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ABSTRACT 

 

 

The stability, properties, and dispersion of novel organometallic/doped nanocarbon 

complexes for electrochemical application are investigated in this work with density functional 

theory (DFT) and molecular dynamics (MD) simulations. We suggest that electrochemical active 

centers like cyclopentadiene (Cp) transition metal (TM) complexes can be stabilized on boron-

doped nanocarbons to create stable and high-performance support materials. We present a 

systematic study of the geometries, energetics, and electronic properties of CpTM (where 

TM=Fe, Ni, Co, Cr, Cu) complexes adsorbed on both pristine and boron-doped carbon nanotubes 

(CNTs) and graphene supports using DFT calculations. Significant stabilization of CpTM on 

boron-doped CNTs (B-CNTs) and graphenes are found, which surpasses the binding energies 

(BEs) of the isolated TM atoms by about 2 eV. 

To evaluate the redox activity (CpFe) on B-doped nanocarbon supports, we calculate the 

redox potentials of CpFe/B-doped, N-doped and pristine graphene complexes with different 

doping patterns and concentrations with DFT calculations, combined with a conductor-like 

polarizable continuum model (CPCM) solvation model. The CpFe/B-doped graphene complexes 

show potential to be a ferrocene substitute for ferrocene-mediated electrochemical process, such 

as bio-sensing and dye-sensitized solar cells.  

The dispersion of B-doped nanocarbons is also investigated in our work. Molecular 

dynamics (MD) simulations, parameterized by DFT-calculated partial charges are used to 

investigate the water-induced interactions, the hydration, and the debundling behavior of B-
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CNTs with varying diameters and B-doping patterns within aqueous solutions. By evaluating the 

potential of mean force (PMF) of one, two, and three solvated B-CNTs, we demonstrate that the 

water-induced interactions between B-CNTs extend over prolonged distances, and the B-CNTs 

are shown to be more reagglomeration resistant. In addition, the hydration behavior of the B-

CNTs can be understood by evaluating the water density profiles and hydrogen bonds during the 

solvation. These results provide guidelines for separating and dispersing B-doped nanocarbons in 

aqueous environments. 

 Overall, our simulations predict that the CpTM/B-doped nanocarbon complexes are 

potential candidates for multiple electrochemical applications with significant stability, 

comparable redox performance to ferrocene, and enhanced dispersibility. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Modern electrochemical applications in energy generation, storage and sensing call for new 

high performance electrochemical materials. The objectives of designing novel nanomaterials, 

which combine the support/electrode materials as well as redox/catalytic active centers, include 

strong stability, appropriate redox potential, high conductivity, and dispersibility. Among the 

support material candidates, boron-doped nanocarbons (including fullerenes, carbon nanotubes 

(CNT), and graphenes) demonstrate exceptional properties, as the substitutional doping 

provides the following benefits. First, many transition metals (TMs) as well as other catalytic 

active centers can be stabilized on B-doped nanocarbons. Meanwhile, the catalytic properties 

can also be tuned, due to the metal-support interaction. Our group has conducted a series of 

calculations on the stabilization of transition metals and organometallic complexes on the doped 

nanocarbons.
1-9

 For instance, the binding energy of single TM atoms and 

cyclopentendienyl(Cp)/TM/B-doped nanocarbons is more than double the binding energy on 

pristine nanocarbon supports.
3, 7

 Experiments using Pt/B-doped carbon supports also exhibit 

better corrosion and CO resistance than pristine carbon.
6
 Moreover, the p-type doping of B 

atoms increases the conductivity of nanocarbons drastically.
3
 The calculated band structures of 

B-doped CNTs (B-CNTs) reveal that B-doping can turn semi-conductive nanotubes into 

conductors, as well as increased the conductivity of metallic nanotubes.
3
 In addition, the doping 

process renders more defects with B-doped nanocarbons, and these sites may act as active 



 

2 

 

catalytic centers and provide more intimate contact with the enzymes in electrochemical 

sensing. 
6, 10-13

 For instance, using B-CNT as the electrode material with glucose oxidase as the 

glucose sensor, Deng et al. found improved sensitivity and stability, versus pristine CNT.
10

 Last 

but not least, B-CNTs are found to be dispersed more easily than pristine CNTs, with or without 

surfactants, in aqueous solution.
14

 Therefore, various electrochemical systems with B-doped 

nanocarbon materials have been reported, including fuel cells,
15

 batteries,
16

 solar cells,
17

 

electrochemical sensors,
10

 and electrochemical double-layer capacitors (EDLC),
18

 etc. In 

particular, our group has conducted extensive investigations of B-doped nanocarbons as a CO 

tolerant catalyst, as a gas sensor, and within nanoelectronics.
2-6, 19

  

Ferrocene is a sandwich-like molecule with two Cp rings on both sides and an iron atom in 

the center. Since its discovery,
20

 ferrocene and other metallocenes have drawn great interests in 

catalysis, solar energy generation, hydrogen storage, cancer therapy, random access memory 

(RAM), and nano-magnetism.
21-23

 In particular, ferrocene-based compounds are important 

electron donor-acceptors, which means that they can be oxidized or reduced back and forth 

easily in an electrochemical system. For example, ferrocene can provide and accept electrons 

from various enzymes in electrochemical sensing applications, such as glucose, glycolate, 

amino-acid and other bio-molecules.
10, 24, 25

 In addition, the low redox barrier of ferrocene 

makes it an ideal component in nonvolatile resistive RAM, which stores a data bit by altering 

the resistance of a redox cell.
8, 9, 26

 However, due to the nature of ferrocene and other 

metallocenes, immobilizing those redox active species on the surface of an electrode is a 

challenge. 
27

 

Therefore, by combining the properties of B-doped nanocarbons and ferrocene-based redox-

active materials, the hypothesis of this work is that ferrocene-like organometallic active centers 
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can be stabilized on B-doped nanocarbons (Figure 1.1). In fact, recent theoretical and 

experimental studies found the existence and potential applications of similar complexes, which 

show fundamental properties analogues to our current systems. 
28-35

 For example, using density 

functional theory (DFT) methods, Plachinda et al.
28

 reported that the attachment of metal-arene 

complexes onto graphene turned the band gap of graphene from a semimetal into a 

semiconductor. Moreover, Zhao et al.
29

 characterized benzene/TM/B/N-doped graphene 

complexes by DFT methods, and found that these complexes show good stability, tunable 

electronic and magnetic structures, and enhanced O2 adsorption properties. Other 

organometallic/nanocarbon complexes have also been synthesized by experimentalists, such as 

CpTM/fullerene,
31

 CpTM/annualene, CpTM/sumanene,
32, 33

 benzene/Cr/CNT and graphene
34

 

complexes. These past successes indicate that it would be experimentally feasible to synthesize 

CpTMs on carbon supports. Moreover, due to the redox-active nature of ferrocene-based 

compounds, as well as the high stability and good conductivity of B-doped nanocarbons, it is 

envisioned that CpTM/B-doped nanocarbon could be used as a novel redox-active material, 

which integrates the redox-active CpTM center onto the B-doped nanocarbon. 

In addition to the stabilization and physical/chemical properties, the homogenous dispersion 

of nanocarbons (with varying sizes and chiralities) is considered to be a major challenge. 

Nanocarbons need to be well dispersed before effectively separating, purifying and 

incorporating these materials into their final applications. However, due to the strong van der 

Waals interactions between nanocarbons and their hydrophobic solvation behavior, most 

nanocarbons are known to aggregate after synthesis.
36

 To better disperse nanocarbons in 

solution, many additives have been used, including surfactants,
37-39

 dyes,
40

 polymers,
41

 and 

biomolecules.
42

 In addition, computational studies of nanocarbon dispersions have been 
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reported using molecular dynamics (MD) simulations. 
43-45

 However, most of those studies are 

focused on the dispersion of pristine nanocarbons, where the reports of doping effects on the 

dispersion properties are scarce. Blackburn et al. reported an experimental investigation of 

pristine and boron-doped CNTs (B-CNTs) dispersed in aqueous solution with/without 

surfactants.
14

 Raman spectroscopy was used to identify that the B-CNTs are more easily 

dispersed than the pristine CNTs. This finding implies that substitutional doping may be an 

effective route for dispersing or separating CNTs. However, the mechanism of the doped 

nanocarbon dispersion is currently not clear, and to the best of our knowledge, no following 

studies have been reported.  Therefore, an MD simulation study can clarify the water-induced 

interactions and solvation behaviors of B-doped nanocarbons, which may lead to improved 

materials and techniques for achieving stable nanocarbon dispersion. 

 

1.2 Objectives 

The goal of the present work is to computationally design novel nanomaterials based on 

organometallic compounds and doped nanocarbons for electrochemical applications. These 

nanostructures are intended to possess the following properties:  

(a) High stability, as the organometallic active centers can be stabilized on the pristine or 

doped nanocarbons, which directly linked to the sintering, corrosion, and poisoning resistance. 

Also, B-doped nanocarbons can stabilize active centers which are not stable on pristine supports. 

An important criterion of the stability is the binding energy obtained from the DFT calculations.  

(b) Suitable electrochemical properties, several electrochemical characteristics are 

important for these complexes, such as suitable redox potentials, conductivities, band structures, 

and catalytic activities.  
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(c) Stable dispersions, as the dispersibility is a major challenge for all nanocarbon materials, 

better solubility and reagglomeration resistant is desired for the candidate complexes.  

 

1.3 Overview of computational methods 

         In this work, a multiscale simulation approach is used to characterize and evaluate the 

stability, properties, and dispersion of our prototype materials. These simulations include both 

first-principles DFT and classical MD simulations. 

       The quantum mechanics (QM) simulations can model a relatively small scale system (the 

upper limit is about a thousand of atoms and 100ps) by solving the Schrödinger equation (Kohn-

Sham equation in DFT calculations) to obtain the electronic structure and fundamental properties. 

Many properties of ground states and excited states can be calculated, such as the electronic 

energy, band structure, molecular orbitals (MO), optimized geometry, vibrational frequencies, 

and transition states of a reaction. With respect to the traditional ab initio methods like Hartree-

Fock,
46

 DFT is more computationally efficient, as the scaling is approximately N
3
 (N is 

equivalent to the total number of the electrons) in cases where the linear scaling algorithms are 

available.
47-49

  However, one big challenge of DFT is that the results are not systematically 

improvable with the functional. In other words, as the complexity of the functional grows (from 

the local density approximation (LDA),
50

 to the generalized gradient approximation (GGA),
51

 or 

to the hybrid-GGA like B3LYP
52

), the accuracy is not always improved. Thus, choosing a 

reliable level of theory is a key aspect of the DFT calculations. In this work, we use the 

generalized gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE),
51

 

combined with the projector-augmented wave (PAW)
53

 method to calculate the properties of the 

periodic models. For the cluster models, the B3LYP hybrid-GGA functional is used.
52

 Both 
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functionals have been well-tested in organometallic-nanocarbons system analogous to ours.
28, 29

 

In addition, the redox properties can also be evaluated by the DFT calculations. Using a solvation 

model such as the conductor-like polarizable continuum model (CPCM),
54

 the free-energy 

changes of solvated and vacuum redox pairs can be evaluated with DFT calculations.  

        In order to simulate larger system and to obtain thermodynamic and transport properties, 

MD simulation can model systems of up to millions of atoms and several ms of time. By 

calculating the interaction of atoms using empirical potential energy functions and by 

propagating the system using Newtonian equations of motion, the MD simulations are capable of 

capturing many thermodynamics properties, like heat capacity, solvation properties, PVT 

behavior, surface tension, solubility, as well as transport properties, such as the diffusion 

coefficients and the thermal conductivity of complex system. These advantages make MD an 

ideal choice to study the dispersion behavior of nanocarbons in solution.
43-45, 55-57

  However, the 

reliability of MD heavily depends upon the forcefield parameters used in the simulations. While 

the Lennard-Jones parameters for B-doped nanocarbons have been developed by Kang et al.,
58

 

the strongly polarized B-C bonds need to be parameterized with electrostatic interactions. Thus, 

we have developed a forcefield containing partial charges on atom sites from first-principle DFT 

calculations in order to describe the coulomb interactions of B-doped nanocarbons. Various 

population analysis methods are used to attribute the electron density to individual atomic sites. 

These methods often rely on molecular orbitals,
59

 the topology of the electronic density,
60

 and 

fitting to the electrostatic potentials (ESP).
61

 In our work, both CHELPG and DDEC methods are 

useed to parameterize the partial charges within the B-CNT materials. 

 

1.4 Overview of our work 
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         In this work, we start by testing the stability of the CpTM/B-doped nanocarbons as a first 

step, in search of more stable electrochemical materials with redox activities. DFT calculations 

are used to evaluate the structural and electronic properties of CpTM (TM=Fe, Co, Cr, Cu, Ni) 

adsorbed on pristine or doped nanocarbons (CNTs and graphenes). These first row TMs are 

chosen based on the stability of their metallocene counterparts, as well as their potential 

electrochemical and catalytic applications.
27, 34, 62

 Remarkable stabilization of the CpTM 

complexes on the B-CNTs is found, even surpassing the BEs of single TM atom adsorption,
3
 

which are often considered as an upper limit of the adsorption energy. The band structure, charge 

transfer, and O2 adsorption properties are also included in our work.  

        The next step is to evaluate the CpFe/B-doped nanocarbon as an integrated redox active 

electrode material. Because of the broad application of ferrocene-based compounds as redox 

mediators in electrochemical systems, our design goal is that these novel complexes should have 

redox potentials close to a ferrocene molecule, while still maintaining the high stability and 

conductivity of the B-doped support. As the stability and conductivity are confirmed in the 

second part of our work, we then focus on screening the redox potential of the CpTM adsorbed 

on pristine, B-doped, and N-doped nanocarbons with different doping patterns, solvents, and 

doping concentration. Using population analyses and deformation charge density analyses, the 

mechanism of charge transfer is also clarified. 

        In addition, the solvation behavior of the B-CNTs with varying diameters, doping patterns, 

and doping concentrations are investigated using MD simulations. The B-CNTs are modeled 

using partial charge sites parameterized from DFT calculations. The potential of mean force 

(PMF) of compressing and expanding two and three B-CNT bundles is calculated in order to 

reveal the dispersibility and the reagglomeration resistance of these materials. Moreover, we 
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analyze the water-CNT interactions by extracting the PMF of individual water molecules and by 

quantifying the average number of hydrogen bonds near the water-nanotube interface. In 

addition, models of B-CNT interactions are parameterized for future coarse-grain simulations, 

which can be used to model much larger systems. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



 

9 

 

 

Figure 1.1. Representative structures: (a) B-CNT(6,6), (b) ferrocene, and (c) CpTM/B-CNT 

complex 
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CHAPTER 2 

STRUCTURAL AND ELECTRONIC PROPERTIES OF CARBON NANOTUBES AND 

GRAPHENES FUNCTIONALIZED WITH CYCLOPENTADIENE–TRANSITION METAL 

COMPLEXES: A DFT STUDY
*
 

2.1. Introduction 

Since its discovery in 1951,
1
 ferrocene (Cp2Fe, where Cp = cyclopentadienyl) has 

attracted considerable interest in organometallic chemistry. Nowadays, metallocene Cp2TM-

based compounds (where TM = transition metal) have been widely used in catalysis, solar 

energy generation, hydrogen storage, cancer therapy, and nano-magnetism.
2-4

 This is due, in part, 

to the novel electronic, structural, magnetic, and transport properties of metallocenes.
3-8

 As a 

result, great interest has been focused on experimental studies of the complexes between 

metallocenes and other molecules or structures, such as single-walled carbon nanotubes 

(SWCNTs).
9-13

 

In addition to experimental techniques, computational methods are powerful tools for 

understanding the properties of these important molecules. Recently,
 
several computational 

studies of benzene/metal/graphene complexes have been reported.
6-8

 These compounds are 

structurally very similar to CpTM complexes, so their fundamental properties are expected to 

provide reasonable analogues to our current systems. For example, in 2011, by using density 

functional theory (DFT) methods, Plachinda et al.
6
 predicted that the attachment of metal-arene 

complexes onto graphene leads to an increase in the band gap of graphene, and hence, turns it 

                                                 
*  Reprinted with permission from Journal of Physical Chemistry C, 2013, Volume 117, Page 8758-8766. Copyright 2013 

American Chemical Society. 
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from a semimetal into a semiconductor. Furthermore, Zhao et al.
7
 used DFT methods to 

characterize benzene+metal+BN graphene complexes. It was found that these complexes show 

good stabilities, tunable electronic and magnetic structures, and enhanced O2 adsorption 

characteristics. Although these studies provide insights into the properties of related organic-

metal complexes, the electronic and geometric structures of CpTM adsorbed on CNTs and 

graphene substrates are still unknown.  

A potential advantage of our CpTM/carbon complexes is their enhanced stability, which 

is particularly important for their application as catalysts. For example, most of the metallocene-

based catalysts, such as ferrocenyl phosphines (which have been widely used as chiral catalysts 

in organic syntheses and pharmaceutical industries) are homogeneous catalysts.
2
 For many 

industrial operations, immobilizing homogeneous catalysts can more easily accommodate the 

demands of continuous operation and minimize the need for down-stream separation processes.  

Previously, methods have been reported
14

 for immobilizing metallocene-based or similar 

catalysts using chemical functionalization, such as pyridyl-functionalized fullerenes,
15

 CNTs 

reacted with diazonium salts,
14

 and the bonding of ligands with silica. These immobilization 

protocols include at least two steps:  (a) functionalization of the support side chains, followed by; 

(b) attachment of ferrocene-based catalysts to the side chains. However, it may be more cost-

efficient and/or environmentally-friendly to do a one-step modification to directly attach CpTMs 

onto a carbon support, versus performing a series of chemical functionalization steps. 

In addition to potential applications in catalysis, the immobilized Cp groups can also be 

functionalized with different side chains, rendering useful material platforms for sensing and 

biomedical applications. For example, boron-doped CNTs (B-CNTs) can be modified by 

attaching CpTM complexes functionalized with drug molecules (antigens to target cancer cells). 
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These complexes can be used as targeted agents for boron neutron capture therapy (BNCT) of 

cancer,
16,17

 which benefits from both the high selectivity of the antigens and the ability of the 

CNTs to penetrate cell membranes.
18

 However, to the best of our knowledge, no systematic 

study has been dedicated to understand and quantify the interactions between CpTM ligands and 

large π-conjugated systems, such as the CNTs and graphenes reported here. 

Recently, the experimental synthesis of similar organic-metal complexes has been 

performed, such as CpTM/fullerene,
19

 CpTM/annualene, and CpTM/sumanene,
20,21

 and 

benzene/Cr/SWCNT and graphene
22

 complexes, which suggests the possibility of directly 

immobilizing CpTMs on carbon supports. One potential challenge of the direct immobilization 

route is instability (due to the weak binding between the metallocene and pristine carbon), which 

may become problematic at high temperatures.
19

 However, our previous work
23-26

 has shown that 

doped nanocarbon supports (like boron-doped fullerenes, CNTs, and graphenes) may possess 

elevated binding energies with transition metals, leading to improved chemical stability. 

Therefore, it may be possible to use substitutionally-doped nanocarbon supports to immobilize 

ferrocene-based molecules, leading to increased stability, and possibly, useful catalytic and/or 

sensor properties. 

In this paper, we report a theoretical study on the structural and electronic properties of 

CpTM (TM=Fe, Co, Cr, Cu, Ni) and pristine or boron-doped single-walled CNTs and graphenes. 

These first row TMs are selected because of the wide applications of their Cp2TM or benzene-

metal complex counterparts in catalysis, as well as in the areas of nanoelectronics and 

nanomagnetism. Specifically, iron is one of our focus metals, as it is a commonly used (as the 

stable metal center of ferrocene), and so it serves as a baseline for the other CpTM complexes in 

our study. In addition to iron, cobalt and nickel are chosen because of their large atomic 
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magnetic momenta. Due to the tuning of the band structure of BN graphene
7
 and the 

experimental synthesis of benzene/Cr/SWCNT complexes,
22

 CpCr/CNT complexes are also 

presented in our work. Finally, to further explore the potential applications of CpTM/CNT 

complexes as a catalyst and/or gas sensor, copper is included in our study as a potential catalyst 

for the oxygen reduction reaction (ORR). 
27

 

 

2.2. Computational details 

In this paper, all calculations on pristine and boron-doped CNTs were performed with 

first-principles DFT methods using the Vienna ab-initio simulation package (VASP).
28,29

 

Specifically, the generalized gradient approximation (GGA) functional of Perdew, Burke, and 

Ernzerhof (PBE),
30

 combined with the projector-augmented wave (PAW)
31

 method, were used in 

the calculations. Two types of pristine and boron-doped CNT models were used, based on our 

previous work,
26,32

 corresponding to (6,6) and (8,0) structures. The boron-doped models 

correspond to our previous “Type-I” doping arrangement, such that the boron atoms are 

primarily doped along one side of the CNT (at a concentration of 9.375%).  In our previous work 

other doping patterns were also explored, but regardless of the specific dopant arrangement, the 

same general effects were observed.  Six unit cells of pristine and boron-doped CNTs are 

included in a hexagonal lattice (a=b=22 Å, and a=b=18 Å for CNT (6,6) and CNT (8,0), 

respectively), with 1-D periodic boundary conditions (PBC) along the tube axis (c axis).  The 

unit cell sizes were sufficient for eliminating interactions between periodic images.  

The initial configurations of the CpTM ligand and CNT complexes were modeled by 

placing single CpTM ligands on different adsorption sites (with initial configurations starting 

from hollow sites and from the most stable sites of single TM atom adsorption) on the outer 
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surfaces of four types of CNTs: pristine CNT (6,6), pristine CNT (8,0), B-CNT (6,6), and B-

CNT (8,0). The energy cutoffs of the plane wave basis sets were chosen to be 400 eV in all the 

calculations. For the relaxation of pristine and boron-doped CNTs, as well as for the CpTM/CNT 

and CpTM/B-CNT complexes, the Brillouin zone integration was performed by using 1×1×5 k-

points within the Monkhorst-Pack scheme
33

 and first-order Methfessel-Paxton smearing of 0.2 

eV.
34

 All of the configurations were fully relaxed without constraints using the conjugate-

gradient method, with the convergence threshold set to 10
-4

 eV for the total energy and 10
-2

 eV/Å 

in force on each atom. The densities of states (DOS) and band structures of these relaxed 

structures were calculated using finer 1×1×10 k-points to shed light on the electronic structures 

of our complexes.  The binding energies (BE) between the CpTM ligands and the CNTs were 

defined as: 

BE = ECpTM  + ETube - ECpTM+Tube           (1) 

where ECpTM+Tube, ECpTM, and ETube are the total energies of the complexes, the CpTM ligands, 

and the CNTs, respectively. Therefore, a positive binding energy indicates an attractive 

interaction between the CpTM ligand and the CNT. 

To further expand our discussion to the CpTM graphene complexes and reveal details of 

the interaction between CpTMs and doped nanocarbons, the interaction between CpTM 

complexes and pristine/B-doped graphenes were investigated with DFT calculations using the 

Gaussian 09 package.
35

 Three models of pristine and B-doped graphenes were used in our work: 

BC5 (C58B12), and single B atom substituted C69B graphene (referred to as B-C), and pristine 

graphene (C70), as in our previous work.
23

 The adsorption geometry and energy were calculated 

at the B3LYP/6-31G level of theory.
36

 The binding energies are calculated in the same manner as 

in the CpTM/CNT complexes: 
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BE= ECpTM + EGraphene - ECpTM+Graphene (2) 

In addition, natural bond orbital (NBO) population analyses, deformation charge density plots, 

and electron localization function (ELF) plots were used to approximate the charge distribution 

in our systems, in order to provide additional insight into the interaction details.
37-39

 The 

deformation charge density is defined as: 

 Δρ = ρCpTM/CNT – ρCpTM – ρCNT                              (3) 

where ρCpTM/CNT, ρCpTM, and ρCNT are the charge densities of the CpTM/CNT complex, CpTM 

complex, and CNT, respectively.  The ELF indicates the probability density of finding an 

electron (with the same spin) near a reference electron at a given position.  For perfectly 

localized electrons, the ELF is equal to unity.  The ELF enables quantitative interpretations and 

direct visualizations of the electron locations in a molecular system, which provides further 

information about the interactions and bonding. 

Calculating the non-bonding interactions between sp
2
 conjugated molecules like organic 

molecule-graphene complexes or graphene bilayers is challenging. Previous DFT calculations 

using the local density approximation (LDA) tend to overestimate the binding,
40,41

 but due to a 

cancellation of errors in the non-bonded interaction energy, the results are fairly consistent with 

higher-level calculations. In our work, the TM-carbon interactions are the main contributor to the 

BE. Therefore, for consistency with previous calculations involving TM adsorption on carbon, a 

GGA (PBE) and a hybrid-GGA (B3LYP) functional are chosen for all the system in this paper. 

 

2.3. Results and discussion 

2.3.1 Geometries 
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The optimized geometries of CpFe adsorbed on CNT and B-CNT complexes are shown 

in Figure 2.1 with TM=Co, Cr, Cu, Ni shown in Figure A3-A6 (Supporting Information). The 

adsorption geometries are in general agreement with previous computational results of TM/CNT 

complexes
26,42

 and of benzene/metal/graphene complexes.
6-8

  

For CpTM/B-CNT complexes, the TM atoms adsorb on or near the hollow sites that 

contain both C and B atoms, forming multiple TM-C and TM-B bonds. The TM-B and TM-C 

binding distances between the TM atoms and the B or C are in the same range or slightly shorter 

than isolated TMs adsorbed on B-CNT (e.g., 1.78 and 1.98 Å for the shortest Fe-C and Fe-B 

distances on CpFe/B-CNT (8,0), respectively, as compared with 1.89 Å for Fe-C and 2.09 Å for 

Fe-B for single Fe adsorption), using the same level of theory.
26

 Moreover, the binding distances 

of the TM atoms on the B-CNTs are shorter than the benzene/metal on BN or pristine graphene 

complexes.  For example, the TM-C distance of benzene/Fe/pristine graphene and the TM-B 

distance of benzene/Fe/BN graphene are 2.36 and 2.43 Å, respectively.
6,7

 The shorter TM-B or C 

distances indicate a stronger binding of the CpFe complex with B-CNT, versus the single Fe 

atom. The TM-B and TM-C binding distances (BDTM-B and BDTM-C) are shown in Table 2.1.  In 

addition, the average distances between the TM atoms and the C atoms of the Cp ring  generally 

follow the order of the metallocene counterparts.  From Cr to Cu, the TM-Cp distances increase 

with the number of 3d electrons from 2.06 Å to 2.26 Å for all of the complexes, and these values 

agree with the experimental results and high-level calculations of isolated metallocene  

molecules.
43,44

 Also, the trends of the TM-C distance of the CpTM/CNT complexes agree with 

previous work of single TM adatoms on CNTs.
26,42

 Interestingly, the TM-C bonds of CpTM/B-

CNTs are shorter than those corresponding to the CpTM/CNTs, suggesting that boron-doping 
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may indeed enhance the TM-substrate interactions, which also was observed in single TM 

adsorption.
7
 

The most stable adsorption sites of the CpTM ligands on CNTs are quite different from 

single TM adatoms, which may energetically favor top, bridge or hollow sites (depending on the 

TM).
26,42

 On the contrary, the following characteristics are observed for the CpTM adsorption: 

 Most CpTM complexes occupy the hollow sites of the six-member ring center.  This 

includes: TM=Fe and Cr on all four kinds of pristine and doped CNTs, TM=Ni, Co on 

B-CNT (6,6) and TM=Co CNT (6,6) 

 Some complexes adsorb near the center on the sidewall.  This includes TM=Ni on CNT 

(6,6), and TM=Co on B-CNT (8,0), CNT (6,6), and CNT (8,0). 

 Some exceptions to the previous predictions are found: TM=Cu on B-CNT (8,0) and B-

CNT (6,6) are adsorbed near the boron atoms. TM=Cu on CNT (6,6) also favors the 

top sites.  Adsorption near the C-C bridge site or near the C atoms are favored for 

TM=Cu on CNT (8,0) and TM=Ni on CNT (8,0), respectively.  

The trends of the adsorption sites are generally consistent with the geometries of 

benzene2/TM complexes, in which the Cr and Fe favor the center of two benzene rings, the 

benzene rings are shifted in the Ni complexes, and the Cu complexes are unstable.
45

 

For all three CpFe/graphene complexes, the CpFe complexes stay in the hollow center, 

with a slightly longer distance (approximately 2.3 Å for the TM-B or TM-C distance), indicating 

weaker interactions than within the CpFe/CNT complexes. This is confirmed by the BE values 

shown in Figure 2.2 (details of each BE are shown in Table A1 of the Supplementary 

Information). The geometry (along with the NBO partial charges) of the CpFe/BC5 graphene is 
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shown in Figure 2.8, and the CpFe/B-C and pristine graphene are shown in Figures A1 and A2 of 

the Supporting Information. 

 

2.3.2 Energetics 

According to previous work, for most TM atoms in magnetic ground states, spin-

restricted DFT calculations tend to overestimate the BEs between the TM and pristine CNT.
26,42

 

Therefore, spin-polarized DFT calculations are preferable for modeling CpTM/CNT complexes. 

Large binding energies are predicted for CpTM on the pristine CNTs and on the B-CNTs (Figure 

2.2).  The values are higher than benzene/metal on BN or pristine graphene complexes,
6,7

 even 

surpassing the BEs of the single metal adsorbates.
26,42

 For instance, the BEs of FeCp on B-CNT 

(8,0), B-CNT (6,6), CNT (8,0), and CNT (6,6) are increased by 2.05 eV, 2.32 eV, 1.56 eV, and 

1.09 eV, respectively, as compared to the BEs of single Fe atoms on the same substrates.
26,42

  

Amongst the systems that we studied, CpCr/B-CNT (8,0) has the strongest BE, followed 

by Cp(Fe,Co,Ni) complexes on B-CNT (8,0), followed by the BE of CpCu/B-CNT (8,0). This 

same trend (among adsorbates) was also found in B-CNT (6,6) complexes. However, the BEs on 

pristine CNT (8,0) show a different trend, as the BEs of CpFe complexes are the strongest, and 

the BEs of Fe, Co, and Ni were stronger than that of Cr.  The BE trends of Fe, Co, Ni, and Cu are 

consistent with the stabilities of their metallocene counterparts.
44

 Also, we note that the 

magnitude of the BE enhancement on B-CNT (8,0) is higher than those on B-CNT (6,6), similar 

to previous calculations on the adsorption of single TM atoms.
26

 This phenomenon can be 

explained by the fact that the local geometry strain on the CNT side wall imparts enhanced 

reactivity for B-CNT (8,0), since its structure possesses greater curvature.
46

 The correlations 

between local curvature and reactivity has been previously identified with pristine CNTs,
47

 B-
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CNTs,
26

 and CBNNTs.
46

 Chen, et al. showed that the cause of this effect is the increase of the 

pyramidalization angles induced by the curvature, leading to deviations from sp
2
 to sp

3
 

hybridization.
47

 In our work, we predict stronger charge transfer with respected to increased 

curvature, as seen by comparing the deformation charge density plot of CpFe/B-CNT(8,0) 

(Figure A12) with that of CpFe/B-CNT(6,6) (Figure 2.10).  In addition, the strong BEs, such as 

6.22 eV for CpFe on B-CNT (8,0), indicates a very strong stabilization on boron-doped CNTs 

(stronger than the C-C bonds within the CNT itself).
42

 Such strong interactions may lead to new 

routes for generating stable, covalently-functionalized CNTs. For the BC5, B-C, and C70 

graphene clusters, strong BEs of 3.00 eV, 2.02 eV, and 1.01 eV are also observed, which are 

2.29 eV, 1.36 eV,  and 0.30 eV higher than single Fe adatom adsorption on graphene,
48

 

respectively.  

The geometry and relative stabilities of metallocenes and benzene2/metal complexes can 

be rationalized with the well-known 18 electron rule.
44,45

 For example, ferrocene has 18 valence 

electrons (VEs), and it is therefore a very stable complex. Cobaltocene and nickelocene have 19 

and 20 VEs, respectively, so they are less stable than ferrocene, but they can still be synthesized 

because of the stabilizing electrostatic interactions of the Cp and TM. Since copper has a d
10

 

electron configuration, the cuprocene complex is unstable and cannot be experimentally 

synthesized.  However, within complexes of CpTM on CNTs or graphenes, the large π-

conjugated substrates can redistribute the excess electrons.  The redistributions of electrons 

within the pristine and B-doped CNTs complexes can be directly observed in the deformation 

charge density plots (Figures 2.10 and A11–A17).  Most of the CpTMs favor adsorption at the 

hollow sites, and this may also be attributed to the formation of additional TM-d and B/C-p 

interactions, similar to the 18 VE ferrocene. 
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There are weak π-stacking interactions between the Cp ring and the CNT or graphene that 

can also contribute to the BEs (and overall stability).  However, due to the nature of GGA 

functionals, which tend to underestimate the interactions between a Cp ring and a CNT or 

graphene sheet,
40

 our complexes may be slightly more stable than the calculated BEs predict. 

The π-stacking interactions between benezene and graphene (separated by a 4 Å binding distance, 

comparable to the distances in our systems) have been predicted to contribute about 0.1 eV to the 

total binding energy.
41

 

Our spin-polarized DFT calculations reveal the quenching effects on the magnetic 

momenta (μ) of the TMs (see Table 2.2), due to the strong interactions and multiple chemical 

bonds between the TMs and the CNTs. The magnetic momenta per supercell are quenched to 

zero or less than 1 μB for most CpTM/CNT complexes, except for Cr, which shows a magnetic 

momentum of around 1.1 to 1.55 μB for different complexes. Compared with the magnetic 

momenta of pristine TMs on CNTs,
26

 the addition of the Cp ring further quenches the magnetic 

moments of the CpTM/CNT complexes, even on the pristine CNTs, which have weaker 

interactions with the CpTM adsorbates.  

 

2.3.3 Electronic structures 

The spin-polarized DOS and projected DOS (PDOS) of CpTM/CNTs complexes were 

calculated to shed light on the interactions between the CpTMs and the CNTs, as well as 

evaluate the potential applications of these materials (in nanoelectronics, spintronic devices, and 

sensors).  In addition, deformation charge density and ELF plots of CpFe on B-CNT and CNT 

are shown in Figures 2.10 and A11 – A17.  Our previous work on TM/B-CNT adsorption 
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predicted a variety of resonance behavior in the energy levels of TM-d and C/B–p from the DOS 

plots, as well as tunable metallicities.
26

 

The DOS and PDOS of all 20 species are drawn in the -5 to 3 eV range, in order to show 

the electronic structures near the Fermi level. However, for a large supercell with PBCs, it is 

challenging to discuss all of the band structure features for such a great numbers of bands in one 

diagram, except for the direct and indirect band gaps (calculated band structures are shown in 

Figures A7-A10). Thus, we mainly focus on the DOS and PDOS in our discussions. In addition, 

the PDOS of CpFe/B-CNT and the NBO partial charges of CpFe/BC5 graphene are plotted, in 

order to shed light on the comparative interactions between Cp rings and single-walled CNTs.
37

 

Generally speaking, as shown in Figure 2.3, the CpTM/B-CNT (8,0) complexes retain the 

metallic properties of B-CNT (8,0), but with slightly decreased metallicities.  The exception is 

for CpCo/B-CNT (8,0) complexes, which have a Co-d peak across the Fermi level on the PDOS, 

increasing its metallicity. From the PDOS plots, strong interactions among the C-p, B-p, and 

TM-d are observed, and the positions of these interactions vary depending upon the specific TM. 

Therefore, similar to the single TM adsorption cases,
26

 the C-p, B-p, and TM-d interactions are 

responsible for the enhanced chemisorption of CpTM complexes. Interestingly, the positions of 

maximum overlap between the B-p and C-p states with the TM-d states are changed by the 

presence of the Cp ring. For instance, the copper atom has a filled 3d orbital, and thus the 

binding between the Cu atom and the CNTs are weaker than other third row transition metals 

with open d shells. Moreover, the violation of the 18-electron rule prevents the stability of the 

cuprocene complex.  However, for CpCu/B-CNT (8,0), the maximum overlap occurs at -3 eV to 

-4 eV, compared to a peak at -2.1 eV in the case of the single Cu adatom on B-CNT (8,0).
26

 Also, 

as compared to the Cu adatom on B-CNT (8,0), a wider TM-d peak is observed with the 
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CpCu/B-CNT (8,0) complex, indicating that the presence of the Cp ring renders a more 

delocalized TM-d state, which may be a primary factor leading to the enhanced adsorption 

(compared to the single atom adsorption or metallocene). 

For CpTM/B-CNT (6,6) complexes, the PDOS plots (Figure 2.4) reveal similar 

adsorption characteristics for the CpTM/B-CNT (6,6) complexes. Albeit, the quenching of the 

magnetic momenta is slightly weaker than in the CpTM/B-CNT (8,0) complexes. The effects of 

the different TMs show different tuning effects on the electronic structure of the complexes. For 

instance, with TM = Fe, Cr, and Ni, large peaks across the Fermi level indicate increased 

metallicities of the complexes, whereas with TM = Co and Cu, this phenomenon is not observed. 

In addition, according to our deformation charge density calculations, the difference in BEs can 

be correlated to the charge transfer (shown in Figures A14-A17).  Species with the strongest BEs 

like Cr or Fe show increased charge transfer between the TM atom, CNT, and Cp ring, while 

more weakly bound species (i.e., Cu) show less charge transfer. 

Interestingly, the presence of CpTM complexes turns the semi-conductive CNT (8,0) 

more metallic (Figure 2.5).  In particular, CpCo/CNT (8,0) exhibits a conductive band structure. 

The tuning effect is caused by the presence of the d-band peak of the TMs across the Fermi level. 

For other CpTM/CNT (8,0) complexes, band gap narrowing is observed. These tunable band 

structures, combined with the stable chemisorption, may indicate potential applications of 

CpTM/CNT complexes in nanoelectronics. However, for weaker interactions between CpTM 

ligands and pristine CNTs, the magnetic momenta of TMs are less likely to be quenched. The 

metallicity of CNT (6,6) (Figure 2.6) is also enhanced by the chemisorption of CpTMs, except 

for TM = Cu, which has a small band gap, (where the Cu-d peak is not located near the Fermi 

level). 
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To further study the role of Cp and TM interactions, the PDOS of Fe-d, C-p, or B-p state 

of the B-CNTs, and the C-p states of the Cp ring are shown in Figure 2.7 (a). In the figure, 

evidence of interactions between the Cp ring and the CNTs is observed, as multiple resonance 

peaks between the C-p states of the Cp ring and the B/C-p states of the CNT are found (in the 

range of -3 to -10 eV). The binding between the Cp rings and Fe atoms are obviously the Fe-d 

and C-p interactions, as shown in the range of -3 to 0 eV. Moreover, the detailed PDOS of 

CpFe/CNT (8,0) (Figure 2.7 (b)) projects a more localized C-p peak of the Cp ring carbon atoms 

at about -3 eV, compared to the CpFe/B-CNT (8,0) case. Thus, two possible contributions may 

explain the enhanced chemisorptions, according to the PDOS analyses. First, the interactions 

between the Fe-d and C-p of the Cp ring, as well as the boron-doping delocalize the TM-d orbital 

(more d peaks and wider d peaks, as compared with the previously-reported
26

 single TM atom 

cases), making it easier to interact with the C-p and B-p of the CNT.  The charge transfer 

between the Cp ring, TM atom, and CNT are visualized in our deformation charge density plots, 

indicating the involvement of the Cp ring in the adsorption. Moreover, the delocalized TM-d 

orbitals can be seen in the ELF plots, where the less localized electrons (lower ELF values) 

around the Fe atom form multiple bonds with the Cp ring and CNT.  In addition, the direct Cp-

CNT interactions also contribute to the enhanced binding.  Tournus et al.
41

 reported a systematic 

study on the interactions between organic compounds and single-walled CNTs, where weak 

physisorption and minor modifications of the band structures were found.  Both the 

delocalization of TM-d orbitals and weak interactions can contribute to the charge transfer on the 

Cp ring, as shown in the deformation charge density and ELF plots. However, quantitative 

evaluation of the weak interactions between the Cp ring and carbon supports should be 

performed with high-level quantum mechanical calculations.  
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Our NBO analyses provide further insights into the interactions in our systems (NBO 

partial charges of CpFe/BC5, CpFe/B-C, and CpFe/C70 graphene complexes are shown in Figure 

2.8, Figure A1, and Figure A2, respectively). For pristine C70, B-C and BC5 graphene complexes, 

the partial charge of the Fe atom increases slightly by the addition of the B atoms, from 0.80 e
-
 to 

0.98 e
-
. However, the partial charges of the C atoms near the adsorption site on the graphene 

decrease drastically with the boron-doping, and this charge imbalance may provide a large 

contribution to the enhanced BE.  Similar effects were reported by Groves et al.,
49

 in which the 

electron-deficient boron atoms cause the conjugated orbitals of the carbon to become more 

localized (since the B atom prevents the formation of a delocalized double bond), and therefore, 

enhance the interaction between the TMs and graphene.  Moreover, our deformation charge 

density plots show more charge transfer between CpFe and B-CNT than for the pristine CNT, 

which further supports our NBO analysis. This effect can also be observed in our PDOS plots, as 

wider, more delocalized C-p and B-p peaks are found in the B-doped CNTs.  Also, our ELF plots 

indicate direct bonding between B/C and the TM atoms. 

 

2.3.4 Interaction of O2 with the CpFe/B-CNT (8,0) complex 

Previously, the interactions between an O2 adsorbate molecule with both a benzene/V/BN 

graphene complex and with a boron-doped nanotube were studied computationally, showing 

potential applications as an ORR catalyst and for other reactions involving oxygen.
7,50

 Yang et al. 

reported that the charge transfer between the carbon and boron atoms lead to a chemisorption of 

O2 on B-CNT (5,5) with a binding energy of -0.11 eV.
50

  Also, for the benzene/V/BN graphene 

complex, the presence of the benzene/V ligand enhanced the reactivity of the BN graphene, with 

respect to O2.
7
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Consequently, due to the similarity between our CpTM/B-CNT complexes and previous 

systems, we conducted a preliminary investigation of the interaction of an O2 molecule with the 

CpFe/B-CNT (8,0) system.  Relaxation of the O2 molecule adsorbed on the CpFe/B-CNT (8,0) 

complex (at the same level of theory as our other spin-polarized plane-wave DFT calculations) 

gives a molecular chemisorption of O2 on the nanotube, as well as a dissociative chemisorption 

(Figure 2.9). The BEs of the O2 and CpFe/B-CNT (8,0) complex of the chemisorption and the 

dissociative chemisorption cases are 0.28 eV and 3.67 eV, respectively. For the chemisorption 

case, the O2 molecule is parallel to the CNT, with an O-C distance of 1.43 Å. The O-O bond 

distance is elongated to 2.55 Å, compared with 1.21 Å of free O2.
7
 The O-O bond distortion and 

the shorter O-C distance indicates that the CpFe/B-CNT (8,0) complex may be a better catalyst, 

as compared to a pristine boron-doped CNT.
50

 For the dissociative chemisorption case, the 

relaxation predicts a dissociative chemisorption geometry, with the O-O distance lengthened to 

3.67 Å, the O-C distances are 1.40 Å and 1.43 Å, and the O-B distances are 1.40 Å and 1.48 Å, 

respectively.  

 

2.4 Conclusions 

In summary, we have conducted a systematic characterization on the geometry, energetic, 

and electronic properties of CpTM (TM=Fe, Ni, Co, Cr, Cu) ligands adsorbed on pristine and 

boron-doped single-walled CNT complexes and graphenes by using first-principles DFT 

calculations. The enhanced BEs of these complexes, as even compared with single atom 

adsorption on the same supports, demonstrates the strong stabilization effect caused by the 

presence of the Cp ring. The exceptional stability of CpTM/B-CNT complexes indicates a 

potential route for immobilizing metallocene-based catalysts. Our electronic structure 
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calculations demonstrate that the enhanced stabilization of the CpTM/B-CNTs (with respect to 

their metallocene counterparts) can be attributed to the delocalization of the TM-d electrons by 

the Cp ring, which enhances the interaction between the 2p-states of B and C and the d-states of 

the TM.   Furthermore, there are additional (yet weaker) π-stacking interactions between the Cp 

ring and the carbon supports that may be captured with higher-level calculations. 

In terms of properties, we predict tunable metallicities of the CpTM/CNT and CpTM/B-

CNT complexes, which may enable these architectures to be useful for future nanoelectronics. In 

addition, our study on the interaction of an O2 molecule with a CpFe/B-CNT (8,0) complex 

provides an initial indication of their potential catalytic applications. To further explore the 

properties and the applications of CpTM/carbon materials, future work should be dedicated to 

further characterize the electronic structures and catalytic reaction pathways of these systems.  

Also, the experimental synthesis of our CpTM/carbon structures would be particularly beneficial 

for characterizing their properties. 
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Table 2.1.  Calculated minimum binding distance between the CpTM ligand and the substrate.* 

  Binding Distance (Å) 

Structure Fe-B Fe-C Co-B Co-C Ni-B Ni-C Cr-B Cr-C Cu-B Cu-C 

CpTM/B-CNT(8,0) 1.98  1.78  2.05  1.89  2.10  2.00  2.12  1.94  2.14  2.03  

CpTM/B-CNT(6,6) 2.19  1.94  2.24  1.98  2.27  1.99  2.16  1.92  2.21  2.02  

CpTM/CNT(8,0) 
  

2.03  

  

1.98  
  

1.97  
  

2.11  
  

2.02  

CpTM/CNT(6,6) 2.12  2.17  1.93  2.15  2.04  

CpTM/BC5 2.27 2.16 

  CpTM/B-C 2.25 2.15 

CpTM/C70  
2.18 

* For reference, the Fe-C distance of ferrocene molecule (Cp2Fe) is 2.05 Å.
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Table 2.2.  Calculated magnetic moment per supercell corresponding to several of the systems.* 

  Magnetic Moment (μB) per Supercell 

Structure Fe Co Ni Cr Cu 

CpTM/B-CNT(8,0) 0.07  0.00  0.00  1.25  0.00  

CpTM/B-CNT(6,6) 0.93  0.20  0.87  1.10  0.62  

CpTM/CNT(8,0) 0.97  0.00  1.08  1.27  0.00  

CpTM/CNT(6,6) 0.00  1.53  0.74  1.55  0.00  

*For reference: μB(B-CNT(8,0)) = 0.80; μB(B-CNT(6,6)) = 0.63; μB(CNT(8,0)) = 0.00; and 

μB(CNT(6,6)) = 0.00.  
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         a)  CpFe/B-CNT(6,6)                                 b)  CpFe/CNT(6,6)  

 
             c)  CpFe/B-CNT(8,0)                                 d)  CpFe/CNT(8,0) 

Figure 2.1.  Optimized geometries of CpFe on CNT/B-CNT complexes. Selected distances are 

shown in units of angstroms, corresponding to the Fe to Cp ring center distance. 
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Figure 2.2. Binding energies of different CpTMs adsorbed on pristine/B-doped CNTs and 

graphenes.  The red dashed line corresponds to the BE of Cp-TM within a ferrocene molecule. 
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Figure 2.3. Calculated density of states (DOS) for CpTM/B-CNT (8,0) complexes. For the 

projected-DOS (PDOS), blue, green, and red curves represent projected TM-d, C-p, and B-p 

states, respectively. The Fermi level (dashed red line) is shifted to zero eV. For the total DOS, 

the spin-up and spin-down states are shown by solid and dashed black lines, respectively. 
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Figure 2.4. Calculated density of states (DOS) for CpTM/B-CNT (6,6) complexes.  The line 

labels are consistent with those used in Figure 3. 
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Figure 2.5. Calculated density of states (DOS) for CpTM/CNT (8,0) complexes.  The line labels 

are consistent with those used in Figure 3. 
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Figure 2.6. Calculated density of states (DOS) for CpTM/CNT (6,6) complexes.  The line labels 

are consistent with those used in Figure 3. 
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     a) CpFe/B-CNT(8,0)                         b) CpFe/CNT(8,0) 

Figure 2.7. Calculated density of states (DOS) for CpFe/B-CNT (8,0) and CpFe/CNT (8,0) 

complexes. The line labels are consistent with those used in Figure 3, with the orange lines 

representing C-p states on the Cp ring. 
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Figure 2.8. Optimized structures and NBO partial charges of CpFe/BC5 graphene complexes (H 

atoms are omitted for clarity). The Fe to Cp ring center distance is 1.73 Å. 
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Figure 2.9.  Optimized geometries of an O2 molecule on a CpFe/B-CNT (8,0) complex: a) 

molecular chemisorption; and b) dissociative chemisorption. The O-O distances are shown in the 

figure, highlighted in yellow (for clarity). 

 

 

 

 

 

 

 

 

 

 

a) b) 

2.55 Å  3.67 Å 



 

47 

 

 

Figure 2.10. a) 3D-deformation charge density isosurface of CpFe/B-CNT (6,6) complex, where 

red and green denote positive and negative values, respectively.  The isovalue is chosen to be 

0.03 e
-
, b) cross-section of the system, c) cross-section of the deformation charge density across 

the iron atom and Cp ring. The red and blue colors represent values from -0.01e
-
 to 0.01e

-
, 

respectively, d) ELF cross-section of the CpFe/B-CNT (6,0) complex.  The value of ELF ranges 

from 0 to 0.8, colored blue to red, respectively. 
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Appendix A.  Supporting Information for Chapter 2. 

Table A1. Binding energies of different CpTMs adsorbed on pristine/B-doped CNTs and 

graphenes. 

  TM and Binding Energy (eV) 

Structure Fe Co Ni Cr Cu 

CpTM/B-CNT(8,0) 6.22  6.01  6.04  6.35  4.62  

CpTM/B-CNT(6,6) 4.80  4.62  4.29  5.16  3.16  

CpTM/CNT(8,0) 2.36  2.11  2.00  1.94  1.54  

CpTM/CNT(6,6) 2.30  1.58  1.81  1.87  1.35  

CpTM/BC5 3.00  

  CpTM/B-C 2.07  

CpTM/C70 1.01  
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Figure A1. Optimized structures and NBO partial charges of CpFe/B-C graphene complexes (H 

atoms are omitted for clarity). The Fe to Cp ring center distance is 1.69 Å. 
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Figure A2. Optimized structures and NBO partial charges of CpFe/C70 graphene complexes (H 

atoms are omitted for clarity). The Fe to Cp ring center distance is 1.66 Å. 
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Figure A3. Optimized structures of CpTM/B-CNT (6,6) complexes. 
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Figure A4. Optimized structures of CpTM/CNT (6,6) complexes. 
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Figure A5. Optimized structures of CpTM/B-CNT (8,0) complexes. 

a) Co 

b) Cr 

c) Cu 

d) Ni 

Top View 

Top View 

Top View 

Top View 



 

54 

 

 

 

 

 

 
Figure A6. Optimized structures of CpTM/CNT (8,0) complexes. 
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a) Fe                b) Co                     c) Cr 

 
            d) Cu                    e) Ni 

 

Figure A7. Calculated band structures of CpTM/B-CNT (6,6) complexes.  The Fermi level (red 

line) is shifted to 0 eV. 
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a) Fe                    b) Co                     c) Cr 

 
            d) Cu                    e) Ni 

Figure A8. Calculated band structures of CpTM/CNT (6,6) complexes.  The Fermi level (red 

line) is shifted to 0 eV. 
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a) Fe                      b) Co                    c) Cr 

 
          d) Cu                     e) Ni 

 

 

Figure A9. Calculated band structures of CpTM/B-CNT (8,0) complexes.  The Fermi level (red 

line) is shifted to 0 eV. 
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a) Fe                        b) Co                  c) Cr 

 
           d) Cu                      e) Ni 

 

 

Figure A10. Calculated band structures of CpTM/CNT (8,0) complexes.  The Fermi level (red 

line) is shifted to 0 eV. 
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Figure A11. a) 3D-deformation charge density isosurface of CpFe/CNT (6,6) complex, where 

red and green denote positive and negative values, respectively.  The isovalue is chosen to be 

0.03 e
-
, b) cross-section of the system, c) cross-section of the deformation charge density across 

the iron atom and Cp ring. The red and blue colors represent values from -0.01e
-
 to 0.01e

-
, 

respectively, d) ELF cross-section of the CpFe/CNT (6,0) complex.  The value of ELF ranges 

from 0 to 0.8, colored blue to red, respectively. 
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Figure A12. a) 3D-deformation charge density isosurface of CpFe/B-CNT (8,0) complex, b) 

cross section of the system, c) cross section of the deformation charge density across the iron 

atom and Cp ring and d) ELF cross section of the CpFe/B-CNT (8,0) complex. The isovalues and 

coloring schemes were the same as in Figure A11. 
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Figure A13. a) 3D-deformation charge density isosurface of CpFe/CNT (8,0) complex, b) cross 

section of the system, c) cross section of the deformation charge density across the iron atom and 

Cp ring and d) ELF cross section of the CpFe/B-CNT (8,0) complex. The isovalues were chosen 

to be 0.03 e
-
 and coloring range of b) were -0.02 to 0.02 e

-
, ELF were plotted as same isovalues 

as in Figure A11. 
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Figure A14. a) 3D-deformation charge density isosurface of CpCo/B-CNT (6,6) complex, b) 

cross section of the system, c) cross section of the deformation charge density across the cobalt 

atom and Cp ring and the isovalues and coloring schemes were the same as in Figure A11. 
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Figure A15. a) 3D-deformation charge density isosurface of CpCr/B-CNT (6,6) complex, b) 

cross section of the system, c) cross section of the deformation charge density across the 

chromium atom and Cp ring. The isovalues and coloring schemes were the same as in Figure 

A11.  
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Figure A16. a) 3D-deformation charge density isosurface of CpCu/B-CNT (6,6) complex, b) 

cross section of the system, c) cross section of the deformation charge density across the copper 

atom and Cp ring. The isovalues and coloring schemes were the same as in Figure A11. 
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Figure A17. a) 3D-deformation charge density isosurface of CpNi/B-CNT (6,6) complex, b) 

cross section of the system, c) cross section of the deformation charge density across the nickel 

atom and Cp ring. The isovalues and coloring schemes were the same as in Figure A11. 
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CHAPTER 3 

REDOX PROPERTIES OF GRAPHENES FUNCTIONALIZED WITH 

CYCLOPENTADIENE–TRANSITION METAL COMPLEXES: A POTENTIAL REDOX-

ACTIVE MATERIAL
*
 

3.1 Introduction 

Ferrocene (Cp2Fe, where Cp = cyclopentadienyl) and other metallocene-based  

compounds (Cp2TM, where TM = transition metal) have been widely used in catalysis, solar 

energy generation, hydrogen storage, cancer therapy, and nano-magnetism.
1-3

 Among the 

structural, electronic and catalytic properties of metallocenes and their derivatives, they can serve 

as excellent electron donor-receptors in many electrochemical systems. For instance, ferrocene 

can act as a rapid and stable electron transfer mediator between glucose oxidase (GOD) and a 

graphitic electrode, which leads to a fast and accurate measurement of blood glucose level.
4
 

Other ferrocene-mediated enzyme electrodes also play important roles in electrochemical sensors 

for glucose, glycolate, amino-acid, and other bio-molecules.
4, 5

 Moreover, redox-active organic 

monolayers can be used as potential materials for dynamic random access memory (DRAM) 

memories due to the nature of the charge storage/release mechanism inherent to the redox 

reactions.
6-9

  

A critical challenge of the metallocene-based redox systems is the stabilization of the 

redox-active centers on the electrode, also called “redox-smart” material design. Most of these 

                                                 
*
 Reprinted with permission from Journal of Physical Chemistry C, doi: 10.1021/jp508279n. Copyright 2014 American 

Chemical Society. 
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previous studies have focused on stabilizing the redox-active centers (such as ferrocene or 

porphrins) on hydrogen-terminated silicon using complex sidechains,
10-15

 or ferrocene-containing 

“pendant” sidechain-based polymers.
16-18

 For instance Grelaud et al. recently reported the 

attachment of a dinuclear ferrocenyl/ruthenium(II) alkynyl redox-active side chain onto 

hydrogen-terminated silicon.
19

 However, most of these synthesis efforts involve multistep 

synthesis processes of the complex side chains and some high-value (noble metal) materials to 

improve the resulting conductivity and stability. 

In contrast to the current experimental approaches to attach metallocenes on supports, our 

previous simulation study identified an extraordinarily strong direct immobilization of 

cyclopentadienyl-transition metal complexes (CpTM) onto B-doped nanocarbons (including 

carbon nanotubes (CNTs) and graphene supports).
20

 In addition to the CpTM redox-active 

centers, the B-doped nanocarbon supports have good conductivity and stability as a support 

material in electrochemical applications. For example, B-doped electrodes have been shown to 

exhibit better sintering, corrosion, and poisoning tolerance in fuel cell applications.
21-23

 Moreover, 

B-CNT coated electrodes (in combination with glucose oxidase) were found to have better 

sensitivity, selectivity, and stability for electrochemical glucose sensing, as compared to a glassy 

carbon or a pristine CNT electrode.
24

 Considering the similarity of the CpFe complex and the 

ferrocene molecule, CpFe/B-nanocarbon complexes are interesting candidates for integrated 

redox-active materials.  However, it is critical for the CpFe centers to retain their ferrocene-like 

redox activity after being attached to the B-doped nanocarbon supports.  

There are several related studies indicating that these hybrid materials could provide the 

following benefits:  
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(a) Good stability, as the binding energy of CpFe on B-doped CNT(8,0) is predicted to 

even surpassed the isolated Fe atom or H-F bond energy;
20

  

(b) Good conductivity and corrosion resistance, which are inherit properties of B-doped 

nanocarbons; 

(c) Economy, compared with immobilizing complex synthesized ferrocenyl sidechains on 

silicon. The attachment of CpFe on B-doped nanocarbon is a single step process
20, 25-27

 and does 

not require noble metal compounds or multiple-step synthesis techniques.  

However, the credibility of these CpFe/B-doped nanocarbon complexes for 

electrochemical applications as redox-active materials still requires an evaluation of their redox 

properties.  In addition to the experimental techniques, density functional calculations (DFT) 

combined with an appropriate solvation model, such as the conductor-like polarizable continuum 

model (CPCM),
28

 has been previously shown to accurately predict redox potentials in different 

solutions.
29-34

 For instance, Cossi et al. reported a combined computational and experimental 

study of the redox potential of ferrocene stabilized on silica.
29

 They calculated the redox 

potentials of ferrocene with different side chains in acetonitrile, which resulted in less than 3% 

difference with the experimental values.
29

 In addition, Liu et al. benchmarked a series of 

different functionals and basis sets to calculate the redox potential of a protonated 

adrenaline/protonated adrenaline quinone couple.
34

 The B3LYP functional with the 6-31+G(d,p) 

basis set was found to predict reasonable redox potentials compared to the experiments (an 

experimental value of 0.557 V versus a theoretical value of 0.581 V). 

Since our previously-reported CpTM/B-doped nanocarbon complexes may be a 

competitive substitute for the redox-active monolayers in electrochemical sensing and other 

applications, in this work, we use a DFT-based approach to evaluate the redox properties of these 
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materials. The redox potentials of CpFe supported on B-doped, N-doped, and pristine graphene 

complexes in water and in acetonitrile have been calculated and benchmarked in order to identify 

the electrochemical sensing properties of our proposed complexes.  

Our goal is to identify a material that exhibits a redox potential comparable to ferrocene 

or ferrocene derivatives. For the design of ferrocene-based electron donor-receptors, the desired 

redox potential ranges from 0.3 V to 0.9 V SHE,
4, 29

 and the redox value of an isolated ferrocene 

molecule is 0.64 V in water and 0.67 V in acetonitrile.
33

 For data storage applications, a lower 

potential is desired for energy-saving purposes. For instance, Choi et al. synthesized and 

investigated a ferrocene-based nonvolatile memory material with a redox potential of about 0.58 

V.
9
 In this paper, our simulations indicate that it is possible to achieve redox potential values of 

CpFe/BGr complexes close to those of the ferrocene molecule, which implies that these materials 

may be a latent substitute for ferrocene as a redox-active monolayer for electrochemical sensing 

(and possible DRAM applications). 

 

3.2 Computational methods and models 

In this paper, graphene clusters were chosen to model the nanocarbon supports (shown in 

Figure 3.1) with different doping elements and patterns: C42 (Gr), C41B (BGr), C35B7 (BC5Gr), 

and C41N (NGr). The models were created by placing the CpTM complex near the doped site of 

the support, with the edge of the graphene clusters terminated with hydrogen. In our work, redox 

potentials of the following cases are benchmarked: 

(a) CpFe supported on Gr, BGr, Gr and NGr; 

(b) CpFe supported on BGr with different side chains on the Cp ring (methyl, ethyl, 

vinyl, and ethynyl attachments);  
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(c) CpFe supported on BGr in different solutions (water and acetonitrile); 

(d) CpTM support on BGr with TM = Fe, Co, Ni; 

(e) CpFe supported on BC5Gr, as in our previous work.
20, 35

  

According to previous redox calculations of related systems,
29, 34

 unless otherwise 

specified, all DFT calculations were performed using the Gaussian 03 package at the B3LYP/6-

31G+(d,p) level of theory.
36, 37

 All of the initial geometries were fully optimized without 

constraints, both in vacuum and in solutions (water or acetonitrile). The solvation energies were 

modeled using the CPCM model,
28

 with the UAHF atomic radii sets.
36

 

The redox potential versus standard hydrogen electrode (SHE) in solution can be 

obtained from the DFT-calculated energies of the species in vacuum and in solution, along with a 

proper thermodynamic cycle. In this work, we followed the thermodynamic cycle (shown in 

Figure 3.2). 

According to Figure 3.2, the redox potential vs. SHE can be obtained using following 

equation: 

𝑬𝒐 = −
(∆𝑮(𝒈𝒂𝒔)

𝒐 + ∆𝑮(𝒔𝒐𝒍,𝒄𝒐𝒎𝒑𝒍𝒆𝒙 𝒄𝒂𝒕𝒊𝒐𝒏) 
𝒐 − ∆𝑮(𝒔𝒐𝒍,𝒄𝒐𝒎𝒑𝒍𝒆𝒙)

𝒐  )

𝒏𝑭
− 𝟒. 𝟒𝟑𝑽                       (1) 

In Eq. 1, E
o
 is the redox potential vs. SHE, n is the number of transferred electrons (n = 1 in our 

case), F is the Faraday constant, ∆𝑮 
𝒐 is the energy of the neutral and charged species in vacuum 

and in solution, and 4.43 V is the difference between the absolute electrode and the SHE. This 

routine has been benchmarked for a number of different systems, including a ferrocene-silica 

system, adrenaline, and many organic compounds, all yielding good agreement with the 

experimental values.
29, 34, 38

 In this paper, unless specified, all redox potential values are 

normalized to the SHE. 

To improve efficiency, we assumed that the differences of free energies were equal to the 
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difference of electronic SCF energies from the DFT results. This same approximation has been 

used in previous calculations involving ferrocene/silica complexes, still yielding reliable 

results.
29

 To further validate our approximations, benchmarking was performed to evaluate the 

differences between the redox potentials calculated by using the SCF energies directly and by 

using free energies (with frequency calculations), and the differences were all shown to be less 

than 8%. Additional details are provided in the results and discussion section. In addition, we 

calculated the initial configurations of CpFe on BGr, Gr and NGr supports with different spin 

multiplicities and all of them preferred a low spin configuration. Therefore, in the following 

discussions, all of the calculations correspond to the lowest spin state. 

In order to quantify charges, natural bond orbital (NBO) population analyses were 

performed, and deformation charge density plots and localized orbital locator (LOL) plots were 

developed to clarify the charge transfer mechanisms in our systems.
39-41

 The deformation charge 

density is defined as:  

Δρ = ρred –ρox ,                                                            (2)                                                         

where ρox and ρred are the charge densities of the oxidized and reduced complexes, respectively. 

The localized orbital locator is a descriptor for the degree of the electron localization, which 

ranges from 0 to 1. According to this descriptor, the LOL value of spin-neutral free-electron gas 

is defined as 0.5. Therefore, a value lower than 0.5 denotes that the electrons at a certain point 

are more delocalized, whereas a value higher than 0.5 indicates high electron localization. The 

LOLs were calculated using the Multiwfn 3.3.4 software.
42 

 

3.3 Results and discussions  

3.3.1 Geometries and energetics 
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The optimized geometries of the neutral complexes in solution are shown in Figure 3.1. 

The geometries of CpFe on B-doped CNTs and pristine CNTs and graphene (in vacuum) were 

discussed extensively in our previous paper.
20

 The effects of the solvation and changes in the 

total charge (according to a redox cycle) on the geometries of all complexes are small. For 

instance, the Fe-B distances within the neutral CpFe/BGr complex in vacuum and water are 

2.247 Å and 2.254 Å, whereas the Fe-B distances of the CpFe
+1

/BGr cation in vacuum and water 

are 2.260 Å and 2.259 Å, respectively. The CpFe complex occupies the hollow site of the six-

membered ring on BGr, Gr and NGr, as does CpCo on BGr. On the other hand, the CpNi 

complex prefers to adsorb near the B-C bond bridge site. These adsorbate structures are 

consistent with our previous results, which can be explained by the 18-electron rule (complexes 

with 18 valence electrons in their TM center, comparable to the ferrocene molecule, are more 

stable than other complexes).
20

 In addition, for the complexes with hydrocarbon sidechains, the 

sidechains are oriented parallel to the BGr support. 

In terms of the substrate geometry, both the B and N dopants induce slight geometric 

distortions, where the effect of N doping is stronger.
43

 In CNT systems, the N doping causes the 

tube diameter to expand by approximately 14%. This effect can be explained by the electron-rich 

nature of the N dopant, which favors a more tetrahedral coordination than the carbon host.
43

 In 

this work, a similar phenomenon can also be observed in CpFe/NGr in Figure 3.1, where the N-

doped site is highly curved. 

The binding energies of the neutral complexes are consistent with our previous work. 

However, for the cations, because of the strong charge redistribution during the redox procedure 

(which will be discussed later), the effects of the formal charges on the CpTM complexes and the 

substrate must be taken into consideration. The binding energies of the neutral complexes and 
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cations in water are shown in Figure 3.3. The binding energies (BE) are calculated by the 

following equation: 

BE= ECpTM + Egraphene - ECpTM+graphene,                                              (3) 

where ECpTM+graphene, ECpTM, and Egraphene are the total energies of the complexes, the 

CpTM ligands, and the graphene substrate (which includes both pristine and doped cases), 

respectively. For the +1 cations, the ECpTM+graphene, ECpTM, and Egraphene are assigned +1, +2, and -1 

formal charges, respectively.  These individual charges are consistent with an NBO analysis of 

the +1 complex.  For the BEs of the neutral complexes, the trends generally agree with our 

previous work in vacuum.
20

 The CpFe/BGr and CpCo/BGr have the highest BE, while the 

species adsorbed on Gr or NGr support yield a lower BE. However, the BEs of the cations are 

increased by 20%, 297%, 290%, 11%, and 176% compared to the neutral complexes for 

CpFe/BGr, CpFe/Gr, CpFe/NGr, CpCo/BGr, CpNi/BGr, respectively. It can be seen that the 

neutral complexes with lower stabilities are more affected by the oxidation. This phenomenon 

can be explained by the charge transfer during oxidation, which is discussed in detail later. For 

the application of CpTM/nanocarbons, especially for those less stable neutral complexes on 

pristine or N-doped supports, these results indicate that their stability may be improved by 

converting them into a salt, as a cation. 

 The binding between the Cp ring, TM atom, and the support can be seen on the LOL plot 

(Figure 3.4 and Figures B1 and B2 in the Supporting Information), where the delocalized 

interactions between CpFe and the support are illustrated, as well as the π-stacking interactions 

between the Cp ring and the support. These interactions as well as the delocalization of orbitals 

can also be seen in our MO analysis in section 3.3.4. 
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3.3.2 Redox potentials of CpFe/pristine, N-doped, and B-doped graphene complexes 

Before we calculated the redox potentials of our complexes, the redox potentials of 

ferrocene molecules in water and acetonitrile were benchmarked using the thermodynamic cycle 

illustrated in Figure 3.2. The benchmark results are shown in Table B1 of the Supporting 

Information. For the ferrocene molecules in water and acetonitrile, the difference between the 

computational values and experimental values are smaller than 0.03 V, which provides good 

verification of the quantitative accuracy of our methods. Also, the effect of the zero-point 

energies (ZPE) on the redox potential of the CpFe/BGr complex is shown in Table B1, where a 

0.04 V contribution to the free energy is found. Due to the purpose of this work, which is to 

survey the properties of prototype materials, these benchmarks demonstrate acceptable accuracy. 

The calculated redox potentials of all complexes are shown in Figure 3.5. Generally 

speaking, the complexes with CpFe active centers and B-doped supports yield redox potential 

values close to the ferrocene molecule and its derivatives. As discussed in the introduction, the 

targeted redox potential values of the complexes are from 0.3 V to 0.9 V SHE, which 

corresponds to the characteristics of many ferrocene-based redox sensors. As a comparison, the 

redox potentials of silica-supported ferrocenes with different sidechains in acetonitrile have been 

found to vary from 0.6 V to 0.9 V.
29

 Moreover, Cass et al. investigated a series of ferrocene 

derivatives for glucose sensing with redox potentials ranging from 0.34 V to 0.64 V.
4
 For the 

CpFe/BC5Gr complex, the more electron-deficient B dopants raise the redox potential to 0.72 V, 

but it still falls within the 0.3 V to 0.9 V range. When comparing the redox potentials of different 

doping concentrations (2.3% for BGr and 16.6% for BC5Gr), it is observed that the effect of the 

doping concentration is only moderate, especially since the BC5Gr would be the upper doping 

limit of the experimental material.  
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The CpFe/Gr and CpFe/N-graphene complexes are predicted to have redox potentials of -

1.17 V and -0.91 V, which indicates that they would act as strong reducing reagents. Thus, 

although the CpFe complexes on Gr and NGr may not be suitable as redox-active 

electrochemical sensing materials, their redox properties may conform to the needs of other 

electrochemical applications (as reducing agents). 

As a comparison, the redox potential of the CpFe complex on BGr in acetonitrile has 

been evaluated, since acetonitrile is a popular solute for ferrocene-based electrochemical sensing. 

The calculated redox potential is 0.67 V for the CpFe complex on BGr, which is higher than the 

potential in water.  This shift in the redox value is consistent with experimental studies of 

ferrocene, in which the redox potential of ferrocene is found to be 0.64 V in water versus 0.69 V 

in acetonitrile.
4
 

In ferrocene-based electrochemical systems, the presence of sidechains on the Cp ring of 

the active center plays an important role. These sidechain ligands can tune the redox properties 

of the ferrocene, and they can also stabilize the system in different environments. Therefore, we 

have performed additional calculations to evaluate the effects of the sidechains on the Cp ring, 

by characterizing complexes with different ligands (corresponding to varying the degree of 

unsaturation), as summarized in Figure 3.5. The Cp rings with methyl, ethyl, and vinyl 

sidechains are found to have lowered redox potentials, while the ethynyl sidechain corresponds 

to a higher value. In Cossi et al.’s work, ethyl, vinyl and ethynyl ferrocene were benchmarked 

both experimentally and computationally. The ethyl-ferrocene exhibited the lowest redox 

potential whereas the ethynyl-ferrocene showed the highest.
29

 Our predicted trends of the redox 

potential, with respect to varying sidechains, closely matches the trends from Cossi et al.’s study 

of ferrocene on silica.
29

 This trend can be explained by the electron-donating tendencies of the 
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sidegroups, which (in the case of methyl, ethyl, and vinyl) cause the Cp ring to grow more 

nucleophilic, and thus quench the redox potential. Meanwhile, the highly unsaturated sidechain 

(the ethylyl group) is more electron-withdrawing, which tends to make the conjugated system 

more electrophilic.  

The effects of B-doping (p-type doping) and N-doping (n-type doping) within 

nanocarbons have been studied extensively by our group using computational techniques.
20, 21, 35, 

43-46
 With respect to both B-doped and N-doped carbons, the doping tends to both enhance the 

adsorption and increase the conductivity of the supports. For the B-doping, our previous study
35, 

43-45
 and that of Groves et al.

47
 found that the dopants invoke a strong charge imbalance of the 

surrounding carbon atoms, which provides a large contribution to the enhanced binding. Similar 

to the effects of the sidechains on the Cp ring, the electron-deficient B dopant and the electron-

rich N dopant also directly affected the redox properties, due to their corresponding electron 

affinity. However, since a large conjugated system like graphene may be involved with both the 

charge transfer and the redox reaction, the details of the dopant effects on the redox properties 

are discussed later.  

 

3.3.3 Redox potentials of CpCo and CpNi/B-doped graphene complexes 

Both the cobaltocene and nickelocene are known to be unstable compounds, which can 

easily react with oxygen in the air.
48

 However, due to the stabilization of CpCo and CpNi on B-

CNT that we found in our previous work,
20

 CpCo and CpNi/BGr complexes are included in the 

present study. The optimized geometries are shown in Figure 3.1. The redox potentials of 

CpCo/BGr and CpNi/BGr in water are predicted to be -0.10 V and -0.31 V, respectively. In 

addition, slightly higher redox potentials of 0.06 V and -0.18V are calculated in acetonitrile for 
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CpCo/BGr and CpNi/BGr, respectively. According to these redox potentials, both of these 

complexes function as reducing agents with large negative potential values or as weak oxidation 

agents with very small positive values in water and acentnitrile. These results indicate these 

complexes would be unsuitable as redox-active materials in ferrocene-related applications.  

 

3.3.4 Charge transfer and frontier orbital analysis of the redox process 

    The charge transfer during the redox reaction process can be directly visualized using 

deformation charge density plots. In our previous work, the deformation charge densities were 

were used to analyze the binding of CpTM complexes on B-doped carbon nanotubes (B-CNT).
20

 

These plots indicated that the enhanced binding was correlated to the increased charge transfer 

between CpTM and B-CNT. The charge transfer before/after the redox process of the CpFe/BGr 

complex is visualized in Figure 3.6. Large charge redistribution can be seen among the CpFe 

complex and the BGr support. In addition, for the CpFe complex on the NGr support, the charges 

are redistributed through the support (but less obvious compared to the BGr support). On the 

contrary, for the CpFe complex and the Gr support, the charge transfer is more localized around 

the Fe atom and the Cp ring.  

According to frontier orbital theory, the redox properties are related the highest occupied 

orbitals (HOMO) and lowest unoccupied orbitals (LUMO). For instance, by analyzing the 

HOMO and LUMO using DFT calculations, Karr et al. was able to identify the electron transfer 

sites of porphyrin-attached supramolecular complexes.
49

 Thus, in this work, the HOMO and 

LUMO of solvated CpFe/BGr complexes are visualized in Figures 3.7 and 3.8. It is found that 

the HOMO and LUMO of the CpFe/BGr molecule and +1 cation are delocalized through the 

CpFe active center and the BGr support, and the one-electron redox reaction mainly takes place 
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in the HOMO. Combining results from the charge deformation plots and the HOMO/LUMO 

analysis, we conclude that both the CpFe active center and the BGr support contribute to the 

redox properties. In addition, the HOMOs and LUMOs of the neutral and +1 charged complexes 

are close in energy. The HOMOs of the CpFe/Gr and NGr are more localized, which are 

consistent with the deformation charge densities. 

To quantitatively analyze the charge transfer, NBO partial charge analyses are shown in 

Figure 3.9, for the FeCp complexes and the supports. When comparing the partial charges of the 

same oxidation states in vacuum and in solution, the differences are small. However, the redox 

process makes the covalently-bound neutral complex into a more “ionic” positively-charged 

cation. The neutral complexes are consistent with our previous work, where the bonding of the 

CpFe and the support is covalent in nature, and the partial charge of Fe is around +0.7 to +0.8.
20

 

However, the cation exhibits a charge distribution that is close to the formal charges of -1, +3, 

and -1 for the Cp ring, Fe atom, and the BGr support, respectively. The formal charges of the Fe 

atom and the two Cp rings in ferrocenium (Cp2Fe
+1

) are similar to these results (i.e., 1, +3, and -

1). Thus, a reasonable comparison of the redox potentials of CpFe/BGr and ferrocene can be 

made, by consideration of the dopant properties and the degree of the orbital delocalization. In 

addition, the sum of the partial charges of the six-membered ring within the support near the 

CpFe complex of CpFe/BGr, CpFe/Gr and CpFe/NGr is +1.51, +2.13 and +1.54 (highlighted in 

Figure 3.9), respectively. Besides the less delocalized CpFe/Gr, both CpFe/BGr and CpFe/NGr 

show similar local charges of the six-membered ring within the support near the CpFe complex, 

which indicates that the effects of the CpFe complex on different doped local supports is 

comparable. This similarity of local environment despite of different supports implies that the 

redox properties of CpFe based complexes are likely to be retained as the properties (e.g. doping 
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pattern, size, etc.) of the supports vary. 

As discussed previously, electron-withdrawing dopants will increase the redox potential, 

while the electron-donating dopants will decrease it. Moreover, a more delocalized HOMO will 

facilitate the charge redistribution throughout the support and make the final charge distribution 

close to the ferrocenium. Thus, the observed redox potentials of these complexes can be seen as 

resulting from a combination of these two mechanisms. For instance, the CpFe/BGr has both an 

electron-withdrawing B dopant and a more delocalized HOMO. Therefore, it exhibits the highest 

and closest redox potential to the ferrocene. On the contrary, the lowest redox potential is found 

for the CpFe/Gr complex, due to its localized HOMO. In the CpFe/NGr case, the N dopant 

promotes the HOMO delocalization, but the N dopant is electron-donating. Therefore, the final 

redox potential of the CpFe/NGr complex lies between the complexes with the BGr and Gr 

supports. The relationship between the redox potential and the nature of the dopant enables 

future design of redox-active materials with desired redox properties.  

 

3.4 Conclusions 

In summary, the redox properties of CpTM adsorbed on different graphitic substrates 

(BGr, Gr and NGr) have been studied with DFT calculations, combined with implicit solvation 

models. In search of an integrated redox-smart material, our intent was to identify materials with 

comparable redox properties to ferrocene and other ferrocene-based electrochemical systems. 

Accordingly, complexes with a variety of transition metal cores, Cp sidechains, and doped 

graphene supports were evaluated in different solution environments. Among the materials 

evaluated, CpFe/BGr complexes (with different sidechains) exhibited similar redox properties to 

a ferrocene molecule and to other ferrocene-based electrochemical sensors, which implies that 
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these complexes may serve as direct replacements in some electrochemical systems. In addition, 

the frontier orbital analyses, the deformation charge densities, and the NBO partial charges 

demonstrate that the charge transfer during the redox process is redistributed through the CpFe 

active center and the support, which makes the charge distributions of positively-charged 

complexes closer to an ionic formal charge state. 

 Though these CpFe/B-doped nanocarbon complexes have not been experimentally 

synthesized, syntheses strategies for similar compounds have been developed and tested 

extensively.
25-27, 50

 Considering the direct attachment procedure, the high stability, and high 

conductivity, these complexes may be new candidates for redox-smart materials. 
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Figure 3.1. Optimized structures of a) BGr support; b) Gr support; c) NGr support; d) BC5Gr 

support; E) CpFe/BGr in water; f) CpFe/Gr in water; g) CpFe/NGr in water; h) CpFe/BGr in 

water with vinyl sidechain on the Cp ring; i) CpCo/BGr in water; and j) CpNi/BGr in water. 
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Figure 3.2.  Thermodynamic cycle used for the redox potential calculation. 
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Figure 3.3. Binding energies of different neutral and positive charged complexes in water.  
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Figure 3.4. 2D LOL plot of a) the neutral CpFe/BGr and b) charged CpFe
+1

/BGr in water. The 

value of LOL ranges from 0 (delocalized) to 0.8 (highly localized). 
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Figure 3.5.  Redox potential of CpTM complexes with different TMs, sidechains, and solvents. 

The redox potentials in water and acetonitrile are colored red and blue, respectively. The dashed 

black line correspond to the redox potential of a ferrocene molecule in water and in acetonitrile 

for comparison. Note that the step in the dashed line corresponds to the difference of the 

ferrocene redox potential in water and in acetonitrile. 
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Figure 3.6. 3D-deformation charge density isosurface of a) CpFe/BGr complex; b) CpFe/Gr 

complex; and c) CpFe/NGr complex after the redox process, where red and green color denotes 

positive and negative values, respectively. The isovalue was chosen to be 0.02. 
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Figure 3.7. 3D orbital isosurface of CpFe/BGr complexes in water: a) HOMO of neutral 

CpFe/BGr complex; b) LUMO of neutral CpFe/BGr complex; c) HOMO of charged CpFe
+1

/BGr 

complex; and d) LUMO of charged CpFe
+1

/BGr complex. The red and green color denote 

positive and negative values, respectively. The isovalue was chosen to be 0.02. 

 

 

 

 

 

 

 

 

 



 

92 

 

 

 

Figure 3.8. 3D orbital isosurface of CpFe/Gr and CpFe/NGr complexes in water: a) HOMO of 

neutral CpFe/Gr complex; b) LUMO of neutral CpFe/Gr complex; c) HOMO of neutral 

CpFe/NGr complex; and d) LUMO of neutral CpFe/NGr complex. The red and green color 

denoted to positive and negative values, respectively. The isovalue was chosen to be 0.02. 
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Figure 3.9. NBO partial charges of: a) charged CpFe
+1

/BGr; b) charged CpFe
+1

/Gr; and c) 

charged CpFe
+1

/NGr in water. H atoms are omitted for clarity. 
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Appendix B. Supporting Information for Chapter 3. 

Table B1.  Benchmarks of our computational method. 

System 
Pontential vs. SHE (V) 

Experimental DFT with Free Energy DFT without Free energy 

Ferrocene/Water 0.64    0.59  

Ferrocene/Acetonitrile 0.69  
 

0.67  

CpFe/BGr   0.46  0.50  
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Figure B1. 2D LOL plot of the neutral CpFe/Gr in water. The value of LOL ranged from 0 to 0.8 

and colored from blue to red. 
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Figure B2. 2D LOL plot of the neutral CpFe/NGr in water. The value of LOL ranged from 0 to 

0.8 and colored from blue to red. 
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CHAPTER 4 

WATER-INDUCED INTERACTIONS BETWEEN BORON-DOPED CARBON 

NANOTUBES
*
 

4.1 Introduction 

The dispersion of carbon nanotubes (CNT)
1
 and other nanocarbons is an important aspect in 

a variety of real-world applications. A stable dispersion of CNTs is needed for effectively 

separating, purifying and incorporating these materials into their final applications (from 

structural reinforcements
2
 to electronic materials

3
). However, due to the strong inter-tubular van 

der Waals interactions leading to hydrophobic behavior, CNTs are known to aggregate after 

synthesis.
4
 Therefore, the homogenous dispersion of CNTs (with varying diameters, lengths, and 

chiralities) in aqueous solutions is considered to be one of the major challenges of CNT-related 

applications.  

Recently, many additives have been reported to improve the dispersion of CNTs in aqueous 

solution, including surfactants,
5-7

 dyes,
8
 polymers,

9
 ionic liquids,

10
 and biomolecules.

11
 These 

additives can be very effective dispersants in certain situations, but there can be limitations (in 

terms of thermal stability, pH sensitivity, etc.). Similar to our approach reported here, Blackburn 

et al. performed an experimental study on the dispersion properties of pristine and boron-doped 

CNTs (B-CNTs) in aqueous solution with the addition of surfactants.
12

 Using Raman 

                                                 
*
 Reprinted with permission from Journal of Physical Chemistry C, 2014, Volume 118, Page 17838-17846. Copyright 2014 

American Chemical Society. 
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spectroscopy, the dispersion of the B-CNT materials was found to be enhanced, and this 

observation provides evidence that atomic doping may be an effective route for dispersing or 

separating CNTs. However, the origin of the dispersion phenomena is currently not well 

understood, and to the best of our knowledge, no following studies have been reported on the 

dispersion of B-CNTs. In addition, we have previously reported that B-doped carbon materials 

can provide unique material properties, showing potential applications in catalysis, sensing, and 

novel electronic materials.
13-19

 Among those B-CNT based system, the hydration behavior of B-

CNTs is a key performance factor. Therefore, a molecular simulation study of B-CNT dispersion 

can provide insight into the underlying interactions that dictate the solvation behavior, and this 

can lead to rational design strategies for improving dispersion properties.  

In previous studies, molecular dynamics (MD) simulations have been extensively used for 

quantifying the hydration and molecular-level interactions of pristine CNTs in aqueous 

solution.
20, 21

 For instance, MD simulations of the dispersion of CNTs and other nanocarbons 

have been conducted in water, water solutions with polymers, and with surfactants. Using MD 

simulations, Walther et al.
22

 investigated the hydration and debundling of C60 and CNTs in water 

by calculating and analyzing their potential of mean force (PMF) and water density profiles. A 

vapor-liquid-like interface was found to form at the hydrophobic-hydrophilic regions in their 

simulations. In addition, Walther et al. also reported that their dispersed CNTs tended to 

reaggregate together.  

When performing MD simulations of B-CNTs, one important challenge is to correctly 

parameterize the strongly polarized B-C bonds in the BxCy materials.
17, 18, 23

 Therefore, a force-

field containing partial charges calculated from first-principles calculations, like density 

functional theory (DFT), is necessary for performing accurate MD simulations of B-CNT 
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systems. A rigorous population analysis method is important for obtaining suitable partial 

charges from first-principle calculations, since crude partial charge assignments may 

significantly alter the MD results. For example, Aluru et al.
24

 conducted MD investigations on 

boron-nitride nanotube (BNNT) systems with similar B-N polarized bonds, and as input to the 

simulations, CHELPG partial charges
25

 were predicted from DFT calculations using cluster 

models. This choice was motivated by CHELPG’s ability to reproduce accurate electrostatic 

potentials (ESP) of the system.
24, 26

 In addition, several population analysis methods have been 

used to generate accurate ESPs of periodic systems, like REPEAT (repeating electrostatic 

potential extracted atomic) charge by Campana et al.
27

 and its improved version by Karl Johnson 

et al.,
28

 plus the DDEC (density derived electrostatic and chemical) charge developed by Manz et 

al.
29, 30

 These methods have been benchmarked with calculations of metal-organic frameworks, 

solid structures, and other nanostructures.
30

  In particular, benchmarks using the DDEC method 

showed that DDEC was suitable for generating correct partial charges for periodic BNNT similar 

to our B-CNT system.
29, 30

 Therefore, in this work, partial charges parameterized for our B-CNT 

force-field were calculated from DFT using both the CHELPG and the DDEC method, and 

comparison are made. 

In this work, we develop a partial charge parameterization of several different B-CNT 

models: (a) periodic B-CNT (6,6) with two different doping patterns; (b) B-CNT (10,10); and (c) 

B-CNT (12,12) (B concentration ranges from 16.6% for our BC5 model down to 12.5% for our 

B3 model). We then perform MD simulations of the hydration, the potential of mean force 

(PMF), the water-induced interactions, and the debundling behavior of the B-CNT models (pairs 

and triplets) within aqueous solutions. The effective intertubular interactions between our B-

CNT models are then used to parameterize Lennard-Jones (LJ) and Stockmayer potentials for 
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future coarse-grain simulations.
31, 32

 Enhanced B-CNT-water interactions, as well as shifted 

interaction distances are observed (as compared to pristine CNTs). The simulation results provide 

important insight into the effects of B-doping on their dispersion behavior of CNTs, which is a 

key issue for engineering new substitutionally-doped CNT/graphene materials.  

 

4.2 Computational methods 

The structures of our B-CNT models were first optimized with DFT using the Vienna Ab-

initio Simulation Package (VASP) with a periodic supercell model.
33, 34

 Several different B-CNT 

models were tested, as well as a pristine CNT model: 

(a) BC-I: a periodic (6,6) B-CNT supercell with a BC5 stoichiometry; 

(b) BC-II: a periodic (6,6) B-CNT supercell with a “three-B” cluster doping pattern; 

(c) BC-III: a periodic (10,10) B-CNT supercell with a BC5 stoichiometry;   

(d) BC-IV: a periodic (12,12) B-CNT supercell with a BC5 stoichiometry; and 

(e) C-I: a periodic (6,6) CNT supercell. 

The doping patterns of all B-CNT models are shown in Figure 4.1. The BC5 model has 

uniformly distributed B-doping sites, with a relatively high doping concentration (16.6%, 

compared with the highest experimental synthesis of about 15%).
35

 Because both theoretical 

predictions and experimental evidence indicates the existence of boron clusters in B-doped 

nanocarbons,
36, 37

 a B3 cluster model (BC-II) was modeled by randomly substituting B3 clusters 

with the CNT structure.  This pattern leads to stronger local charges, curvature, and strain. These 

different doping concentrations and configurations are intended to probe the sensitivity of the 

results to the specific doping details (which are difficult to control experimentally). To provide 

the benchmark baseline for the B-CNTs, a pristine CNT(6,6) (C-I) was also included in our 
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simulations. 

In addition, unless otherwise specified, the parameters of the DFT calculations were 

consistent with our previous DFT calculations of pristine and B-doped CNTs.
13-15

 The 

generalized gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE)
38

 

and the projector-augmented wave (PAW)
39

 method were used. The energy cutoff of the plane 

wave basis sets was 400 eV, and the Brillouin zone integration was performed by using 1×1×5 k-

points within the Monkhorst-Pack scheme,
40

 and first-order Methfessel-Paxton smearing of 0.2 

eV was used for the geometry optimizations of the B-CNT models.
41

 All geometries of the B-

CNT models were fully optimized without constraints using the conjugate-gradient method, with 

a convergence of 10
-4

 eV for the total energy and 10
-2

 eV/Å in force on each atom. To generate 

accurate charge densities for DDEC partial charge fitting, a self-consistent field calculation on 

the optimized geometry was conducted using 1 × 1 × 10 k-points and 288 × 288 × 96 FFT 

integration grids. The partial charges were fitted from the DFT-calculated ESP and charge 

densities using the DDEC scheme.
29, 30

 In addition, geometry optimization and partial charge 

analysis of analogous B-CNT models (shown in Figure C1) were performed using the Gaussian 

09 package
42

 at the B3LYP/6-31G** level of theory with the CHELPG scheme.
25

 These 

calculations were compared against the DDEC charges (considered our benchmark), in order to 

validate the use of CHELPG charges through the rest of our study.  In addition, to further 

evaluate the reliability of CHELPG charges, a comparison was made between the PMFs of a 

solvated BC-I pair using DDEC and CHELPG partial charges. For simulation efficiency, 

CHELPG partial charges were preferred, and were thus used to parameterize the B-CNT models, 

whereas the DDEC partial charges were only generated for the BC-I model. 

The molecular dynamics (MD) simulations were conducted using the Gromacs 4.54 
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simulation package.
43

 Several different simulation runs were performed, corresponding to 

different box sizes, number of water molecules, and simulation times (for single, double and 

triple B-CNT systems), as shown in Table 3.1. The simulation cells were performed with 

periodic boundary conditions along all three dimensions, and larger simulation cells were used 

for the triple B-CNT systems to eliminate unwanted periodic interactions (cell dimension listed 

in Table 3.1). The pristine/B-doped CNTs were modeled as four supercells (optimized by DFT 

calculations),
13

 and they were placed along the z-axis of the simulation box to represent infinitely 

long nanotubes. The structures of the nanotubes were kept rigid in all of the MD simulations, 

which is a reasonable approximation that has also been applied to other MD simulations of CNT 

dispersion.
9, 21

 For the initial configurations, the angular orientations of each individual B-CNT 

about the z-axis within a bundle were optimized to their minimal values in vacuum. For the 

pristine CNTs, the energy differences between different initial angular configurations can be 

neglected. The Lennard-Jones parameters of the B and C atoms were taken from Kang and 

Hwang,
44

 and these parameters were previously used to simulate fullerene interactions with 

CNT/BNNT and BN nanotube systems with water.
24, 26, 44, 45

 Water molecules were modeled with 

the extended simple point charge (SPC/E) model,
46

 which has been widely used and proven 

reliable for modeling water-CNT systems.
20, 21, 24, 26, 45, 47

 The SETTLE algorithm was 

implemented for constraining the bond lengths and angles of SPC/E water.
48

 All other LJ 

parameters for water-CNT interactions were calculated through Lorentz-Berthelot mixing rules,
31

 

truncated at a distance of 1.4 nm, with long-range dispersion corrections.
31

  For all B-CNT 

models, partial charge sites with CHELPG calculated values were used (plus DDEC values were 

tested for the BC-I model), while all carbon atoms were neutral within the pristine CNT model. 

The coulomb interactions were modeled by the particle mesh Ewald (PME) method
49

 with a 1.4 
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nm real space cut-off and a 0.16 nm FFT grid space. During the MD simulations, a leap-frog 

algorithm with a 1 fs time step was used to integrate the equations of motion. A canonical 

ensemble (NVT) with the Nose-Hoover thermostat
50

 was used in all MD simulations to maintain 

the temperature at 300 K. The systems were calibrated by adjusting the x dimension of the 

simulation box until the bulk density of water was equal to the density of SPC/E water at 300 K 

according to the value of van der Spoel et al. (997kg/m
3
).

51
 The snapshots of example simulation 

boxes with single, double, and triple B-CNT systems are shown in Figure 4.2. 

 

4.3 Results and discussions 

4.3.1 Partial charge calculation 

The DDEC-calculated partial charges of the BC-I model are visualized in Figure 4.3, with 

the exact numerical values shown in Table C1. For comparison, the corresponding CHELPG 

charges with the same model are shown in Figure 4.3 and Table C1. For the average charges of B 

atoms, the DDEC calculated value (+0.244 e) was in good agreement with the CHELPG value 

(+0.235 e). Since our simulation model was periodic to mimic an infinitely long B-CNT, the 

difference between the partial charges located near the center and near the edge should be 

eliminated. As a comparison, the partial charge distributions of B atoms along the c-axis obtained 

by the periodic DDEC and non-periodic CHELPG methods are shown in Figure 4.3 for 

comparison. From Figure 4.3, both DDEC and CHELPG models demonstrate consistent partial 

charge distribution values and trends along the c-axis. This consistency is further validated by 

our MD simulation of the PMFs of the solvated BC-I nanotube with DDEC and CHELPG 

calculated partial charges (shown in Supporting Information, Figure C9). Virtually identical 

PMFs are obtained using either DDEC or CHELPG parameters.  
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4.3.2 CNT-CNT interactions in vacuum 

4.3.2.1 MD simulations 

The potential of mean force (PMF) as a function of separation distance is a good descriptor 

for quantifying the direct and water-induced CNT-CNT interactions, since the PMF directly 

includes the contribution of the surrounding solvent molecules. The PMF is calculated by 

summing the contributions of interactions from direct nanotube-nanotube interactions and the 

contributions of water interactions along a series of different nanotube-nanotube distances. Thus, 

a positive value of the PMF indicates a repulsive interaction, while a negative value indicates an 

attraction between CNTs. In many studies of fullerenes, CNTs, and graphene interactions in 

water and/or surfactant environments, PMFs have been calculated and identified as a good 

criterion for evaluating water-induced interactions and dispersion properties.
20-22, 52, 53

 In our 

simulations with two nanotubes present, the PMFs of pristine and B-doped CNTs interactions 

were obtained by selecting the x-axis as the reaction coordinate and then sampling the center of 

mass (COM) distance between the two nanotubes from 1.10 nm to 2.5 nm (25 total points).  

The PMF results in vacuum are shown in Figure 4.4. To simplify our comparison of CNTs 

with different diameters, the CNT-CNT distance is defined as the minimal distance between two 

CNT atom centers, which is calculated using the diameter of the nanotube (distance from the 

nanotube COM to an atom center) subtracted from the COM distance. Generally speaking, all 

pristine and B-doped CNT bundles exhibit a repulsion-attraction curve, which is consistent with 

previous work on fullerenes, CNTs, and graphenes.
53, 54

 For the pristine CNT-CNT PMF, the 

energy minimum is located at a separation distance of 0.316 nm, which is in good agreement 

with Girifalco et al.’s result (reported as a 1.128 nm COM distance, and equivalent to a 0.314 nm 
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CNT-CNT distance), obtained using a LJ-based continuum model.
54

 For all of our B-CNT PMFs, 

the curves show similar repulsion-attraction patterns to the pristine CNTs at short separations, 

whereas attractive interactions tend to extend beyond those of the pristine CNT. For the BC-I 

models, the minimum PMF value is slightly higher than that of the pristine CNT (~4 kcal/mol), 

and the CNT-CNT distance corresponding to the PMF minimum is located at about 0.42 nm (a 

COM distance of 1.16 nm). This PMF difference can be attributed to the larger LJ ε parameter 

for B than C (but a similar LJ σ value), plus the contributions of the Coulomb interactions at 

longer-range.
44

 

The PMFs of BC-II pairs (B-CNT (6,6) containing B3 clusters) exhibited a PMF comparable 

to the BC-I model, with slightly weaker interactions (likely due to the reduced doping 

concentration). Throughout our simulations, the general behavior of the B-CNT (6,6) models 

(BC-I and BC-II) was insensitive to the doping pattern, which implies that the experimental 

results would mimic this same insensitivity (relieving the experimental challenge of obtaining a 

specific doping arrangement). In addition, the B-CNT (10,10) (BC-III) and B-CNT (12,12) (BC-

IV) exhibit a PMF minimum at 0.35 nm and 0.34 nm CNT-CNT distances (corresponding to 

1.72 nm and 2.00 nm COM distances), respectively. These results also demonstrate a shifted 

potential-well distance, as compared with the pristine CNT (COM distance of 1.67 nm for BC-III 

and 1.94 nm for BC-IV). Because there is more contact area between nanotubes that have larger 

diameters, the potential wells decrease as the diameters of the B-CNT increase, and this trend is 

consistent with the PMFs of pristine CNTs in vaccum.
54

 

4.3.2.2 Coarse grain model parameterization 

The PMFs of B-CNT bundles can be parameterized to provide models for future coarse-

grain simulations of B-doped CNTs at larger scales. For example, Liba et al. established a 
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coarse-grain model for CNTs using LJ-style intertublar potentials with dissipative particle 

dynamics (DPD) simulations, and they obtained good agreement with respect to the intertublar 

interaction behavior, as compared to the experimental observations.
55

 Therefore, we 

parameterized the intermolecular interactions between all four of our B-CNT models. Using 

weighted nonlinear least-square regression, the parameters for LJ potentials as well as 

Stockmayer potentials are fitted to the separation distance vs. PMF, normalized to the unit length 

of the B-CNTs. In this paper, the 12-6 style LJ potential function shown in Eq. 1 is used.
31

 

𝑢𝐿𝐽 = 4𝜀[(
𝜎

𝑟
)

12
− (

𝜎

𝑟
)

6
]                                                      (1) 

Where 𝑢𝐿𝐽 is the potential energy, r is the distance between two B-CNT surfaces, and 𝜀 and 𝜎 

are the energy and length parameters, respectively. To better describe the interactions between 

dipoles, which the LJ potential lacks, a Stockmayer potential function is also parameterized. 

Because our models only describe parallel B-CNTs, the Stockmayer potential function can be 

simplified as shown in Eq. 2:
32
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)
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𝑟
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6
] −

𝐶

𝑟3                                      (2) 

In Eq. 2, the meaning of r, 𝜀 and 𝜎 are consistent with Eq. 1, and the C parameter describes 

the dipole interaction. The fitted parameters are shown in Table 4.2. The curves of the fitted and 

the original data corresponding to the BC-I model are shown in Figure 4.5, while the details of 

the fitting and the curves of BC-II, BC-III, and BC-IV are provided in the Supporting 

Information. Both the LJ and the Stockmayer models accurately reproduce the potential well 

depth, whereas the Stockmayer potential is clearly more accurate at longer ranges, as expected. 

 

4.3.3 CNT-CNT interactions in water 

The PMFs of pristine and B-doped CNT(6,6) pairs (C-I and BC-I, respectively) solvated in 
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water are shown in Figure 4.6, while the PMFs of solvated BC-II, BC-III and BC-IV are shown 

in Figure C6, C7 and C8. The water-induced repulsion can be clearly observed in Figure 4.6, 

with the introduction of several new peaks. For the pristine CNTs (C-I), three repulsion peaks are 

located at COM distances of 1.3 nm, 1.6 nm, and 1.9 nm, which agree with previous MD 

simulation results.
21

 In comparison to the pristine CNTs, the solvated PMF of B-CNT(6,6) pairs 

with the BC5 pattern (BC-I) show a shifted and slightly prolonged water-induced repulsion peak 

at a COM distance from 1.2 nm to 1.4 nm. The repulsion maximum (and attenuated maxima at 

longer distances) is consistent with the features of the hydration layers shown in Figures 4.10 and 

4.11, where the peaks and valleys correspond to the interactions of the first and second hydration 

layers. This is discussed in detail in section 4.3.3. In addition, the differences of aqueous-phase 

PMFs between the BC-I and BC-II models are small, with the maxima and minima differences of 

less than 1 kcal/mol at the same COM distance, again indicating that the solvation behavior is 

independent of the doping pattern.  

    The PMFs of BC-III and BC-IV pairs in water (Figures C7 and C8) show similar patterns to 

the (6,6) nanotube pairs. Interestingly, the trends of the height of the first repulsion peaks and the 

depth of the first and second attraction wells of B-CNT (6,6), (10,10), and (12,12) are generally 

proportional to their tube diameters (Figure 4.8). To investigate this trend, we decomposed the LJ 

and electrostatic contributions of the PMFs (shown in Figures 4.7, C6, C7, and C8). We can see 

that the contribution of the electrostatic interactions to the total PMFs increases with respect to 

the radius of the B-CNT.  With respect to the first repulsion peak, the (repulsive) contributions of 

the coulomb interaction to the BC-I, BC-III and BC-IV PMFs are 5.8%, 7.1% and 7.5%, 

respectively. Interestingly, a sharp drop of the coulomb interactions can be seen at CNT-CNT 

distances of about 0.5 to 0.6 nm for all B-CNTs. These changes are likely caused by the water 
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molecules, which move in between the B-CNT at a well-defined distance, as shown in the 2D 

density profiles in Figures 4.10 and 4.11. 

The PMF values of two pristine and B-doped CNTs in water are similar, but the curves are 

shifted, due to the different dispersion interactions introduced by the boron dopants. In order to 

investigate the aggregation behavior further, bundles of three BC-I and C-I tubes were modeled, 

with the PMFs shown in Figure 4.9. To ensure adequate sampling (as water molecules move in 

and out of the interior cavity created by the CNT bundles), each point on the PMF was averaged 

from three separate 5 ns runs. An increased repulsion energy peak as well as a prolonged 

interaction distance can be seen from the PMFs of the triple nanotube bundles. It can be seen 

from Figure 4.9 that the first repulsion maximum of B-CNT is about 5 kcal/mol higher (and 

displaced by 0.04 nm), as compared to the pristine CNT. The increased repulsion of the triple B-

CNT bundles (as compared to the two B-CNT bundles) illustrates the importance of the 

neighboring interactions on the solvation behavior. Thus, considering the results of the triple-

nanotube interactions, the B-CNTs are expected to provide a better dispersion than pristine 

CNTs. For the second and third repulsion peaks, the B-CNT bundle exhibits a comparable but 

prolonged interaction versus the pristine one, which is consistent with the results from the two 

CNTs bundles. 

In addition, a PMF analysis of “squeezing” back the solvated triple CNT bundles has been 

conducted to further study the dispersion and hysteresis differences between pristine and B-

doped CNTs. The PMFs of compressing the solvated B-doped and pristine CNTs are shown in 

Figure 4.9. A strong repulsion caused by the water structure surrounding the individual CNTs can 

be seen in Figure 4.9. For pristine CNTs, the PMFs of compression have two intersections with 

the expansion PMF curve at 1.36 nm and 1.45 nm, which indicates that the waters in the cavity 
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of three CNTs at that distance decrease the repulsion. For B-CNTs, however, much stronger 

repulsions during compression are observed, which indicates that the immediate surrounding 

water molecules are significantly stabilized, as compared to the water molecules surrounding the 

pristine CNTs.   The stronger repulsion of water in the cavity of B-CNT than CNT can be explain 

by the prolonged interaction of B-CNT due to the larger ε value for B than C as well as the 

electrostatic interaction. These phenomena indicate that once solvated, B-CNTs are more 

resistant to reagglomeration than pristine CNTs. Previous MD simulations showed that solvated 

pristine CNTs tend to permit water molecules to easily escape from neighboring nanotubes, 

allowing them to join together into large insoluble bundles.
22

 Thus, although B-doping only 

imparts a moderate nanotube-nanotube repulsion interaction, as compared to the effects of 

surfactants or with the covalent attachment of hydrophilic function groups (~10 kcal/mol 

repulsion increase between two CNTs bundles),
21

 the strong aggregation resistance of B-CNTs 

may play an important role in practical CNT-based technologies that prevent the application of 

traditional dispersants. 

In this work, all of the CNT bundles are modeled using a parallel configuration, similar to 

most other molecular simulation studies of CNT hydration.
20-22, 52, 53

 This is because CNTs tend 

to aggregate into parallel arrangements, due to strong intertubular interactions. However, the 

variation of the CNT orientation may also play a role in the hydration behavior. For instance, 

Angelikopoulos, et al.
56

 reported a simulation study of perpendicular CNTs with amphiphilic 

coatings, which promoted a stable perpendicular configuration (improving the CNT dispersion). 

Therefore, an exploration of the B-CNT orientation during hydration would be a worthwhile 

topic for a future investigation. 
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4.3.4 Water density profile and hydration properties 

The water density profiles surrounding two BC-I and C-I bundles are shown in Figures 4.10 

and 4.11, respectively. To better visualize the water solvation layers around the nanotubes, a 3D 

isosurface of water density profiles are also shown in Figures 4.10 and 4.11. For the hydrophobic 

CNTs in water, higher density peaks of water layers than the bulk water density can be seen in 

the density profile.
22

 Two layers of solvation (with elevated densities) can be identified from the 

plots at 0.75 nm and 1.05 nm for BC-I, and similar positions correspond to the C-I model. The 

interactions between these layers correspond to the repulsion and attraction features on the PMF 

plots. For example, the first peak-to-valley of B-doped and pristine CNT around 1.4 nm to 1.5 

nm COM distance correspond to the first hydration shell, as well as the second peak-to-valley 

corresponds to the low density areas between first and second hydration shell. 

The water-nanotube interaction can also be interpreted by calculating the PMF of a single 

water molecule and the CNT using following equation: 

∆𝐴𝑃𝑀𝐹(𝑟) = −𝑘𝐵𝑇𝑙𝑛
𝜌(𝑟)

𝜌𝐵𝑢𝑙𝑘
                                                (3) 

In this equation, 𝑘𝐵 is the Boltzmann constant, T is the temperature in Kelvin, 𝜌(𝑟) is the density 

of water in specific position, and 𝜌𝐵𝑢𝑙𝑘 is the density of bulk water (about 33 water molecules per 

nm
3
). The radial water PMF vs. water-CNT distance plots are shown in Figure 4.12, and the 

average number of the hydrogen bonds are shown in Figure C10. Generally speaking, the PMFs 

of water show comparable features and magnitudes with both B-doped and pristine CNTs (with 

different diameters and doping patterns), and this confirms that the hydration environments 

surrounding the B-doped and pristine CNTs are similar. This point can be further evaluated by 

following the average number of hydrogen-bond per water molecule (details provided in the 

Supporting Information). A decreased number of hydrogen-bonds per water molecule compared 
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to the bulk water (a value of about 3.6 in our simulation) at the first and second water layers are 

found, which indicates a vapor-liquid like interface between the nanotubes and water. These 

results are in good agreement with Li et al.’s results of pristine nanocarbons.
52

 No significant 

difference is found between the B-doped and pristine nanotubes except for the B-CNTs with 

larger diameters like BC-III and BC-IV. The effects of the surface curvature dominate the first 

solvation layer, where fewer hydrogen bonds are found near the surface. These differences are in 

good agreement with the observations on pristine CNT.
52

 

 

4.4 Conclusions 

In summary, we have conducted a systematic investigation of the solvation behavior of B-

doped CNTs. Our B-CNT simulation models have varying diameters and doping patterns, and 

the intertubular interactions are refined with DDEC and CHELPG derived partial charges. Our 

benchmarks show that the CHELPG charges derived from the cluster models are in good 

agreement with the DDEC charges derived from a periodic system. In our MD simulations, the 

repulsion of B-CNTs is moderately increased (more with the three B-CNTs in a bundle), and 

there is a prolonged interaction distance, as compared to pristine CNTs. The intertubular 

interactions of B-CNTs are fitted to the LJ and Stockmayer intermolecular potential functions for 

future coarse-grain simulations.  

It is found that the magnitudes of repulsion and attraction peaks on the PMF plots of B-CNT 

in water increase with respect to the diameter of the B-CNT. On the other hand, the properties of 

the B-CNT(6,6) model indicates an insensitivity to the doping pattern. In addition, the hysteresis 

analysis of compression also revealed a more intense repulsion to compression of B-CNTs 

bundle than pristine bundles. However, it is recognized that the enhanced dispersion predicted by 
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our MD simulations is not as directly obvious in experimental systems. Due to the fact that the 

experimental techniques for synthesizing B-CNT (like using B2O3 as the boron source) often 

introduce O impurities into the B-CNT and form hydrophilic OH groups,
19, 57, 58

 these other 

functionalities will also contribute to the dispersion of B-CNTs.  Due to the increased repulsion 

of B-CNTs in the larger bundles and significant reagglomeration resistance, substitutional boron 

doping is predicted to be an effective strategy for enhancing the dispersion of CNTs in aqueous 

environments. 
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Table 4.1.  Simulation parameters of different B-CNT and CNT systems. 

System 

Number of 

waters in the 

box 

Box dimensions 

x × y × z (nm) Simulation time (ns) 

BC-I 
   

Single nanotube 2901 7.72 × 4 × 2.98  30 

Double nanotube 2864 7.85 × 4 × 2.98  2 

Triple nanotube 5844 7.85 × 8 × 2.98  15 

BC-II 
   

Single nanotube 2901 7.61 × 4 × 2.95  30 

Double nanotube 2864 7.85 × 4 × 2.95  2 

BC-III 
   

Single nanotube 6141 7.89 × 8 × 3.04  30 

Double nanotube 5861 7.83 × 8 × 3.04  5 

BC-IV 
   

Single nanotube 6053 7.88 × 8 × 3.04  30 

Double nanotube 9316 9.85 × 10 × 3.04  5 

C-I 
   

Single nanotube 2901 7.70 × 4 × 2.98  30 

Double nanotube 2904 7.85 × 4 × 2.98  2 

Triple nanotube 5844 7.85 × 8 × 2.98  15 
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Table 4.2.  Fitted parameters for B-CNT pairs for LJ and Stockmayer potential functions. Note 

that the ε and C parameters are normalized per nm of B-CNT length.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

σ(nm) ε(kcal/mol/nm) σ(nm) ε(kcal/mol/nm) C(kcal/mol/nm
-4

)

BC-I 0.30 16.86 0.34 3.40 0.60

BC-II 0.31 16.40 0.34 3.77 0.56

BC-III 0.30 23.81 0.34 3.28 0.87

BC-IV 0.29 26.21 0.34 2.82 0.93

Stockmayer parameters
System

L-J parameters
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Figure 4.1. a) Side view and b) top view of the B-CNT(6,6) supercell with the BC5 doping 

pattern (BC-I). The B and C atoms are colored pink and gray, respectively. c) DFT-calculated 

DDEC partial charge results. d) Side view and e) top view of the B-CNT(6,6) supercell with a B3 

doping pattern (BC-II). f) Side view and g) top view of B-CNT(10,10) supercell with the BC5 

doping pattern (BC-III). h) Side view and i) top view of B-CNT(12,12) supercell with the BC5 

doping pattern (BC-IV). All of the z-axis lengths of the B-CNT supercells are approximately 

0.74 nm. 
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Figure 4.2. Simulation boxes containing (a) one B-CNT, (b) two B-CNTs and (c) three B-CNTs 

in a bundle, showing the dimensions of the simulation box and the arrangements of B-CNT (6,6) 

with the BC5 doping pattern (BC-I). The other CNTs are arranged in a similar way with slightly 

different box dimensions (shown in Table 4.1).  
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Figure 4.3. Partial charge distributions of the B atoms along the c-axis of the BC-I model obtain 

by DDEC (solid circles) and CHELPG (hollow circles). 
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Figure 4.4.  The calculated PMFs of nanotube pairs in vacuum from MD simulations. 
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Figure 4.5.  PMF of B-CNT(6,6) with a BC5 doping pattern (BC-I) and fitted potentials, 

showing the PMF data (black solid circles), Stockmayer fit (red hollow circles), and LJ fit (black 

hollow circles). Additional potential fittings are shown in the Supporting Information. 
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Figure 4.6.  PMFs of B-CNT(6,6) (BC-I) and pristine CNT(6,6) (C-I) in water (solid lines) and 

vacuum (dashed lines) calculated from MD simulation.  
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Figure 4.7.  Total and decomposed PMFs of B-CNT(6,6) with the BC5 doping pattern (BC-I), 

showing the total PMF (black solid line), the Coulomb contribution of PMF (red dashed line) and 

the LJ contribution of PMF (black dashed line). 
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Figure 4.8.  The trends of the PMFs’ first minima, first maxima, and second minima energy vs. 

the tube diameter of BC-I, BC-III, and BC-IV models (with BC5 doping patterns). 
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Figure 4.9. Illustration of hysteresis corresponding to the expansion and compression PMFs of 

three C-I and BC-I nanotube bundles. 
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Figure 4.10.  2D and 3D density profiles of solvated BC-I pairs. (a) and (b) 2D density profile of 

water at 1.4 and 1.6 nm COM distances, respectively. Note that the number density of bulk water 

is around 33.4 molecules per nm
3
. (c) and (d) 3D density profiles of water at 1.4 and 1.6 nm 

COM distances, respectively. The isovalues are chosen to show the solvation layer clearly. 
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Figure 4.11.  2D and 3D density profile of solvated C-I pairs. (a) and (b) 2D density profiles of 

water at 1.4 and 1.6 nm COM distances, respectively. (c) and (d) 3D density profiles of water at 

1.4 and 1.6 nm COM distances, respectively. The isovalues are chosen to show the solvation 

layer clearly. 
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Figure 4.12. Radial PMF of single water molecule around pristine CNT and B-CNT. The radial 

water PMF were calculated from six 5 ns run of single CNT in simulation box with 166 sampling 

bins from 0.2 to 1.5 nm radius from the CNT surface. 
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Appendix C. Supporting Information for Chapter 4. 

Table C1. Calculated geometry and partial charges of BC-I model. 

 

  Coordinates(Å) Partial charges(e) 

Atom X Y Z DDEC CHELPG CHELPG with H summed 
into B and C 

B 9.0353  4.2915  1.3886  0.27  0.22  0.22  

B 5.7614  7.0924  1.3845  0.27  0.27  0.27  

B 1.6621  5.7456  1.3872  0.24  0.32  0.32  

B 0.7293  2.2414  0.1522  0.21  0.48  0.20  

B 4.1834  -1.2800  1.3769  0.27  0.24  0.24  

B 8.2473  0.0601  1.3883  0.25  0.23  0.23  

B 0.9181  1.4705  3.8414  0.25  0.20  0.20  

B 9.2327  3.4859  5.0779  0.24  0.26  0.26  

B 6.5804  6.8762  5.0776  0.23  0.27  0.27  

B 2.3564  6.1888  5.0661  0.24  0.17  0.17  

B 3.3627  -1.2078  5.0764  0.20  0.18  0.18  

B 7.6209  -0.5102  5.0738  0.25  0.25  0.25  

C 9.1678  3.5047  0.1260  -0.16  -0.26  -0.19  

C 7.7360  6.0696  0.1478  0.10  0.16  0.18  

C 8.2686  5.6200  1.3877  -0.20  -0.27  -0.27  

C 3.5672  6.8855  0.1411  0.12  0.13  0.16  

C 6.5173  6.8157  0.1225  -0.14  -0.27  -0.21  

C 2.2814  6.2354  0.1145  -0.16  -0.32  -0.25  

C 4.2249  7.1087  1.3830  -0.24  -0.27  -0.27  

C 0.7094  3.7649  0.1583  -0.14  -0.10  -0.03  

C 0.8838  4.4352  1.3786  -0.14  -0.21  -0.21  

C 2.2013  -0.2459  0.1337  0.03  -0.22  -0.06  

C 0.9863  1.4856  1.4163  -0.10  -0.18  -0.18  

C 3.4243  -0.9939  0.1183  -0.12  -0.12  -0.07  

C 1.7205  0.2496  1.4035  0.08  0.14  0.14  

C 6.3654  -1.1088  0.1417  0.11  0.11  0.14  

C 5.7126  -1.3307  1.3796  -0.22  -0.27  -0.27  

C 9.1307  2.0742  0.1486  0.12  0.18  0.19  

C 7.6315  -0.4432  0.1198  -0.14  -0.24  -0.17  

C 9.0090  1.3887  1.3882  -0.22  -0.30  -0.30  

C 9.1653  3.5056  2.6547  -0.14  -0.07  -0.07  

C 8.9869  4.2451  3.8153  -0.12  -0.11  -0.11  
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C 7.7425  6.0722  2.6261  0.10  0.13  0.13  

C 8.2936  5.4969  3.8378  0.14  0.14  0.14  

C 3.5842  6.8591  2.6258  0.12  0.11  0.11  

C 6.5236  6.8222  2.6486  -0.14  -0.11  -0.11  

C 5.8016  7.0383  3.8091  -0.11  -0.06  -0.06  

C 2.3225  6.1771  2.6529  -0.17  -0.11  -0.11  

C 1.8151  5.5846  3.8075  -0.09  0.02  0.02  

C 4.3712  7.0441  3.8310  0.12  0.06  0.06  

C 0.8030  3.6681  2.5797  0.12  0.13  0.13  

C 1.0756  4.3565  3.8230  0.05  -0.03  -0.03  

C 2.1991  -0.3400  2.6377  0.09  0.11  0.11  

C 0.7873  2.2384  2.5723  -0.16  -0.12  -0.12  

C 3.4226  -1.0803  2.6426  -0.15  -0.07  -0.07  

C 4.1382  -1.3562  3.8037  -0.12  -0.12  -0.12  

C 1.6035  0.1098  3.8476  -0.12  -0.18  -0.18  

C 6.3616  -1.1255  2.6261  0.11  0.06  0.06  

C 5.5790  -1.3393  3.8304  0.13  0.19  0.19  

C 9.1271  2.0750  2.6298  0.11  0.11  0.11  

C 7.6244  -0.4482  2.6507  -0.16  0.01  0.01  

C 8.1638  0.0843  3.8118  -0.12  -0.17  -0.17  

C 8.9005  1.3087  3.8371  0.12  0.17  0.17  

C 8.9851  4.2431  6.3439  -0.10  -0.27  -0.20  

C 7.8692  6.0489  5.0775  -0.24  -0.31  -0.31  

C 8.2907  5.4946  6.3191  0.13  0.18  0.21  

C 3.6897  6.9395  5.0688  -0.23  -0.20  -0.20  

C 5.7931  7.0394  6.3399  -0.12  -0.24  -0.19  

C 1.7738  5.6604  6.3319  -0.12  -0.13  -0.09  

C 4.3602  7.0572  6.3154  0.12  0.05  0.11  

C 0.8778  3.6950  5.0928  0.06  -0.01  -0.01  

C 1.0301  4.4390  6.3270  0.10  -0.03  0.03  

C 2.0675  -0.4045  5.0679  -0.14  -0.09  -0.09  

C 0.7974  2.2596  5.1055  -0.14  0.00  0.00  

C 0.9680  1.4999  6.2615  -0.11  -0.13  -0.06  

C 4.1477  -1.2855  6.3422  -0.12  -0.19  -0.15  

C 1.6417  0.2389  6.2690  0.13  0.04  0.09  

C 6.2653  -1.2337  5.0723  -0.25  -0.29  -0.29  

C 5.5818  -1.3080  6.3151  0.13  0.09  0.13  

C 9.1655  1.9534  5.0769  -0.23  -0.24  -0.24  

C 8.1723  0.0814  6.3378  -0.12  -0.19  -0.14  

C 8.9075  1.3094  6.3153  0.12  0.10  0.14  

 



 

134 

 

 
Figure C1. a) geometry and b) CHELPG partial charges of the cluster model of (6, 6) BC5 B-

CNT. 
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Figure C2. 2D density profile of three CNT bundles expansion and compression at 1.38 nm. (a) 

B-CNT expansion. (b) B-CNT compression. (c) CNT expansion. (d) CNT compression. 
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Figure C3. LJ and Stockmayer potential fitting of MD calculated PMFs of BC-III model (B-

CNT(10,10) with BC5 doping pattern). 
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Figure C4.  LJ and Stockmayer potential fitting of MD calculated PMFs of BC-IV model (B-

CNT(12,12) with BC5 doping pattern). 
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Figure C5. LJ and Stockmayer potential fitting of MD calculated PMFs of BC-II model (B-

CNT(6,6) with B3 doping pattern). 
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Figure C6. Total and decomposed PMFs of B-CNT(6,6) with B3 doping pattern (BC-II), 

showing the total PMF(purple), the Coulomb contribution of PMF(red) and the LJ contribution 

of PMF(dashed blue). 
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Figure C7. Total and decomposed PMFs of B-CNT(10,10) with BC5 doping pattern (BC-III), 

showing the total PMF(purple), the Coulomb contribution of PMF(red) and the LJ contribution 

of PMF(dashed blue). 
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Figure C8. Total and decomposed PMFs of B-CNT(12,12) with BC5 doping pattern (BC-IV), 

showing the total PMF(purple), the Coulomb contribution of PMF(red) and the LJ contribution 

of PMF(blue). 
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Figure C9. PMFs of solvated BC-I pair with DDEC and CHELPG calculated partial charges. 
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Figure C10. Average number of hydrogen-bond per water molecule around pristine CNTand B-

CNT. The average number of hydrogen-bond per water molecule were calculated from six 5ns 

run of single CNT in simulation box with 50 sampling bins from 0.7 to 2.0nm radius of the CNT 

mass center. 
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CHAPTER 5 

SUMMARY 

A series of computational studies have been conducted to explore the properties of 

organometallic-doped nanocarbon complexes for electrochemical applications. In this work, a 

theoretical systematic characterization of the geometric, energetic, and electronic properties of 

CpTM (TM=Fe, Ni, Co, Cr, Cu) ligands adsorbed on pristine and boron-doped single-walled 

CNT complexes and graphenes has been conducted. Spin-polarized density functional theory 

calculations reveal remarkable stabilization of the CpTM adsorbed on the boron-doped 

nanocarbon support. The binding energies between CpTM and boron-doped CNTs and graphenes 

have been found to surpass the adsorption strength of the isolated metal atoms by approximately 

2 eV, which is often considered to be the upper limit of the binding energy.  Thus, the exceptional 

stability of CpTM/B-doped nanocarbon is predicted to provide a solid foundation for 

immobilizing ferrocene-based active centers for electrochemical systems.  

In addition to the binding energies, our electronic structure analyses indicate that the 

interactions between the 2p-states of B and C and the d-states of the TM, as well as the π-

stacking interactions between the Cp ring and the carbon supports contribute to the stability. 

Moreover, tunable metalicities of these complexes are predicted to arise from different CpTM 

ligands, and this behavior indicates potential applications in nanoelectronics and sensing. In 

addition, the adsorption of O2 molecules on CpFe/B-doped CNT was studied as a preliminary 

indicator of catalytic performance. Both chemisorption (with an elongated O-O bond) and 

dissociative chemisorption were found on CpFe/B-CNT (8,0) complexes, and possible pathways 
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were revealed with AIMD calculations 

The redox properties of CpTM on B-doped, N-doped, and pristine graphene complexes were 

studied with DFT calculations (combined with the CPCM implicit solvation model) to probe the 

potential applications of these complexes as redox-active materials. Complexes with different 

transition metal cores, Cp sidechains, and doped graphene supports were benchmarked by 

evaluating their redox properties in different solution environments, including water and 

acetonitrile. Most of the materials were not viable substitutes for ferrocene. However, the redox 

potential of CpFe/BGr was found to be comparable to the ferrocene molecule and its derivates, 

which implies the possibility of using these complexes to function within ferrocene-based 

electrochemical systems. Also, the redox potentials of CpFe/BGr were found to be insensitive to 

the B-doping concentrations (from 3% to 16%) or patterns (single atom vs. BC5). In addition, 

using the deformation charge densities, frontier orbitals, and NBO population analyses, the 

charge transfer mechanism during the redox process showed large charge redistributions. These 

charge redistributions were found to be relevant to the redox properties. In addition, the bonding 

between the TM centers and the supports are transformed into a more ionic interaction, which 

enhances the binding between the CpTM complexes and graphene supports.  

In addition, MD simulations were used to investigate the hydration, the water-induced 

interactions, and the dispersion behavior of boron-doped single-walled carbon nanotubes (B-

CNTs) within aqueous solutions. Models of B-CNTs with varying diameters and B-doping 

patterns were used in our simulation. Moreover, coarse-grain models of B-CNT intertubular 

interactions were parameterized to fit the LJ and Stockmayer style potential functions for future 

simulations at a larger scale. A moderate increase of the repulsion and prolonged interaction 

distances were found when comparing B-CNTs to pristine CNTs. Moreover, the PMF of the 3B-
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CNTs bundle demonstrated that the repulsion between B-CNTs increased with respect to the 

number of B-CNTs in the bundle. As in other calculations, the hydration properties were 

insensitive to the doping pattern or doping concentration. In addition, the hysteresis analysis of 

compression indicated that the B-CNT bundle was more aggregation resistant than a CNT 

pristine bundle. However, in experiments, oxygen impurities within the B-CNT may also play a 

role in the enhanced dispersion of B-CNTs.  

To summarize, our studies provide strong evidence that the CpTM/doped nanocarbon 

complexes are exceptionally stable materials, which possess intriguing electronic, 

electrochemical, and dispersion properties, as compared to current material alternatives. 

Although these complexes have not been experimentally synthesized yet, our computational 

predictions indicate that they are experimentally viable.  
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CHAPTER 6 

FUTURE WORK 

The research projects in this dissertation reveal a brief picture of potential applications of 

organometallic/doped nanocarbon complexes in electrochemistry. However, as the current 

studies only cover a limited scope, follow-up studies of these complexes are needed. Generally 

speaking, two main fields of possible future study are proposed. First, the stability and properties 

of new organometallic/doped nanocarbon complexes, such as porphyrinTM/nanocarbon 

complexes and pyrazoleTM/nanocarbon complexes, can be evaluated by protocols presented in 

Chapter 2 and 3 in this dissertation. In addition, new properties of our current CpTM/nanocarbon 

complexes, like non-linear optical properties or catalytic properties, can also be investigated in 

future work. 

While the scope of our work is mainly focused on CpTM complexes, other 

organometallic/doped nanocarbons complexes are also possible candidates for future materials. 

For example, Sarkar et al. and Dai et al. reported experimental and computational studies on the 

organometallic hexahapto-functionalized graphene and found tunable band gaps in these systems 

for nanoelectronic applications.
1, 2

 However, most of these reports are focused on pristine CNT 

or graphene supports. Based on our studies in this dissertation, doping within the nanocarbon 

supports drastically changes the properties of the organometallic nanocarbon complexes, and this 

motivates future work to expand the present organometallic nanocarbon systems to incorporate 

areneTM or hexahaptoTM complexes on doped carbon supports. Moreover, new organometallic 

ligands with nitrogen containing five-member rings, like pyrrole, pyrazole, imidazole, and 
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triazole with TM and doped nanocarbon complexes should be investigated. The geometries of 

pyrrole, pyrazole, imidazole, triazole, pyrazoleFe/B-CNT (8,0) complex have been modeled, and 

the BEs (compared to the CpFe/B-CNT (8,0) complex) are shown in Figure 6.1.  Even stronger 

BEs than the CpFe/B-CNT (8,0) complex are found. However, for this preliminary study, spin-

unpolarized DFT calculations were used, which tend to overestimate the BE by about 1 eV. 

Taking this factor into consideration, the pyrazoleFe/B-CNT (8,0) complex is still more stable 

than its CpFe counterpart. Therefore, these complexes with N-containing five-member rings and 

TMs like Fe, Co, Ni, Cr, and Cu are possible candidates for future studies. Moreover, compared 

to ferrocene, the porphyrinTM complexes like heme, are also important electron donor-accepters 

especially in bio-systems. The optimized porphyrinFe/B-CNT complex is shown in Figure 6.2, 

which was produced using the same computational method as Chapter 2. In particular, both 

computational and experimental works have shown potential applications of 

porphyrinTM/nanocarbon complexes in optoelectronics and electrochemical sensing.
3-7

 

Meanwhile, Brothers reported that novel structures and properties were found with porphyrin-

based ligands and boron complexes, which are analogous to our porphyrinTM/doped nanocarbon 

system.
8
 Considering the previous studies and examples in bio-systems, the possible TM 

candidates are suggested to be Fe, Mg, Zn and Cu. For these complexes, a similar computational 

routine with DFT and the analysis methods implemented in Chapter 2 and 3 can be used. 

However, one challenge of the porphyrin-based complexes is their size, which is larger than Cp. 

Also, in a periodic model, larger ligands call for a larger support (to eliminate the interactions 

between periodic images), which increase the total number of atoms in the system. To save some 

computation time, a scan of the porphyrinTM complexes using a semi-empirical method like 

PM6 is recommended before the actual DFT calculation. An example scan of the porphyrinFe 
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and B-CNT distance is shown in Figure 6.3. Therefore, future searches of organometallic/doped 

nanocarbons complexes for electrochemical applications should include porphyrinTM complexes 

and the pyrazoleTM complexes.  

In addition, future studies should also expand the scope of the fundamental property 

evaluation of these systems. For example, in Chapter 2, we reported preliminary work using 

AIMD to predict the oxygen adsorption and dissociation on CpFe/B-CNT complexes to explore 

the possible catalytic applications of these complexes for ORR. However, a more complete study 

is needed to evaluate the catalytic properties, transition states and reaction barriers for multiple 

possible reaction pathways. Future studies may start a transition state search based on the 

barriers we located using AIMD in Chapter 2. However, locating the transition states of different 

possible reaction pathways is challenging work. The other possible focus would be the non-linear 

optical properties of our present CpTM complexes. Ferrocene derivatives with a large conjugated 

and delocalized pi-electron system are proven to have “switchable” non-linear optical 

properties.
9, 10

 For example, Sporer et al. found that a ferrocene-based compound with a large 

conjugated structure exhibited different linear and non-linear optical properties among its non-

ionic, neutral ionic, cation, and anion form (can be seen directly from the colors of different 

forms).
10 

 Follow-up studies showed that these switchable non-linear optical properties were 

correlated to the delocalization of the MOs. For the more delocalized CpFe/BGr complexes in 

Chapter 3, the non-linear optical properties should be investigated in future work. Also, since the 

non-linear optical properties of porphyrinTM/ pristine CNT have previously been reported, 

similar routines can also be used in our future work on porphyrinTM/nanocarbon complexes. In 

support of this effort, the computational routines to calculate the hyperpolarizablilites in solution 

are well developed.
11

 The computational cost of our proposed systems should be acceptable. 
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Figure 6.1. a) Proposed N-containing five-member rings, b) BEs of different N-containing five-

member rings/Fe/B-CNT(8,0) complexes, c) Optimized geometry of pyrazoleFe/B-CNT(8,0) 

complex. 
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Figure 6.2. Optimized geometry of a porphyrinFe/B-CNT complex. 
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Figure 6.3. PM6 scan of a porphyrinFe/B-CNT complex. 
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