materials and architectures for electrochemical 

supercapacitors and batteries are at the forefront of EESD research, which, despite 

similar design criteria, remain distinct applications because contemporary materials do 

not offer both the high energy density, associated with batteries, and the high power, 

associated with capacitors. Recent advances to expand energy densities have included 

metal oxide cathode materials (LiCoO2, MnO2, RuO2), but these are expensive and/or 

degrade if overcharged.1,2,5 Organic materials represent attractive alternatives because 

of their abundance, low cost, and tunable structures.2,3,6–10 Molecular compounds have 

inherently lower energy densities and are often at least partially soluble in supporting 

electrolytes, which detracts from device cyclability. Porous organic polymers (POPs) 

are inherently insoluble, circumventing the dissolution limitation, and can store charge 

faradaically, through charge-transfer processes of incorporated redox-couples,11–15 and 

non-faradaically, by forming electrochemical double-layers.16–20 In this study we 

evaluate a POP-functionalized electrode, which in addition to these advantages, shows 
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novel cation-dependent stabilization of redox-active dianions of interest for increasing 

the cell voltages, and thus the energy density of EESDs. 

 

Figure 5-1. (A) Solvothermal synthesis of the NDI-TFP polymer (B) Reduction and 

oxidation processes for naphthalene diimide moieties. 

 

A device’s energy density can increase dramatically by increasing its operating 

cell voltage. This possibility is typically explored empirically by testing functionalized 

electrodes in various electrolytes. The ability to design electrodes complimentary to 

the electrolyte has become increasingly popular since Gogotsy et al. reported 

increased capacitance when the pores of their electrode were similar in size to the 

electrolyte ions.21 The ability to deliberately shift the reduction potentials of 

benzoquinone by adjusting the counter cation was first noted by Peover and Davies in 

1963,22 but this phenomenon has not been applied to tune a polymer electrode’s 

operating voltage. Here we incorporate a naphthalene diimide (NDI) containing 

monomer into a POP and demonstrate the difference in electrochemical response 

between the polymer film and its NDI monomer (1) in solution. In this way, we 
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examine how to controllably shift the reduction potential of a POP containing NDI as 

a redox active component through ionic interactions with the appropriate metal 

cations. The polymer film exhibits counter cation-dependent electrochemical behavior, 

in which NDI’s second reduction process is stabilized by as much as 710 mV, which 

we attribute to the close proximity of carbonyl groups of adjacent NDIs. In contrast, 

the solution electrochemistry of the NDI monomer does not change significantly as a 

function of the supporting electrolyte cation. This phenomenon has not been noted in a 

porous polymer film, or for NDI in any context, and will broaden the operating 

voltages in charge storage devices compared to that inferred from the electrochemical 

characterization of NDI in solution. 

5-2. Experimental Description 

5-2A. Materials and Instrumentation.  

All reagents were purchased from commercial sources and used without 

further purification. Dimethylsulfoxide was purchased from Sigma Aldrich and used 

without further purification. Other solvents were purchased from commercial sources 

and purified using a custom-built alumina-column based solvent purification system.  

Infrared spectra were recorded on a Thermo Nicolet iS10 with a diamond ATR 

attachment or on a Bruker Vertex 80V with a Germanium ATR attachment and are 

uncorrected.  

Thermogravimetric analysis from 20-600 °C was carried out on a TA 

Instruments Q500 Thermogravimetric Analyzer in nitrogen atmosphere using a 

10 °C/min ramp without equilibration delay. Scanning electron microscopy (SEM) 

was performed on a LEO 1550 FESEM (Keck SEM). Materials were deposited onto a 
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sticky carbon surface on a flat aluminum platform sample holder. Samples were not 

sputtered with metal. The samples were imaged at 2 keV using the electron gun.  

Surface area measurements were conducted on a Micromeritics ASAP 2020 

Accelerated Surface Area and Porosimetry Analyzer using between 15 and 50 mg. 

Samples were degassed at 180 °C for 12 hours. Nitrogen isotherms were generated by 

incremental exposure to ultra high purity nitrogen up to ca. 1 atm over 28-hour periods 

in a liquid nitrogen (77 K) bath. Surface parameters were determined using BET 

adsorption models and pore sizes and distributions were determined using DFT 

models included in the instrument software (Micromeritics ASAP 2020 V1.05).   

NMR spectra were recorded on a Bruker ARX 300 MHz, Varian INOVA-400, 

or Varian INOVA-500 spectrometer using a standard 1H/X Z-PFG probe at ambient 

temperature with a 20 Hz sample spin rate. Solid-state NMR spectra were recorded at 

ambient temperature on a Varian INOVA-400 spectrometer using an external Kalmus 

1H linear pulse amplifier blanked using a spare line. Samples were packed into 7 mm 

outside diameter silicon nitride rotors and inserted into a Varian HX magic angle 

spinning (MAS) probe. The 13C data was acquired using linearly ramped cross-

polarization with MAS (CP/MAS) at 100.5 MHz. The 1H and 13C had ninety-degree 

pulse widths of 5 µs, and the CP contact time was 1 ms. Two-pulse phase modulation 

(TPPM) 1H decoupling was applied during data acquisition with a decoupling 

frequency of 78 kHz. The recycle delays between scans were 2 s. The MAS spin rate 

was 5 kHz, as labeled in the spectra. Decoupling was applied during data acquisition 

with a decoupling frequency of 78 kHz.  
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Electrochemistry experiments were conducted on a Princeton Applied 

Research VersaSTAT 3 potentiostat using a standard three-electrode cell 

configuration, a 27 gauge Pt wire coiled as the counter electrode, and either an 

aqueous Ag/AgCl or organic Ag/AgClO4 reference electrode. For experiments using 

homemade gold microelectrodes, an ECO CHEMIE BV Autolab potentiostat (model: 

PGSTAT128N) was employed. For the 1 M H2SO4 solution, milliQ purified water was 

used. All the perchlorate (TBA+, K+, Li+ and Mg2+) salts were from Sigma Aldrich 

Company and were used as received. Dry acetonitrile from Sigma Aldrich, which was 

stored over activated 3 Å molecular sieves, was used. All experiments were conducted 

in an argon filled glovebox. 

An inVia Renishaw Confocal Raman equipped with a CCD detector was 

employed for Raman spectroscopy and imaging with an excitation wavelength of 785 

nm. A 10s×3 integration time was used for each spectrum, with a resolution of            

1 cm-1. The WiRE 3.4 software package was employed for data adquisition. The laser 

was focused at the desired sample location using a 50× long-range objective lens to 

yield an approximate spot size of 1 µm and a power of 30 mW at the sample. The 

scanning range was 200–2000 cm-1.  
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5-2B. Synthetic Procedures 

Scheme 5-1. Synthesis of 1,3,5-triformylphloroglucinol, TFP: TFP 3 was synthesized 

following a previously reported procedure and its characterization matched that in the 

literature.1  

 

 

Scheme 5-2. Preparation of Naphthalenediimide diamine (1). 

 

To a round bottom flask equipped with a stirbar and condenser was added 

naphtelene anhydride (750 mg, 2.8 mmol) and diaminobenzene (3.02 g, 28.0 mmol) 

under inert conditions. The solids were dissolved in 50 mL of dry methanol. The 

reaction was heated to reflux for 16 h. The reaction was cooled, filtered and the brown 

solid was suspended in ca. 20 mL of MeOH, filtered, and dried under high vacuum. 

The brownish red solid was isolated pure in an 88% yield. 1HNMR (500 MHz, 

DMSO-d6) δ 8.68 (s, 4H), 7.12 (d,J = 8.13 Hz, 4H), 6.65 (d, J = 8.13 Hz, 4H), 5.32 (s, 

4H). 13CNMR (125 MHz, DMSO-d6) δ 163.22, 148.81, 130.42, 129.13, 126.94, 

123.23, 113.71, 104.79. Calcd m/z 448.1172 [M+H]+ Found m/z 449.1226  
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For the preparation of NDI-TFP polymer (powder and film), to a pre-heated 

(90 oC) solution of 1 in DMSO (32 mg, 0.071 mmol, 7 mL) in a vial containing a Au 

substrate, a solution of TFP in DMSO (10 mg, 0.047 mmol, 1 mL) was added drop-

wise over the course of 1 h. The reaction was heated for 12 h at which point the vial 

was cooled to room temperature, the solids filtered, rinsed with DMSO, solvent 

exchanged with acetone, and heated to 80 oC under vacuum overnight to activate. 

Films were removed, rinsed with DMSO, acetone and dried in air before 

electrochemistry experiments were performed. 

5-3. Results 

Triformylphluoroglucinol (TFP) and diamino-NDI monomer (1, Fig 5-1A) 

condense to form the NDI-TFP POP as an insoluble, amorphous solid. The highest 

surface areas and optimal thin films were obtained through the slow addition of 1 in 

DMF to a TFP solution in DMSO (Fig. 1A).  When three anilines react with TFP, the 

resulting imines tautomerize to provide the β-ketoenamine after undergoing an enol to 

keto tautomerization. This process has been well documented in both small organic 

compounds,23 other POPs,24 as well as in covalent organic frameworks.25 In the 

polymer case, this linkage provides materials that are oxidatively and hydrolytically 

robust, including stability in 1M aqueous refluxing H2SO4 .10,25–27 The FTIR spectrum 

of the polymer indicates that it is linked by β-ketoenamines, as evidenced by the 

disappearance of the N-H stretches, the appearance of a characteristic C-N stretch at 

1250 cm-1 and a C=C stretch at 1560 cm-1, and the shifting of the C=O stretch from 

1660 cm-1 to 1615 cm-1 (Fig. 5-2). 13C cross-polarization magic angle spinning (CP-

MAS) solid-state NMR spectroscopy also indicates the formation of β-ketoenamine-
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linked materials, as the spectrum of NDI-TFP exhibits resonances at 145 ppm that 

correspond to the enamine carbon (=CNH) and α-carbon at 115 ppm (Fig. S5-3). 

Furthermore, the TFP aldehyde resonance at 193 ppm is replaced by a peak at 180 

ppm, corresponding to the ketone resonance. High resolution nitrogen XPS shows a 

clear shift of the N 1s signal at 401.01 eV, corresponding to the free amine of 

monomer 1, to 398.45 eV in the NDI-TFP polymer, which is consistent with shifts 

observed for other β-ketoenamine-linked materials (Fig. S5-5). NDI-TFP polymers 

prepared under conditions in which the monomers are fully soluble, which have 

previously provided superior surfaces areas for POPs and covalent organic 

frameworks,10,28 exhibited BET surface areas of 414 ± 188 m2 g-1 (average of four 

samples) with a highest value of 790 m2 g-1 (Fig. S5-6). None of the surveyed 

polymerization conditions provided crystalline samples of the NDI-TFP polymer, as 

characterized by powder x-ray diffraction. 
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Figure 5-2. FT-IR of NDI-TFP polymer film and powder (cyan), 1 (black), TFP 

(blue) and a model compound2 (orange). 
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We also prepared the NDI-TFP polymer as a thin film on gold electrodes 

because 2D covalent organic frameworks thin films exhibited far superior 

electrochemical performance compared to the insoluble powders.27 Film deposition on 

electrode surfaces was achieved by including an electrode (Au) in a DMSO solution of 

1 and slowly introducing a TFP-containing solution over the course of 1 h. After 12 h, 

yellow films with a fibrous morphology (Fig. S5-4) were obtained. NDI-TFP polymer 

films exhibited similar FTIR and XPS spectra to those discussed above (Fig. 5-2 & 

S5-5). These films were characterized electrochemically, and compared to the 

performance of  monomer 1 in solution. 
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Figure 5-3. (A) Cyclic voltammograms of 1 (10 mV s-1, DMSO, 0.1 M perchlorate 

supporting electrolyte) TBA+ = tetrabutylammonium. (B) Cyclic voltammograms of 

NDI-TFP polymer films on Au electrodes (10 mV s-1, CH3CN 0.1 M perchlorate 

supporting electrolyte). 
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Table 5-1. The formal potentials for the NDI-TFP polymer are shifted to positive 

values as a consequence of ionic interactions. Eo’
R = reduction 

Cation 
Eo’ (V vs Ag/AgClO4) 1st Eo’

R Shift 
(V) 

2nd Eo’
R Shift 

(V) 1st Eo’
R 2nd Eo’

R 

TBA+ -0.96 -1.43 n/a n/a 

K+ -0.93 -1.31 0.03 0.12 

Li+ -0.83 -0.97 0.13 0.46 

Mg2+ -0.72 -0.72 0.24 0.71 

 

The NDI-TFP polymer exhibits distinct and counter cation-dependent 

electrochemical behavior that is not observed for solutions of 1. NDI undergoes two 

one-electron reduction process to yield a radical anion and stable dianion (Fig. 5-1B), 

respectively, each of which might interact with cations of differing charge and size.29 

No cation dependence was observed in the reduction of the NDI monomer 1 in DMSO 

solution using cyclic voltammetry (CV, Fig. 5-3A). The two one-electron redox 

processes for all electrolyte cations occurred at E0’= -0.95 V and -1.41 V vs. 

Ag/AgClO4, respectively. The NDI-TFP polymer exhibits a similar electrochemical 

response as monomer 1 in the presence of bulky, non-interacting tetrabutyl ammonium 

cations (Fig. 5-3).9 Two one-electron processes with formal potentials of -0.96 and      

-1.43 V vs Ag/AgClO4 are observed. Since there were minimal interactions between 

the NDI and the TBA+, the formal potentials remained essentially invariant and were 

the most negative, relative to the Ag/Ag+ reference couple (Fig. 5-3B, Table 5-1). This 

response indicates that TBA+ does not interact with the NDI radical anion nor dianion 

strongly. However, the NDI-TFP polymer’s formal potentials shift to more positive 
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values in the presence of the smaller cations Li+ and K+ (K+ at Eo’
1 = -0.93 V, Eo’

2 =-

1.31 V and Li+ at Eo’
1 = -0.83 V, Eo’

2 = -0.97 V vs Ag/AgClO4) (Fig. 5-2B and 5-1). 

These smaller, higher charge density cations interact strongly with NDI2- and stabilize 

it, as indicated by the shift in its response to more positive potentials relative to TBA+. 

Even greater stabilization of NDI2- within the polymer film is observed for Mg2+ 

where both waves merge into a single two-electron process at a formal potential of -

0.72 V vs Ag/AgClO4. This shift in the formal potential represents an increase of over 

20% in the energy density of the material. We have noted effects of this magnitude in 

other carbonyl-containing redox systems,8,9 but this is the first observation of this 

behavior in NDI-derived films, despite its extensive use as a redox-active moiety in 

molecules and materials. Furthermore, all electrolytes provided chemically reversible 

responses, as evidenced by the equal peak currents for each redox process, a key 

feature for developing devices with excellent cyclability. In this case, this feature is 

attributed to the insoluble polymer’s high stability, which suppresses degradation of 

the electroactive moieties. The chemical reversibility of the NDI2-/Mg2+ species is also 

notable, because the corresponding reduction in most carbonyl-based redox couples is 

irreversible.30 These observations, in combination with the structure of the NDI-TFP 

polymer may indicate short-range layering in the amorphous polymer film that places 

the carbonyls of the NDI in adjacent layers sufficiently close proximity to interact 

strongly with the cations of the electrolyte. 

These electrochemical studies highlight the importance of dimensionality and polymer 

morphology for optimizing ionic interactions and, in turn, the application of these 

materials for EESDs. The porous nature of NDI-TFP allows the cations to be held 
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within the pores to stabilize the dianion. Using the Nicholson method, the standard 

rate constant (k0’) for the electron transfer was calculated.31 The obtained k0’ value, for 

the monomer, was 3 x 10-3 cm s-1 for all the electrolyte (cation) systems (see 

supporting information for scan rate dependence), which is characteristic of 

quasireversible processes. The same analysis was performed on the NDI-TFP polymer 

deposited onto a microelectrode (r=30 mm). Under these conditions, ohmic drops are 

dramatically mitigated and the peak currents scale with the square root of the scan rate 

(see supporting information for scan rate dependence), enabling the use of the 

Nicholson method to determine ko’ values. The obtained ko’ values were 4 x 10-3         

cm s-1, 3 x 10-3 cm s-1, 6 x 10-4 cm s-1 and 6 x 10-4 cm s-1 for TBA+, K+, Li+ and Mg2+ 

respectively. The variations (TBA+ > K+ > Li+ ~ Mg2+) in the standard rate constant 

values may reflect electrostatic attraction/repulsion effects. This observation 

demonstrates that, in materials design, the properties of the monomers cannot 

necessarily be used to predict the behavior of the polymeric form. 
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Figure 5-4. Scan rate dependence experiment for (A) NDI-TFP polymer films (5, 10, 

20, 50, 100 and 200 mV/s) (B) NDI-TFP polymer films on a gold microelectrode (50, 

100, 200 and 500 mV/s) and (C) 1 in a DMSO solution (10, 20, 50, 100, 200, 350, 

500, 750 and 1000 mV/s). Using these data from B and C the standard rate constants 

were calculated using the Nicholson method. 

The diffusion coefficients of the cations through NDI-TFP films were 

determined using chronoamperometry by stepping the potential to -1.8 V vs 

Ag/AgClO4 and monitoring the current response (Fig. 5-5). The current response 

plotted against the inverse square root of time (Cotrell plot) in each electrolyte is 
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indicative of finite diffusion processes (i.e., those of surface bound redox couples). 

The smallest (Li+) and largest (TBA+) cations diffuse most quickly through the 

polymer films at 1.2 x 10-11 and 2.3 x 10-11 cm2 s-1, respectively. We attribute these 

responses to a non-interacting cation, which is too large to bind well to the reduced 

NDI, in the case of TBA+, or, for Li+, an ion that is too small to be restricted within 

the larger pores of the NDI-TFP polymer matrix. For the case of Mg2+ the diffusion 

coefficient is three times smaller than Li+ (0.4 x 10-11 cm2s-1), which we attribute to 

enhanced coulombic interactions between the reduced NDI and the Mg2+ ion. 

Although somewhat speculative in our part, we propose that the local structure of the 

NDI-TFP polymer places carbonyls of adjacent NDI units sufficiently close for the 

dication to stabilize both anions at once, perhaps in a cofacially stacked arrangement 

reminiscent of related covalent organic frameworks.10,27 These interactions would be 

stronger than those of Li+ and further restrict diffusion. K+ showed the smallest 

diffusion coefficient at 0.3 x 10-11 cm2 s-1, although this response may have some 

contributions from resistance effects due to the limited solubility of this electrolyte. In 

all cases, we attribute the slow diffusion to a combination of ionic interactions and 

blocked pores or torturous pathways that hinder ions moving throughout the material. 

Raman experiments (Fig 5-6) were used to confirm the binding between the reduced 

carbonyl in the NDI-TFP polymer and the cation of interest. Figure 5-6 shows an 

overlay of the Raman spectra for the NDI-TFP polymer before any electrochemical 

treatment (orange) and after stepping to -1.8 V vs Ag/AgClO4 and monitoring the 

current response. When interacting cations were used, the Raman peak at 1600 cm-1 

disappeared, which means that the C=O bond from the imide is not present anymore. 
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Also, we observed the disappearance of the Raman peak at 1400 cm-1 (1390 and 1416 

cm-1) and the formation of an intense band in the same area (1392 cm-1), as well as the 

shift to a lower wave number of the peak at 1500cm-1. This might be an indication of 

the strong interaction between the reduced carbonyl and the cation of interest. 

 

Figure 5-5. Chronoamperometry results for NDI-TFP films in different electrolytes 

(blue, TBA+; red, K+; green, Li+; black, Mg2+) 

 

 

 

 

 

 

 



! 103!

Table 5-2. Calculated diffusion coefficients from the above chronoamperometric 

data. 

Cation 
Diffusion Rate 

(x10-11 cm2 s-1) 

K+ 0.3 

Mg2+ 0.4 

Li+ 1.2 

TBA+ 2.3 

 

 

Figure 5-6. Raman results for NDI-TFP films in different electrolytes (orange, no 

electrolyte; blue, TBA+; red, K+; green, Li+; black, Mg2+) 
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5-4. Conclusions 

 In conclusion, we have synthesized a robust naphthalene diimide-containing, 

β-ketoenamine-linked POP, both as a high surface area powder and as thin films on 

Au electrodes. The reduction processes of the NDI-TFP polymer are stabilized to 

various degrees by coordinating cations of the supporting electrolyte, which is not 

observed for the NDI monomer in solution or previously reported NDI polymers or 

assemblies. We attribute this behavior to the ability of NDI dianions in the polymer 

films to strongly bind K+, Li+ and especially Mg2+. This phenomenon shifts the formal 

potentials for NDI2- formation in the presence of K+, and Li+, and, in the case of Mg2+, 

induces coalescence of NDI’s two redox waves into a single two-electron reduction at 

more positive potentials (a shift of 710 mV). Although the diffusion coefficients for all 

of the ions were small (10-11 cm2 s-1), non-interacting cations were found to have the 

fastest diffusion through the NDI-TFP polymer. These studies demonstrate that 

solution-phase characterization is effective for assessing the number of electrons 

transferred and/or approximate location of redox potentials. However, it does not 

necessarily indicate how electron transfer will occur in the polymer thin films. They 

illustrate the importance of dimensionality and microstructure in electrochemical 

behavior, in general, and electrical energy storage, in particular. Harnessing these 

potential shifts is also of technological interest, as they give rise to higher operating 

voltages for ESDs than would be expected from solution studies, which will increase 

their energy densities significantly. 
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5-7. Supporting Information 

 

Figure S1. 1H-NMR spectrum (DMSO, 500 MHz, 298 K) of 1. 

 

Figure S2. 13C-NMR spectrum (DMSO, 125 MHz, 298 K) of 1  
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Figure S3. Solid-state CP/MAS (100.5 MHz, rt) 13C-NMR of NDI-TFP polymer 

(cyan) overlayed with two β-ketoenamine COFs previously reported (red and green).2 
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Figure S5-4. SEM images of (A) NDI-TFP polymer powder and (B) film SEM 

images. 

 

Figure S5-5. XPS spectra of 1 (black), NDI-TFP powder (cyan), NDI-TFP film 

(aqua), DAAQ-TFP COF film (red). 
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Figure S5-6. Representative N2 adsorption (closed circles) and desorption (open 

circles) isotherms of NDI-TFP polymer synthesized in DMSO (cyan, SBET = 571 

m2 g-1). 

 

Figure S5-7. BET surface area plot for NDI-TFP calculated from adsorption data. 
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 Images were processed using Gwyddion 2.34 software. First, images were 

leveled to remove artifacts. Heights were obtained using area masks over film areas.  

 

Figure S5-8. Representative AFM for NDI-TFP polymer film.  

 

Figure S5-9. Example of NDI-TFP polymer film CV in DMSO showing shift in 

redox potentials. The high viscosity of DMSO affects the resistance observed in the 

peaks. 
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Figure S5-10. Raman spectra of TFP monomer (red), NDI monomer (black), NDI-

TFP polymer powder (blue) and NDI-TFP polymer film (green). 
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Figure S5-11. Raman spectra Acetonitrile (black) and the different perchlorates used 

during the electrochemical experiments.  

Energy Density Calculation 

Capacity (C)=(n*F)/(MM*3.6) 

Energy Density (ED)=C*E 
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Where n is the number of electrons during the charge transfer (our case is 2), F is the 

Faraday’s constant, MM is the molar mass and E is the average formal potential 

between the two redox process. Note that for the case where Mg2+ in used we observed 

a 2 electron wave. 

By using Mg2+ the energy density increase by: 

!"!"!! − !"!"#!
!"!"#!

!!100 = 20.6% 
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Chapter 6: 

Computational and Electrochemical Analysis of Fluorene Derivatives 

6-1. Introduction 

 As fossil fuels continue to run out, the race to find alternative methods of 

energy generation and storage is becoming a pertinent issue. Among electrochemical 

energy storage (EES) technologies, lithium-ion batteries (LIBs) have both the highest 

gravimetric and volumetric energy densities among secondary batteries and will likely 

play a pivotal role in our transition to alternative energies.1 Currently, the cathode is 

the limiting electrode with respect to the capacity of the cell. Materials suitable for 

cathodes must be redox active and stable in their charged state so that the material will 

not breakdown when the battery is cycling. Thus, the goal is to find systems which 

have both high redox potentials and are stable in a range of oxidation states. The 

cathodes of LIBs are usually made of phosphates or metal oxides,2 such as LiCoO2. 

However, cobalt is relatively costly and the electrodes are prone to degradation and 

failure when overcharged.3 Organic materials represent a promising alternative4 and 

have become popular due to the abundance of the elements employed (H, C, S, O, and 

N) – making them inexpensive – as well as the ease with which one can alter their 

electronic properties via structural and substituent modifications. Moreover, organic 

compounds can be easily screened via computational analysis.5 

Unfortunately, organics suffer low volumetric energy densities and their 

solubility in electrolyte solutions lowers their cycle lives. A large variety of redox-

active organic systems have been studied, including conducting polymers (which have 

low capacity), radical compounds (with limited capacity due to exchanging only one 
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electron per formula unit), and organosulfur compounds (which exhibit sluggish 

kinetics and limited cyclability). A fairly well documented redox active molecule is 

fluorene. The effects of substitutions on a similar system, 1,4-phenylenediamine, have 

been previously studied, and shown that substituents can greatly affect the electronic 

properties of the system.6 In this chapter, we decided to study the effects, on the 

stability and redox potential, of altering the structure of fluorene and its derivatives. 

6-2. Computational Methods 

All compounds were optimized via Universal Force Field7 (UFF) using the 

Avogadro 1.0.1 software program.8 Subsequent density functional theory (DFT) 

calculations were performed using Gaussian09.9-11 The B3LYP exchange-correlation 

functional was used for further structural optimization and to obtain the minimum 

energy for each compound.12-13 The 6-31+G(d,p) 14-15 basis set was employed to treat 

all species. The polarizable continuum model (PCM) was employed using acetonitrile 

(MeCN) as the solvent as implemented in Gaussian09. 

We carried out extensive calculations on a broad range of fluorene derivatives 

(see Fig. 1). In this plot it can be observed that the molecules under study have a good 

combination of high redox potential and high capacity, which results in high energy 

density.  
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Figure 6-1. Computational screening plot of all the systems under study. 

Nuclear independent chemical shifts (NICS)16-17 was used to approximate the 

stability of these systems as a function of aromaticity. We performed nuclear magnetic 

resonance (NMR) single point calculations on molecules previously optimized in the 

DFT analysis. We employed the more computationally intensive 6-311+G(d,p), as the 

molecules were already optimized; solvent parameters remained the same. The NICS 

method utilizes a ghost (Bq) atom placed 1 angstrom above the geometric center of a 

ring to determine the diatropic ring currents (Fig S6-1), produced by the π electron 

delocalization. A negative value for a NICS calculation implies a more aromatic and 

therefore more stable system. The opposite is true for positive values (non-aromatic or 

quinoid system). 

 The formal potential, E, was calculated as a function of the change in free 

energy (ΔE), by the following equation, 

 ΔE = −nFE                    (1) 
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where n is the number of electrons transferred and F is Faraday’s constant. The 

standard free energy of the reaction is approximated with the adiabatic ionization 

potential, and the formal potential, E, calculated relative to vacuum. Corrections due 

to temperature and the zero point energy were neglected, as the accuracy of 0.05 V is 

sufficiently large to negate them. For the reference potential of Ag/Ag+ we shifted the 

calculated formal potentials, relative to vacuum, by -4.90 V. Figure 6-2 compares the 

calculated formal potentials with the experimental cyclic voltammograms. We found 

an accurate linear correlation between the experimental and calculated values, 

indicating that our method provides an accurate description of the ground state 

properties for the neutral and cationic species. 

 

Figure 6-2. A linear regression plot used to correct for effects not taken into account 

by computational method, and the molecules used. 

6-3. Synthetic Methods 

For the synthesis of one of the fluorene derivatives (x=CR2) 3.8 mg of Pd2(dba)3, 6.9 

mg of DavePhos, and 132 mg of NaOtBu were put into a 100 mL schlenk tube under a 

N2 atmosphere. 2,7-dibromo-9,9-dimethyl-9H-fluorene (152.1 mg) was added as a 
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solid. Dimethylamine (137.7 mg, x mol) in 2.5 mL toluene was added to the schlenk 

tube. The reaction mixture was heated to 100 °C and left to run for 2.5 days. After 

cooling to room temperature, the mixture was filtered over celite with CH2Cl2 and left 

to cool in the refrigerator. Crude product was purified by a silica gel column 

chromatography using a plug-type setup with 5% EtOH/Hexanes and after solvent was 

removed, the product was left to dry in vacuum overnight; 125.9 mg (87% yield) of 

the target molecule shown in scheme 1 were obtained. 1H NMR (400 MHz, CDCl4): δ 

7.41 (d, 2H); 6.72 (s, 2H); 6.63 (d, 2H); 3.39 (q, 8H); 1.45 (s, 6H); 1.19 (t, 12H) (Fig. 

S6-2).  

 

Scheme 6-1. Synthesis of N2,N2,N7,N7-tetraethyl-9,9-dimethyl-9H-fluorene-2,7-

diamine (compound 1). 

 

6-4. Electrochemical Methods 

 Cyclic voltammetry (CV) studies were conducted at room temperature using 

an Epsilon-EC BASi potentiostat. Measurements were taken in a three-electrode cell 

using homemade glassy carbon electrodes (GCEs) which were 3 mm in diameter, 

coiled Pt, or Pt mesh counter electrodes, and a Ag/Ag+ (0.05 M AgClO4 + 0.1 M 

tetrabutylammonium perchlorate (TBAP) in acetonitrile) reference electrode. The 

GCEs were polished with 1.0 µm, 0.3 µm, 0.05 µm of alumina slurry, rinsed with 
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distilled water and acetone and dried prior to use. The reference electrode was cleaned 

with 1:1 HNO3/H2O overnight between analyses of different compounds and rinsed 

with acetone and MeCN priot to use. The experiments were performed in 0.1 M of 

electrolyte in acetonitrile solutions and purged using Argon gas before use. The CV 

experiments were performed at different scan rates (20, 50, 100, 200, and 500 mV/s) 

from -0.60 V to 1.00 V vs Ag/Ag+ with a 1 mM analyte solution in the appropriate 

solvent and electrolyte. All the reagents were from Sigma Aldrich and were used as 

received. 

6-5. Results 

 From the computational analysis we chose to study the heteroatom series of 

molecules because of its combination of low molecular weight and high redox 

potential. Table 1 displays the computed and corrected values (corrected via a linear 

regression plot from Figure 2) for the first and second oxidations of varying 

substitutions for the heteroatom. These results show two different trends. The first is 

that regardless of the heteroatom, the voltage difference between the first and second 

predicted oxidations is 300 mV. Second, for electronegative heteroatoms (O and S) the 

E0’ is more positive by 100-150 mV.  
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Table 6-1. Table of the theoretical and predicted oxidation potentials with respect to 

the different heteroatoms. 

 

 

In the selection process for organic electrode materials, formal potential is not 

the only parameter to study; stability is also an important one. Stability is a parameter 

that can be studied computationally, for example by calculating the enthalpy of 

reaction, the reactivity, or the resonance stabilization energy. However, these 

calculations tend to be computationally expensive. In our case, we decide to use 

aromaticity as the parameter, and NICS as the computational analysis to calculate it. In 

order to have a better understanding of the stability, oxidation potentials must be 

compared to the NICS values. However, the molecule must be stable throughout the 

various oxidation states for those states to be useable. Figure 3 presents the values for 

the 2nd oxidation potentials organized in a graph to more easily compare them to the 

results of the NICS calculations. 
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Figure 6-3. Plot of the second oxidation potential with respect to heteroatom 

alongside a plot of the NICS values with respect to the heteroatom. 

From Fig. 6-3 it is clear that the furan moiety represents the best combination 

of high redox potential and stability. However, the dimethyl variant had the highest 

stability, and as such, we decided to synthesize the compound 1 first. We also 

attempted the synthesis of the non-methylated version, but it failed, which we attribute 

to the reactivity of the protons on the heteroatom. For a more detailed summary of the 

NICS results refer to the Fig. S6-3 in which the stability of each ring is presented. 
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Figure 6-4. CV diagrams of TMPD (A), compound 1 (B), and benzidine (C). 

 

For electrochemical experiments, the dimethyl compound was synthesized 

according to scheme 6-1 and the process detailed in the synthetic methods section. CV 

studies showed that compound 1 underwent two reversible one electron oxidations at 

E0’ values of -97 mV, and 204 mV (ΔE0’ ~ 0.30 V), Fig. 6-4B and reflects the 

computationally predicted trend with the oxidation values of compound 1 lying 

between those of TMPD (Fig. 6-4A) and benzidine (Fig. 6-4C). The lowering of ΔE0’ 

suggests that the synthesized compound has less isolated oxidation processes, with 

each stronger interactions than in TMPD (ΔE0’ = 0.58 V), but less than in benzidine 
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(ΔE0’ = 0.18 V). The scan rate dependence shows that the system is control by 

diffusion (Fig. S6-4). Finally we investigated the influence of the electrolyte anion 

identity in the redox stability of compound 1. From the peak currents, is possible to 

understand the chemical reversibility of a system that undergoes redox processes and 

in Fig. S6-5 it is observed that the perchlorate anion exhibits the best chemical 

stability. Furthermore, we observed that the experimentally obtained oxidation 

potentials were reasonably close to those we obtained via theoretical studies (Table 6-

2), with errors of 10-50 mV. It was also predicted and experimentally confirmed that 

the difference in redox potential between the first and second oxidations was 300 mV. 

This result is important because it validates the use of computational methods for 

designing new organics materials. 

 

Table 6-2. Predicted values for oxidation potentials alongside experimental.  

 E0
Pred (V vs Ag/Ag+) E0

Exp (V vs Ag/Ag+) 
Molecule 1st 

Oxidation 
2nd 

Oxidation 
1st 

Oxidation 
2nd 

Oxidation 
TMPD -0.20 0.27 -0.23 0.30 

Compound 1 -0.15 0.15 -0.10 0.20 
Benzidine 0.00 0.28 0.05 0.27 

 

 

6-6. Conclusions 

 We have predicted the formal potentials of a series of molecules based on a 

common framework using density-functional calculations and identified a promising 

family of molecules for electrical energy storage applications, for which we began 

synthesis and electrochemical characterization. We found that varying the heteroatom 
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greatly affected the redox properties of the molecules while having minimal impact on 

the overall weight (as compared to the effects of introducing various R-groups in 

different positions). However these variations also resulted in vastly different 

stabilities throughout the different oxidation states, with no clear relations between the 

redox potential and stability as of yet. For example, NCH3 had the second lowest 

redox potential and the lowest stability in the dicationic state, while O had the second 

highest stability as well as the second highest redox potential. Our study shows that 

the introduction of a heteroatom into a benzidine-like system, especially oxygen, may 

produce molecules which hold promise as electrode materials for electrical energy 

storage applications.  
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6-9. Supporting Information 

 

Figure S6-1. Example of the Bq atoms positions for the NICS calculations. 
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Figure S6-2. NMR spectrum of our synthesized compound. 
 

 
Figure S6-3. NICS results summary 
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!
Figure S6-4. Scan rate dependence for the compound 1!

!
Figure S6-5. Influence of the electrolyte anion on the redox stability of compound 
1.!
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Chapter 7: 

Ex-situ and In-situ X-Rays Characterization of the Electrolyte-Anode 

Interface in Magnesium Ion Batteries 

7-1. Introduction 

As I have discussed during this dissertation, organic materials represent a 

viable alternative for cathodes for metal-ion batteries (MIBs) because of their ability 

to interact with small radii cations, such as magnesium. Before using organic cathode 

materials for this applications, we need to have a better understanding of the 

drawbacks of magnesium-ion batteries (MgIBs) and solutions to those problems.  

MgIBs represent a promising alternative to LIBs. The natural abundance of 

magnesium is 300 times higher than that of lithium, and magnesium has a relatively 

low price.1-3 Magnesium has a relatively high specific capacity (2205 Ah/kg) although 

the magnesium electrode potential is ~700 mV higher than that of lithium.2-6 In 

addition, magnesium is also easier to process because it is more stable in air than Li. 2-6 

 Current challenges in the development of MgIBs are related to the electrolyte 

system.4-6 One of the major issues in the electrolyte systems is anodic stability 

especiallyduring battery charging.4-7 Second generation electrolytes developed by 

Aurbach7 exhibit electrochemical stability up to 3 V (vs. Mg reference) at a platinum 

working electrode. However, when non-noble metals, e.g. copper or aluminum 

(common current collectors in MgIBs), are used, a decreased stability of 1-2 V is 

obtained.7!One of the biggest concerns in reported electrolyte systems is the formation 

of a passivating film upon magnesium deposition.5-8 The passivating layer is a non-
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conductive film that strongly hinders magnesium transport and renders the magnesium 

anode insulating.6 Another important challenge in selecting an appropriate electrolyte 

salt is its reactivity with the cathode material, resulting in the decomposition of both 

materials and thus failure of the battery.  

Herein we present initial studies using different metal surfaces in the study of 

magnesium electrodeposition by using a well-known Grignard-based electrolyte. We 

also designed a small volume in situ electrochemical cell with which we can use 

surface sensitive X-Ray Diffraction (XRD) to study structural changes of the metal 

surface during magnesium electrochemical cycling, and investigate formation of the 

passivating layer. In addition to the electrochemical experiments, we also present this 

chapter the ex-situ and in-situ characterization of the deposited Mg on the different 

substrates.   

7-2. Experimental Setup 

7-2a. Electrodeposition/Dissolution of Magnesium   

 To prevent any oxidation of the substrates and electrolyte decomposition, all 

the experiments were done in an inert, water-free environment (i.e., an argon filled 

glove box). All reagents were from Sigma-Aldrich and were used as received. We 

used commercially available electrolyte systems, including salts such as magnesium 

perchlorate, benzylmagnesium chloride (Grignard reagent), magnesium chloride and 

aluminum chloride. As substrates for the electrodeposition studies we used copper foil, 

aluminum foil, glassy carbon, highly oriented pyrolytic graphite (HOPG), indium 

doped tin oxide (ITO) and gold-coated aluminum foil. For the in-situ experiments Cu 

(111) single crystal were used. 
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7-2b. Electrolyte synthesis 

For the electrolyte synthesis, we followed the procedure reported by Aurbach 

on second generation electrolytes.5 They reported that by using solutions containing a 

2:1 ratio of ︎ PhMgCl︎  and AlCl3 complex at a concentration of 0.4 M, the lowest 

overpotential for Mg deposition, high anodic stability, a potential window ︎ 3 V and 

100% efficiency for Mg deposition-dissolution cycling could be obtained. Scheme 7-1 

summarizes the synthetic procedures. 

 

Scheme 7-1. Synthetic procedure for the Grignard-based electrolyte used during these 

studies. 

!"!"! !+ !ℎ!"#$! → !"!"! + !!ℎ!"!"!! 

 

7-2c. SEM measurements 

To prepare all the Mg samples, the procedure described in section 7-2a was 

used. A 300 mV overpotential (vs. electrodeposition onset, which changes from 

sample to sample) was applied for the desired deposition time. After deposition, the 

substrates with the Mg films were rinsed thoroughly with THF solution. Images were 

taken using an accelerating voltage of 3 keV on a Zeiss SEM model 1550 field 

emission scanning electron microscope.  

7-2d. X-ray in-situ cell designing 

 Figure 7-1 shows a sketch of the in-situ cell used (Fig s7-1). The cell consists 

of two parts: the supporting part and cap. The supporting part, which is built from Kel-
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F, contains the sample stage, inlet and outlet Teflon tubes for electrode filling, 

connectors to the reference electrode (RE) and Pt counter electrode (CE). The sample 

stage is a Kel-F cylinder with a gold wire through the center line, which is connected 

to the back side of the substrate (WE). The cap is a hemispherical silica dome of 1mm 

thickness as X-ray window, the X-ray transmission at 30keV through the dome was 

71%. 

 

Figure 7-1. Schematic drawing of the in-situ cell. 

 

7-2e. X-rays ex-situ/in-situ experiments 

The high penetration depth of high energy X-rays in liquids represents a 

tremendous advantage, over other surface characterization techniques, thus making X-

rays attractive for in situ characterization of the interface during electrochemical 
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cycling. In these experiments the incident X-ray energy was 30 keV with a flux of 

1.2x1011 photon/s/ mm2. The diffracted X-ray signal was collected by a large area 

detector (41 x41 cm2, DXR250RT, GE Inspection Technologies). During the 

experiment, the cell was operated in an Argon filled plastic bag to prevent oxygen 

(from air) and water leaking into the cell. Figure 7-2 presents schematic image of the 

experimental set up. 

!
Figure.7(2.!Schematic!image!of!the!experimental!setup!
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7-3. Results 

 

Figure 7-3. Magnesium electrodeposition CVs in different substrates; Cu (blue), ITO 
(black), Al (red), Glassy Carbon (pink), Au (green) and HOPG (orange). 
 

 For the CV experiments, a silver wire was used as a quasireference electrode. 

To study the stability of this electrolyte using different electrode substrates, we used 

the conductivity window as a reference (Fig 7-3). We used non-noble metals, e.g. 

copper and aluminum (common current collectors in MgIBs), as well as carbon based 
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electrodes (HOPG and glassy carbon), gold-coated aluminum and ITO. Aluminum and 

gold-coated aluminum were the less stable substrates with conductivity windows of 

1.4 and 1.7 V, respectively. We hypothesized that the aluminum oxide on the surface 

of the substrate is affecting the anodic stability of the deposited Mg metal. The other 

substrates exhibited a good conductivity window and better anodic stability than the 

Al-based ones.  For Mg electrodeposition we decided to use potential step methods, in 

which we applied an overpotential of 300 mV relative to the Mg-deposition onset (Fig 

7-4). Figure s7-3 shows examples of electrodeposited Mg metal on gold and ITO 

substrates. From the data shown in Fig 7-3 one can estimate the surface coverage 

(from the charge) and by using the Mg density, the thickness of the deposition as a 

function of time, was calculated (Table 7-1). This procedure was followed to prepare 

samples for the X-Rays and SEM experiments.   

 

Table 7-1. Calculated surface coverage and thickness for Mg metal deposition on 

different substrates. 

Deposition  
Time (min) 

(Glassy Carbon) 

Surface Coverage 
(x10-7 mol/cm2) Thickness (nm) 

5 1.66 23.2 
10 2.02 28.2 
20 5.49 76.7 
30 8.86 123 
60 30.6 428 

Substrate 
(deposition time 60 min) Thickness (nm) 

Glassy Carbon 428 
HOPG 406 

Au 353 
ITO 357 
Al 441 
Cu 522 
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Figure 7-4. Electrodeposition of Mg for 5 minutes. Inset: CV prior to 

electrodeposition. 

 

The diffraction image of the Mg film on a Cu substrate, from ex situ GIXD, is 

shown in Fig. 7-5a. The intensity, integrated along the powder ring direction in the 

shadowed area of Fig. 7-5a, versus the scattering vector value, is shown in Fig. 7-5b. 

All the diffraction peaks correspond to metallic Mg and Cu and are indexed (Fig. 7-

5b), indicating the growth of crystalline Mg metal. SEM images are shown in Figs. 7-

5c and 7-5d. In the latter,the Mg particles have a hexagonal shape, which supports the 

growth of Mg metal, since it has a hexagonal close-packed structure.  The supporting 

information (Fig. s7-4) is presents a summary of all the ex-situ x-rays results. From 

these results we learned that it is possible to electrodeposit Mg on all the substrates. 
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For the case in which ITO was used as substrate MgO peaks were observed. On the 

other hand, glassy carbon was not the best substrate either since it gives a large diffuse 

background signal that is sometimes even stronger than the Mg signal. The large 

background signal from GC substrate is possibly due to the limited reflectivity of the 

rough surface of the carbon substrate.  

  

 

Figure 7-5. (a) Diffraction image of an electrodeposited Mg film on a copper 

substrate. (b) X-ray diffraction intensity versus scattering vector (q), as integrated 

from the shadowed area in Fig. 7-5(a). All the diffraction peaks are indexed to Mg and 

Cu. (c) SEM image of electrodeposited Mg film. (d) A zoomed-in SEM image to 

show a hexagonally shaped Mg island. 
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A typical, raw diffraction image, from a Mg film during electrodeposition, 

collected in situ, is shown in Fig. 7-6a. Figure S7-5 shows the CV for the Mg growth 

in the electrochemical in-situ cell. The pixel numbers along x and y dimensions have 

been converted to azimuth angles. Figure 7-6a, exhibits the diffraction powder rings of 

the electrodeposited Mg film, as well as a strong diffraction ring from Teflon (Teflon 

tape was used to seal the substrate to only expose the flat surface of substrate to the 

electrolyte) and diffuse scattering from the electrolyte. Since the signals from the 

Teflon and electrolyte do not change over the deposition time, we could readily 

remove them by subtracting the diffraction image from the image taken before Mg 

deposition, as shown in Fig. 7-6b. All the diffraction rings in Fig. 7-6b are from the 

deposited Mg film, and the positions of all the rings match those of magnesium metal, 

and have been indexed. The intensity versus the scattering vector was calculated by 

integration along the powder ring direction. The inset of Fig. 7-6c shows the intensity 

profile of the {002} reflection at different growth times, which was used to calculate 

the integrated intensity as a function of time, as shown in Fig. 7-6d. In Fig. 7-6d, the 

blue dashed line represents the deposition of Mg, while the red trace represents the 

dissolution of Mg. The change in intensity of the {002} peak matches the cycles of 

Mg deposition and dissolution. However, the slope of the integrated intensity indicates 

that the growth rate of Mg decreases over time. This could be a result of X-ray 

radiation damage to the interface between the organic electrolyte and the substrate, 

forming an insulating layer that can inhibit additional Mg growth. As we took more 

frequent X-ray exposures on a fresh sample during the Mg growth, the decrease in the 

growth rate of Mg became more evident. Figure s7-6 shows the integrated intensity of 
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the {002} peak as a function of the deposition time in two cycles, starting from a fresh 

substrate. The slope of the Mg growth decreased over time. Even after dissolving the 

entire Mg film, the growth rate of Mg was not recovered, suggesting the formation of 

an insulating layer between the substrate and the Mg film. From the in-situ 

experiments we cannot draw any conclusions regarding the passivating layer 

formation because of the stability of the Mg-metal/Mg-electrolyte interface due to the 

photo-induced electron transfer due to the incident X-rays radiation. 

 

 

Figure 7-6. (A) Typical GIXD diffraction image, collected in situ during Mg 

electrodeposition on Cu (100), (B) Diffraction image from (A), after subtracting the 
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diffraction image of the substrate with the same experimental setup. All the peaks are 

form Mg, and indexed. (C) Intensity from 2-dimensional diffraction image (A) 

integrated along the powder ring direction, versus the 2Θ value. The inset is the 

zoomed-in intensity of the {0 0 2} peak at different experimental coordinates, 

represented by different colors. (D) Integrated intensity of the {0 0 2} peak at different 

experimental coordinates.  

 

7-4. Conclusions 

We have studied Mg electrodeposition on six different substrates. From the X-ray 

experiments we were able to index the Mg diffraction peaks for all the substrates. 

However, glassy carbon and ITO were not good substrates because of large diffuse 

background signal and Mg oxide formation. SEM images showed hexagonal 

magnesium crystals. Finally, in-situ X-ray experiments of Mg electrodeposition 

suggest that after dissolution/deposition the deposition rate of Mg decreases with time 

ostensibly due to radiation damage.   
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7-6. Supporting Information 

 

Figure S7-1. In-situ electrochemical cell used for Mg electrodeposition experiments 

 

 

Figure S7-2. Electrochemical cell used for the Mg deposition experiments 
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Figure S7-3. Mg metal surface on gold and ITO after 30 minutes of electrodeposition. 

 

 

 

 

Figure S7-4. Ex-situ X-ray results for Mg metal on different substrates. 
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Figure S7-5. Magnesium electrodeposition CV on a Cu substrate in the in-situ 

electrochemical cell. 

 

Figure S7-6. (a) Integrated intensity of {002} peak in Figure 7-6 versus the deposition 

time. (b) Integrated intensity of {002} peak versus deposition time for another sample, 

with more frequent X-ray exposure. 
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Chapter 8: 

Conclusions and Recommended Future Directions 

8-1. Conclusions 

 During my years as a graduate student, my research interests have been 

centered on the search for new materials for electrical energy storage, such as 

secondary batteries and supercapacitors. The focus of my research has been equally 

divided on the use of two techniques: (1) computational chemistry for the design and 

characterization of new organic battery cathode materials and (2) the subsequent 

selection and electrochemical study of the potentially best-performing new materials 

(Fig. 8-1). From these two approaches, I have learned about materials properties and 

how those properties affect their performance.  

 

Figure 8-1. Representation of my research interests. 
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 The main conclusion of my work has been that by combining computational 

and experimental tools it is possible to develop a methodology that helps us to 

fundamentally understand organic materials properties for electrochemical energy 

storage applications. With computational chemistry, it is possible to design new low 

molecular weight organic molecules and rapidly screen their redox potentials (Figure 

8-2). Also, we can take advantage the different computational tools to calculate 

different properties. For example; to determine stability, we can use methods such as 

Nuclear Independent Chemical Shift (NICS), and Fukui indices; for excited states we 

can employ Time Dependant DFT (TDDFT) or Zerner's Intermediate Neglect of 

Differential Overlap (ZINDO), and for Raman or IR spectra we can use the keyword 

FREQ. The use of these tools allows us to achieve a better understanding of 

experimental results as well as a better prediction of a molecule’s performance in 

electrochemical energy storage applications. In chapters 2, 4 and 6, we learned that by 

using DFT computational methods, it is possible to predict the formal potentials of 

new families of organic electrode materials using and identified promising candidates 

for further study as potential electrical energy storage materials. We also learned the 

effects that the heteroatom and electron-withdrawing and electron-donating groups can 

have in the formal potential and stability of organic molecules. Finally, we were 

successful in understanding the effects of different cations in the electronic structure 

as well as in the conformation of these systems.  
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Figure 8-2. Computational screening of different organic molecules 

On the other hand we have electrochemical methods. With electrochemistry, it 

is possible to study the processes and factors that affect the transfer and transport of 

charge across the interface formed between chemical phases. In addition, with 

electrochemical techniques such as cyclic voltammetry, chronoamperometry and 

rotating disk electrode voltammetry (discussed in chapters 1, 3, 5, 6, 7) it is possible to 

calculate important parameters associated with the electron transfer and the mass 

transport of a system. These techniques help us to achieve a better understanding of 

the ionic interactions between the organic materials with the ions in the electrolyte, 

calculate diffusion coefficients in solution and through polymer films and to validate 

all the computational methods.  
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The main lesson that we learned was how to design novel, light weight, and 

high voltage organic systems, that can overcome the shortcomings of conventional 

materials, such as high cost, low gravimetric capacities and energy densities and slow 

charge/discharge rates. We also learned the importance of the influence of metal 

cations, such as Li+, Na+, K+, Mg2+, Al3+, on the redox potentials of different organic 

materials. We believe that these observations are of great importance because they 

suggest the possibility of incorporating Mg, Al and other multivalent ions, into EES 

applications, and that they could usher a new generation of organic-based electrical 

energy storage materials. In conclusion, the main focus of this dissertation was to 

synergistically use computational and electrochemical methods for the design and 

characterization of new organic-based cathode materials for electrochemical energy 

storage (EES) applications.    

8-2. Designing Organic Molecules 

 The design of high voltage and low molecular weight organic molecules is the 

most important step to make an impact on EES technologies. With computational 

chemistry, it is easy to screen families of organic molecules in a short period of time. 

In order to be successful, a fundamental understanding of the electronic properties is 

required. As discussed in Chapter 1 there are different redox active organic molecules. 

More importantly, it is possible to design molecules that have strong interactions with 

the electrolyte ions, that are stable upon redox processes and that can have multiple 

electron transfers. As mentioned before, with computational chemistry, it is possible to 

study the redox potential, electronic structure and stability of a system, which in my 

opinion are the three fundamental aspects required to design a high performance 
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organic electrode material. The electronic structure of a molecule can be easily 

modified by using different substituents, which can result in a shift in the formal 

potential and therefore affect energy density (Chapter 2). Energy density is perhaps the 

most important aspect to consider because it represents the delicate interplay of the 

number of electrons transferred, the voltage at which these process occur and the 

equivalent mass. 

8-3. Electroactive Redox Active Groups for Polymeric Systems 

Two-dimensional covalent organic frameworks (2D COFs) have the advantage 

that redox-active groups can be incorporated into ordered, high-surface area polymer 

networks with uniform, few-nanometer-sized pores. In collaboration with Prof. 

Dichtel’s laboratory we have been able to study redox active COFs and 2D polymers 

using carbonyls as the redox active moiety (Chapter 5). The main disadvantage of 

these materials is their low electronic conductivity, which results in poor device 

testing results. In order to improve their electrochemical performance, we need to have 

a better fundamental understanding of these systems. As discussed in Chapter 5, the 

electrochemical response of the solid-state structure of a polymer does not necessarily 

reflect the solution-phase redox behavior of its monomer units. This observation is 

important because it opens a new window of fundamental studies to understand why 

electrochemical properties change and if these observations can be applied to other 

electroactive monomers. Another interesting study would be to understand the effects 

on the electrochemical properties, of the pore size of electroactive COF systems. 

Another important parameter to study is the solvent/electrolyte combination, as recent 

studies show (Abruña/Dichtel collaboration) that by just changing the solvent, is 
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possible to improve the electrochemical performance of a COF. Finally, utilizing other 

redox active monomers will help address the previously mentioned challenges. Figure 

8-3 shows a library of possible molecules to be considered as redox active monomers. 

In conclusion, by understanding the challenges and combining synthetic, 

computational and electrochemical knowledge, it will be possible to design new COF 

electrode materials. 

    

 

Figure 8-3. Structures of possible redox active monomers to use in COF polymers. 
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8-4. Final Remarks 

 The title of my dissertation exemplifies the message that I want to convey, 

which is that by combining different chemical tools, it is possible to have a better 

understanding of a system. Electrochemistry is a branch of analytical chemistry and by 

definition analytical chemistry is the branch of chemistry involved in the development 

of tools and methods to study the physical properties of different materials. My 

interpretation of this definition is that electrochemistry can be combined with different 

analytical and spectroscopic techniques to understand the charge transfer process of a 

system.  
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The END 
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