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There has been much recent success in producing solution-processed graphene

nanoribbons (GNRs). These GNRs, built up from smaller chemical precursors,

have desirably small widths and pristine, functionalizable edges for use in elec-

tronic applications. However, there are difficulties associated with their fabri-

cation. When the GNRs are synthesized in solution, they exhibit strong inter-

actions between each other, causing them to aggregate unless specific solvents

or functional groups are used. Rather than the trial-and-error approach that is

typically used to determine the optimal solvent/functional group combination,

this dissertation investigates using molecular modeling as a tool to understand

how various edge functionalizations act in solution as well as using modeling

as a tool to screen possible candidates for maximizing the GNRs’ dispersibil-

ity. In this dissertation, the binding enthalpies of GNRs with many different

edge-configurations will be examined in two different solvents: water and n-

methyl-pyrrolidone. Here, a qualitative description of the disposition of dif-

ferent functionalizations and aggregate morphologies will be described as well

as their relative enthalpies of binding. This will demonstrate how the func-

tional groups, GNRs, and solvent interact with each other as well as provide

information on what parameters would promote dispersion over aggregation.

Second, the results of more computationally expensive free energy calculations

applied to the aggregation of GNRs will be discussed. Energy barriers to aggre-



gation are used to rank the ability of different edge-configurations to promote

dispersibility. Since this property is path dependent (the GNRs can approach

each other following different trajectories), two entirely different paths – face-

to-face and sliding – are followed, each showing the similar trends. Finally, the

electronic properties of functionalized GNRs and their aggregated forms will

be presented. This includes single-particle excitations (band structures) and

double-particle excitations (optical spectra) as calculated by many body pertur-

bation theory. These results will be compared to previous experimental work

where solution-processed GNRs are used to fabricate field effect devices [1].
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CHAPTER 1

INTRODUCTION

1.1 Graphene

Graphene has been under intense investigation since the seminal work of

Novoselov and Geim in which they isolated few-layer and single-layer

graphene [2]. This was accomplished through mechanical exfoliation, where

tape was used to remove layers of graphite from highly oriented pyrolytic

graphite (HOPG) that was bound to glass using photoresist. After many ap-

plications of the tape, the photoresist was dissolved in acetone. Few-layer and

single-layer graphene were then obtained by dipping silicon into an acetone

bath. Two-dimensional (2D) crystals, such as this suspended graphene, was

previously thought to be inherently unstable [3]; however, this method has been

shown to be successful with graphene as well as other 2D materials [4]. This

work inspired efforts to investigate other 2D materials of which MoS2, TaS2,

BN, and NbSe2 are examples [5, 6].

While the creation of a method for producing suspended 2D crystals was

interesting, graphene has a number of unusual properties that could make it

particularly useful for a number of applications. For example, graphene boasts

electron mobilities of over 200,000 cm2/Vs [7, 8], and exhibits current densities

several times that of copper [9, 5]. Graphene has an intrinsic breaking strength

and Young’s modulus of 130 GPa and 1 TPa, respectively [10]. A single layer

also has an opacity of 2.3% across the visible spectrum, making it suitable to be

used as a transparent electrode. (Interestingly, the opacity is πa where a is the

1



fine structure constant. A light transmission experiment can be used to estimate

its value) [11]. In addition, graphene can transmit heat at 3000 W/mK [12].

Since the original low-technology method to create graphene, a number of

additional methods have been developed to produce the material. Graphene

can be dispersed by ultrasonication from HOPG in solvents such as n-methyl-

pyrollidone (NMP) [13]. In chemical exfoliation, graphite is oxidized to form

layers of graphene oxide, which are soluble in polar solvents. When the

graphene oxide is reduced in solution, graphene sheets of moderate quality re-

main [14, 15]. Deposition of organics on copper can be used to produce single

layers of graphene through chemical vapor deposition [16]. Finally, an older

method of producing graphite from annealing SiC [17] has been fine-tuned to

produce single layers of high quality graphene sheets [18, 19].

Due to graphene’s many unique properties and a variety of viable fabri-

cation methods, there are a number of potential applications for the material.

Taking advantage of graphene’s high conductivity, transparency, and flexibil-

ity, researchers are developing graphene as a replacement for indium tin oxide

(ITO) as a transparent electrode in flexible electronics applications [20]. The

low dimensionality and high mobility of graphene can potentially be used to

make high frequency transistors [21] and transistors for logic applications [22].

Graphene can be used as an anode material for lithium storage in batteries [23].

Taking advantage of its unusual mechanical properties, graphene can be used

to make a number of nanocomposites [24]. With its unique properties and a

number of directions can be taken to manufacture graphene for unusual appli-

cations, it is likely that graphene will be an active area of research for some time.
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Graphene’s electronic properties ultimately derive from its unique electronic

structure. The electronic structure of graphene was first studied via a tight bind-

ing approach as a first step towards studying graphite almost seventy years ago

[25]. The tight-binding model had the following form:

E± = ±t

√
3 + 2cos

(√
3kya

)
+ 4cos

 √3
2

kya
 cos

(
3
2

kxa
)

(1.1)

where E± make up the valence and conduction bands, t is the nearest neighbor

hopping energy (2.8 eV), and a is the lattice constant (1.42 Å). A representation

of this band structure is shown in Figure 1.1.A. At points K (kx = 2π
3a , ky = 2π

3
√

3a
)

and K’ (kx = 2π
3a , ky = − 2π

3
√

3a
), the bands come together at a singular point. Around

these points, a simple first-order expansion can be written:

E± ≈ ±vF |q| (1.2)

where vF is the Fermi velocity (3ta/2), and q is the vector k − K or k − K′[26].

This is shown in Figure 1.1 C.
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A

B C

K’
KΓ

Figure 1.1: Two-dimensional band diagrams of graphene following Equa-
tion 1.1. (A) shows both conduction and valance bands in the
first Brillouin zone. (B) provides a top view of (A) showing
the exact location of the high symmetry points. (C) shows a
zoomed-in view of the Dirac points centered around q = k −K
and q = k − K′. In all cases, a is the lattice parameter (1.42 Å).
The color is added to emphasize depth.
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Equation 1.2 is also a solution to the Dirac Equation for free, massless

fermions, with the speed of light being replaced with vF = 1·106m/s. For this rea-

son, physicists have wanted to synthesize graphene as a model system to study

quantum field theory since the 1980s [27, 28]. For the purposes of this disserta-

tion, what is immediately important is that the effective mass of a charge carrier

is zero about the points K and K’. This, in combination with the high Fermi

velocity, leads to ballistic transport and the high mobilities found in graphene

[26]. This has inspired many researchers to investigate the use of graphene in

electronic applications, such as field effect transistors for logic applications.

The electronic structure shown in Figure 1.1 also demonstrates a serious

problem using pristine single-layered graphene as a gate material for a FET.

While graphene has been shown to have high mobilities and a demonstrable

field effect [2], it is a semi-metal with no band gap. Without a band gap, there is

no distinction between “on” and “off” states, which is necessary for the switch-

ing function of a transistor. In order for a potential channel material to be useful

for application in a FET, the ratio of current between “on” and “off” states must

be between 104 and 107 [22]. Since bulk graphene always exists in an “on” state,

this is not the case.

Different strategies have been attempted to induce a band gap in graphene.

One method involves making bilayer graphene. With two layers of graphene

and the addition of an electric field perpendicular to the sheets, a band gap can

be opened [29, 30]. Also, if graphene is strained, it will produce a band gap [31].

This has also been seen in silicon carbide [32]. However, both these methods

produce band gaps that are too small for the necessary on/off ratios [26]. An-

other method involves reducing the width of graphene sheets to a few nanome-
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ters. These graphene nanoribbons, or GNRs, have band gaps that equal, and

even surpass, that of silicon [33]. Therefore, they have sufficient band gaps for

logic application. GNRs will be discussed more thoroughly in the next section.

1.2 Graphene Nanoribbons

Depending on their structure, there is great variability in the electronic prop-

erties of GNRs. While there are many ways to cut GNRs from a sheet of

graphene, there are two extreme cases in the resulting material: GNRs with

zigzag edges and GNRs with armchair edges (Figure 1.2). Early tight-binding

calculations showed that the electronic properties of GNRs vary greatly depend-

ing on whether or not they fall into either of these two categories, and their

width. In tight-binding calculations, zigzag ribbons are shown to have flat va-

lence and conducting bands at their Γ point, with the related electronic states

residing predominately on the GNR’s edges. Armchair GNRs, which will be

the focus of this dissertation, have conduction and valence states that cover ei-

ther face of the GNR. Tight-binding results show that there are three families

of widths of armchair GNRs that have different electronic properties, which are

dependent on width. With N being the number of carbon dimers that make up

the width of a GNR and M being some integer, GNRs with N=3M+2 are metallic

(Figure 1.2). GNRs with N=3M and N = 3M+1 are semiconducting, with the lat-

ter typically having a slightly larger band gap than the former. The band gaps

of the two semiconducting variants increase with decreasing GNR width [34].
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A B

C D E

Figure 1.2: GNRs with different edge configurations extending in the ver-
tical direction. (A) and (B) are zigzag and armchair GNRs, re-
spectively. (C), (D), and (E) are armchair GNRs with different
numbers of carbon dimers indicated by the yellow lines. With
M=2, (C) is a N=3M semiconducting GNR, (D) is a N=3M+1
semiconducting GNR, and (E) is a N=3M+2 metallic GNR.
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With higher levels of theory, more details about armchair GNRs can be

found. Density Functional Theory (DFT) studies made on GNRs showed that it

is not only nanoconfinement that contributes to the band gap (as demonstrated

by the tight binding study). Edge effects - different electronic environments of

the carbon atoms on the edges vs. the center of the GNR - can also induce a

band gap. These edge effects open band gaps further, even causing the metallic

family of armchair GNRs to exhibit a band gap [35]. A limitation with using

DFT is that it is incapable of being used to accurately calculate band gaps. To

build on past studies, more accurate G0W0 calculations have been made to es-

timate the electronic band gap. While these calculations followed the trends of

the different calculation methods used before, the magnitudes of the band gaps

increased. For the family of armchair GNRs with N=3M+1, GNRs that are 3.7

Å, 7.7 Å, and 10.6 Å have band gaps at 5.5 eV, 3.9 eV, and 3.0 eV, respectively.

Since these band gaps are significantly larger than silicon (1.1 eV), they will be

capable of producing on/off ratios within the range of 104 and 107, making them

viable, in principle, for logic applications [33].

Like sheets of graphene, there are multiple methods for producing GNRs.

These fabrication methods fall into roughly two categories: “top-down” and

“bottom-up” methods [36]. In top-down processes, a material, such as a

graphene sheet, is physically cut into smaller GNRs. Whereas, in bottom-up

processes, material is transformed or built up from appropriate molecular pre-

cursors to form GNRs effectively ring-by-ring. A simple example of a top-

down approach involves cutting GNRs out of graphene sheets via electron beam

lithography [37, 38]. Carbon nanotubes can also be opened by chemical oxida-

tion or plasma etching to form GNRs [39, 40]. Unfortunately, it is often diffi-

cult to obtain regular edge geometries and widths, which are necessary to get
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optimal and consistent electronic properties [22]. Alternatively, bottom-up pro-

cesses involve polymerizing bulky monomer units and then, through an oxida-

tive cyclodehydrogenation step, form graphene nanoribbons. These GNRs can

be fabricated with a variety of polymerization methods [41, 42, 43, 44, 45, 46]. In

addition, the synthesis process can be surface-catalyzed [47, 48]

1.3 Dispersing Graphene-Based Materials

In many of the previously described fabrication methods for graphene, it has

become apparent that the graphene must be dispersed at some stage in the pro-

cess. In addition, dispersing graphene is important for some applications, such

as making composites [49]. The simplest method to do this is to use a solvent

that readily disperses graphene. Like carbon nanotubes, graphene is readily

dispersed in NMP [50, 13]. Further work showed that Hansen solubility param-

eters could be estimated for graphene, in which the solutes hydrogen-bonding,

polarity, and dispersion characteristics can be quantified for matching with pre-

ferred solvents [51]. The use of Hansen solubility parameters here could be con-

sidered inappropriate, since graphene is typically dispersible, but not soluble.

A “good” solvent in the case of graphene is one in which a large concentration

of graphene can be dispersed and one that takes a long time for the graphene

to aggregate out of dispersion. There were a couple of computational Molec-

ular Dynamics (MD) studies to understand why different solvents dispersed

graphene better than others [52, 53]. It was found that a solvent that was adept

at wetting graphene formed metastable solvent layers that provided a large ac-

tivation energy for graphene to fully aggregate.
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In addition to choosing dispersible solvents, an alternative approach is to

introduce other molecules into the “solution” with graphene that can aid in dis-

persion. A very common method that has been used successfully with carbon

nanotubes involves adding a detergent like sodium dodecyl sulfate [54, 55, 56].

Here, the hydrophobic end of the detergent adsorbs onto the graphene sheet,

while the charged, hydrophilic end is soluble in solvents such as water. As an

uncharged alternative, block copolymers can be added where one block adsorbs

onto the graphene and the other is soluble in the solvent. This provides steric

repulsion between graphene sheets that are in close proximity with each other

[57]. Even single-block, partially adsorbed polymers can play this role [58].

A more aggressive step to dispersing and even solubilizing graphene is to

functionalize graphene. In a similar way to the strategy of adding surfactants,

the addition of charged groups has also been employed. A simple way to do this

is by chemically oxidizing graphene to form graphene oxide [59, 60]. The addi-

tion of charged oxide groups permit the sheets to be soluble in water. Further

reduction removes the oxide groups to form defective graphene sheets. How-

ever, graphene in either oxidized or reduced form is detrimental to many of the

properties that are graphene’s more attractive characteristics. In addition to ox-

idizing graphene, additional groups can be added to provide steric hindrance

to the aggregation process, much like the addition of block copolymers to the

dispersing liquid [61, 62].

In the synthesis of bottom-up GNRs and nanographenes (i.e., large, non-

polymerized polyaromatic molecules), the incorporation of functionalities is rel-

atively straightforward because they can be included in the chemical precursors

for these products. Using various branched and linear alkyl chains along the
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edge a nanographene (hexi-peri-hexabenzocoroene), Kastler et al. determined

which side-chain made the nanographene the most dispersible [63]. The side-

chains that were successful were then applied to GNRs in order to disperse them

[46]; however, dispersing these GNRs remains difficult. While it is possible to

use intuition to design dispersing edge groups [64], little has been done to un-

derstand the mechanism by which these dispersing edge groups work which,

in turn, has prevented our ability to design dispersing, or even solubilizing,

groups more intelligently.

1.4 Dissertation Summary

As already stated, dispersing graphene in solution is difficult. The large-area

surfaces consist of strongly self-interacting carbon sheets which give the ma-

terial a strong tendency to aggregate. While many strategies exist to mitigate

this problem, each one has their own difficulties: Solvents might be expensive

or have undesirable properties; additives might have undesirable effects on the

final electronic properties of the materials; and functionalization might damage

the graphene sheets. In addition, the extent of the dispersion is frequently in-

sufficiently high for subsequent processing, such as deposition of single GNRs

on a substrate. Therefore, there is still an unmet need to understand and hence

provide better solutions to this problem.

With solution-processed, bottom-up GNRs, edge functionalization adds an

additional “knob” with which to tune the properties of the material. Branched

alkane side-chains have been used in the past to disperse GNRs; however, ag-

gregation was still admitted to be a problem. This is a common way to disperse

11



large polyaromatics, and have been studied on other materials. However, var-

ious side-chains are typically chosen by a trial-and-error process. When a par-

ticular edge-chain is found to be successful in the laboratory, the reason why it

works is generally left as a mystery because the mechanism of dispersion is not

easily resolvable through experiment. However, molecular simulation meth-

ods, such as Molecular Dynamics (MD), can be used to build a molecular-level

“picture” of the mode of action of these side-chain choices, and computational

methods show promise to being used as a predictive tool.

In this dissertation, the MD method will be used to investigate the proper-

ties of a variety of edge-chains on GNRs in different solvents. First, we will

examine a wide range of linear polyethylene glycol (PEG) and n-alkoxy chains

with different lengths and grafting densities for their ability to disperse GNRs,

using a series of relatively quick simulations that probe the enthalpy of the so-

lution. Here, the focus will be to calculate the edge-chain dispositions, aggre-

gate morphologies, and aggregation enthalpies. These simulations are meant to

provide a rapid screen of candidate side-chain/solvent combinations that effi-

ciently finds promising edge-chain configurations for dispersing GNRs. Next,

a few experimentally relevant edge-chain configurations will be examined in

more detail using more computationally expensive free energy calculations to

look directly at the mechanism of aggregation and inherently incorporate en-

tropic contributions that could be significant [46].

While there have been many first-principles studies of the electronic prop-

erties of GNRs, they are typically done on pristine GNRs with hydrogen-

terminated edges. However, the GNRs that we, and the overwhelming ma-

jority of experimental groups, are investigating are not hydrogen-terminated,
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but have side-chains that may or may not wrap around the GNRs. In addition,

GNRs are highly likely to aggregate, potentially insulating them from one an-

other; this, again, will affect the electronic properties of the material. We have

investigated the effect of aggregation and of side-chains on the GNRs using

both Density Functional Theory (DFT) and G0W0/Bethe-Salpeter equation cal-

culations to understand how both the electronic and optical band gaps change

under these non-ideal circumstances. We will then compare these results with

experiment [1].
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CHAPTER 2

COMPUTATIONAL METHODS

In the following chapters, we used several different computational methods

to study GNRs. Throughout most of this dissertation, we will explore the prop-

erties of the GNRs in a solvent dispersion. To accomplish this, Molecular Dy-

namics (MD) was our primary tool. The electronic properties of the GNRs were

studied using ab initio electronic structure calculations including both Density

Functional Theory, DFT, to calculate ground state properties and built a quali-

tative understanding of the band gaps of different aggregated GNR structures

[65, 66]. Finally, G0W0 and the Bethe-Salpeter Equation, BSE, calculations were

used to study the electronic and optical band gaps of the GNRs quantitatively

[67, 68].

2.1 Molecular Dynamics

In MD, the positions and momenta of atoms evolve with time according to

Newton’s laws of motion. Information from these simulations allows us to

estimate the kinetic and thermodynamic properties of the GNR systems un-

der study. The MD simulations employed the LAMMPS package (Large-scale

Atomic/Molecular Massively Parallel Simulator) [69]. This software was cho-

sen for several reasons: it is very flexible in terms of available models and meth-

ods, it runs efficiently on multiple cores in parallel, the source code is easy to

read and modify, and it is very well documented. In all simulations, we em-

ployed time steps ranging from 1.0 to 2.0 fs. Long-ranged interactions (van der

Waals and Coulombic) were treated with a 10.0 Å cut-off. Past that distance, a

tail correction was used to estimate the long-ranged van der Waals interactions.
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A particle-particle, particle-mesh scheme was used to estimate Coulombic inter-

actions with a 10−5 error tolerance [70]. To maintain temperature and pressure

at 300 K and 1 atmosphere, we used Nosé-Hoover thermostats and barostats.

2.1.1 General Force Field Description

Following the motion of a molecular system according to Newton’s laws, re-

quires that the forces between the atoms that comprise the system have been

defined. While this could, in principle (and in fact using techniques such as

Car-Parrinello MD [71]), be performed using a first principles simulation, this

is often too computationally expensive. Instead, for larger-scale simulations in-

volving thousands of atoms, it is far more common to define the inter- and intra-

molecular forces as simplified sets of equations for each interaction, accompa-

nied by semi-empirically defined parameters, called “force fields”. In our study,

we used Jorgensen et al.’s Optimized Potential for Liquid Simulations All-Atom

(OPLS-AA) force field for all of our MD calculations [72]. The equations used

for components of this force field are the following:

Ebond = kr (r − r0))2 (2.1)

Eangle = kθ (θ − θ0))2 (2.2)

Etorsion =
V1

2
[
1 + cos(φ)

]
+

V2

2
[
1 − cos(2φ)

]
+

V3

2
[
1 + cos(3φ)

]
(2.3)

Evdw = 4ε
((
σ

r

)12
−

(
σ

r

)6
)

(2.4)

Ecoul =
q1q2e2

r
(2.5)
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which describe the bond energies (Ebond), bond-angle energies (Eangle), torsion

energies (Etorsion), van der Waals energies (Evdw) and Coulombic energies (Ecoul),

respectively.

In this study, two solvents were used: NMP and water. NMP represents a

“good” solvent, while water is likely to be a “poor” solvent. In an analogous

previous simulation study of rigid bulk graphene sheets [52], the partial charges

on the NMP solvent were adjusted such that the dipole moment matched the

results of DFT studies of the same system [73]. The errors in density as a result

of this change were less than 1%. This same alteration was included in our

model. The SPC/E model was used to represent the water force field [74]. Since

no spring coefficients were incorporated in the model, the SHAKE algorithm

was used to keep bonds close to their equilibrium lengths and angles [75].

2.1.2 GNR Force Field Description

It was unclear at the outset if a classical force field would be adequate to describe

graphene. In addition, the OPLS-AA force field was parameterized for small

molecules. Since bulk graphene and GNRs are not small molecules, we rein-

vestigated their parameterization. First, the long-ranged interactions were ex-

amined (specifically the van der Waals and Coulombic terms in the force field).

Depending on the method of determining the parameters for the Lennard-Jones

(LJ) function to describe van der Waals interactions, it is possible to determine

different sets of LJ parameters. In several recent MD studies of graphene [76, 52],

LJ parameters were used that had originally been applied to systems involving

gas adsorbing on graphite [77]. Different parameterizations can also be derived
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from the absorption of aromatics of increasing size on graphite [78]. Finally,

Quantum Monte Carlo results of the interlayer binding energy in graphite were

available as an information source to obtain yet another parameterization [79].

In this study, we used the parameters determined by Cheng and Steele because

a number of researchers have used them successfully for MD simulations and

related them back to experiment [77, 52]. However, this is not to say that these

are definitively the most accurate set of LJ parameters for this system. In a study

where quantitatively accurate binding energies are required, rather than trends,

this issue may need to be revisited.

The electrostatic interactions of graphene are also complicated. Due to the

existence of π electrons above and below the plane of a graphene sheet or GNR,

the material has a net quadrupole moment perpendicular to the sheet. This

has been studied in depth by Kocman et al. [80]. They found that, while the

quadrupole moment has a vanishingly small effect on a system with larger

graphene sheets, it can have a more significant impact on smaller graphene-

based systems, like GNRs. There is always a significant change in electrostatic

potential near the edge of the sheet. Even away from the edge, the quadrupole

moment has some (often structure-directing) effects on the solvent. It was

shown by Kocman et al. that the quadrupole moment of graphene may be

involved with the different dispersibilities of graphene in benzene and hex-

afluorobenzene [80]. Without a quadrupole moment, MD simulations sug-

gest that both solvents perform identically. However, with the inclusion of the

quadrupole moment, there are higher energy barriers associated with the ag-

gregation of graphene in hexafluorobenzene. This coincides with results from

experiment that show that graphene in hexafluorobenzene is more dispersible

than in benzene.
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Examining differences in aggregation free energies as we vary the nature of

the solvent is beyond the scope in our study. Instead, we look at the effects

of a variable electrostatic charge along the edge of our GNRs, which is impor-

tant because of the small dimensionality of the material. For a single benzene

ring, the smallest motif representative of graphene-like materials, the OPLS-AA

force field describes a single benzene ring as having a charge of -0.115 e for the

carbon atoms and 0.115 e for the hydrogen atoms providing the molecule with

a quadrupole moment, where e is the magnitude of the charge on an electron

(1.602 · 10−19 C). It was necessary to test if these charges would be adequate,

given a GNR of similar size to the ones that would be simulated via MD. To do

this, the GNR shown in Figure 2.1 was simulated using DFT through Gaussian

09 [81] calculations. The structure was optimized with the 6-31G(d) basis set

and a B3LYP functional [82, 83, 84]. With the same basis set and functional, the

partial charges on the atoms were estimated using the Merz-Kollman scheme

[85]. Since a finite GNR was used, only the middle section, away from the edge,

was used in the evaluation of the partial charges. Three regions were identified:

Edge hydrogens, edge carbons (bonded to edge hydrogens), and core carbons

(only bonded to other carbons). The average charges for each of these respec-

tively were 0.13 e, -0.185 e, and 0.01 e. Since the benzene model had no core

carbons, the core charge was shifted to the edge carbons for a direct compari-

son. The resulting charges of 0.13 e for the hydrogens and 0.13 e for the edge

carbons were very close to the OPLS-AA parameters of 0.115 e and -0.115e re-

spectively. Since the differences between the calculated charges and OPLS-AA

charges were smaller than partial charges typically used for the OPLS-AA force

field (above 0.05 e), the OPLS-AA charges for benzene were used to simulate
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partial charges on the simulated GNRs, with the core carbons set to zero charge

[72].
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Figure 2.1: The GNR used to compare DFT calculated partial charges with
the OPLS-AA parameter set. The colored blocks represent the
particular atoms that were used in the analysis. The red blocks,
green blocks, and blue blocks cover the hydrogen atoms, edge
carbons, and core carbons, respectively.
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For a few aspects of our study, having GNRs with the right bending rigidity

was important in order to accurately portray the flexing of the GNRs. The bend-

ing modulus of graphene had already been calculated using ab initio studies [86]

to be 34 kcal/mol. In order to calculate the bending modulus, cylinders of diam-

eters from 32 nm to 65 nm were set up that were made of van der Waals spheres

[87]. On each of the cylinders, the energy representative of a GNR that was 3.0

nm wide and 10.1 nm long was minimized on each of the cylinders (Figure 2.2).

The difference in intramolecular potential energy between the wrapped GNRs

and a flat GNR was used to calculate the bending modulus, D, with:

Ebend =
1
2

DWLκ2 (2.6)

where Ebend is the energy difference just described, W is the GNR width, L is the

GNR length, and κ the GNR curvature. It was found that D was most sensitive

to altering the second Fourier coefficient, V2, in Equation 2.3. We adjusted this

parameter and performed iterative minimizations until the value of D reached

34 kcal/mol. The final value of V2 was determined to be 5.05 kcal/mol (in con-

trast to the default value provided by OPLS-AA of 7.7 kcal/mol) [72].

21



A B

Figure 2.2: Results from simulations used to calculate bending rigidity. (A)
provides a plot of the known terms on the right hand side of
Equation 2.6 vs. Ebend. (B) is an example of a GNR in its energy-
minimized state on a van der Waals cylinder.
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2.1.3 Free Energy Methods

Conceptually, the calculation of enthalpies is trivial in MD simulations. The

simulation only needs to be run long enough that an adequate level of preci-

sion can be gained from the respective ensemble averages. However, this is not

the case with free energy values, F. In fact, absolute free energies are practi-

cally impossible to calculate because its value is directly related to the partition

function, Q:

F = −kBTln (Q) (2.7)

However, differences in free energies can be calculated [88]. The free energy

difference between two states (states A and B, for example) can be related to the

probability of the two states:

FA − FB = ∆FA,B = −kBTln
(

PA

PB

)
(2.8)

where P is the probability of the system being in either state A or B.

If a MD simulation is run and the system samples both states frequently, the

free energy difference between the two should be simple to calculate. However,

this case is exceptional. If the relative probability between two states is as high

as 100, ∆F will be just over 2.5 kcal/mol at 300 K. For significantly higher free

energy differences between different states, unrestrained MD would be inca-

pable of adequately sampling both states in a reasonable amount of computer

time. Therefore, alternative routes are required to enhance the sampling of MD

simulations in order to calculate free energies.

In the studies in this dissertation, two methods were used: Thermodynamic

Integration (TI) and Adaptive Biasing Force (ABF) calculations. In both cases,

the reaction coordinate must be known or assumed. This reaction coordinate
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can be defined in terms of, say, the progress of a chemical reaction or the iden-

tity of atoms on a molecule. In our case, a suitable reaction coordinate was the

distance between two aggregating molecules. Progress along the reaction coor-

dinate is often denoted by λ, which will be adopted here. In both TI and ABF,

the following relationship is used:

∂F
∂λ

=

〈
∂H
∂λ

〉
(2.9)

where the term on the right is the ensemble average of the derivative of the

Hamiltonian with respect to the order parameter, λ. By integrating this term,

the free energy difference from one value of the reaction coordinate to another

can be found. When λ is the separation distance, the derivative is effectively a

force on the system. However, calculating ensemble average derivatives with

respect to position is complicated by the fact that some degrees of freedom are

removed from the system depending on how the order parameter is defined

(Equation 2.10, where λi is a particular value of the order parameter) [88].〈
∂H

∂λ(rN)

〉
λi

=

∫
∂H
∂λ(r)exp

(
−E(rN,pN)

kBT

)
δ
(
λ(rN) − λi

)
drNdpN

Q
(2.10)

When λ is simply one of the Cartesian coordinates, this ensemble average can

be calculated directly by MD through constraining the coordinates that define

λ. However, if λ is some non-linear combination of the Cartesian coordinates,

like the radial separation distance between two objects in solution, the coordi-

nate system in Equation 2.10 must be transformed into generalized coordinates

where the order parameter coordinates are orthogonal to the rest. In this case,

Equation 2.10 can be redefined as:〈
∂H

∂λ(rN)

〉
λi

=

〈
∂U

∂λ(rN)
− kBT

∂ln|J|
∂λ(rN)

〉
λi

(2.11)

where |J| is the determinate of the Jacobian for changing the coordinate system

from Cartesian to the generalized coordinates [88]. While this term is simple to
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calculate, it will be neglected because it provides no additional information rel-

evant to our study, and it makes the results more difficult to interpret. Instead,

only derivatives of U (the potential energy of the system) will be used. How-

ever, in this case, a true free energy is not calculated. Therefore, whenever the

Jacobian is neglected, the integral of Equation 2.11 will be called the Potential of

Mean Force, or PMF, highlighting that its integrals of forces, or derivatives with

respect to the potential energy, in the system.

In TI, also known as the “blue moon ensemble” method, many simulations

are set up with λ held fixed at different values [89, 88]. Then, the various deriva-

tives are numerically integrated across the reaction coordinate using such meth-

ods as the trapezoidal rule. The reason for its name is that this method permits

sampling at λ values that are typically not accessible using non-restrained MD;

as in accessible “once in a blue moon.” One difficulty with this method is that,

if the PMF changes sharply with respect to the order parameter, the resolution

of the different simulations may not be sharp enough to accurately calculate the

PMF. In this work, TI was used to examine the PMF representative of the aggre-

gation of GNRs. This method was used because it eliminates the need for the

GNR to diffuse back and forth along the reaction coordinate, which would be

very slow, and the PMF changes relatively slowly with respect to the reaction

coordinate. In addition, this method has already been used many times in the

literature to explore the aggregation of graphene sheets, although not for GNRs

[53, 52, 80, 90].

In the ABF method, the forces are also integrated over many values of λ

[91, 88]. In this case, however, the system is permitted to diffuse in an unre-

strained manner along the reaction coordinate. Bins at regular intervals are set
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up along the reaction coordinate where moving averages of the force are calcu-

lated for a particular value of the order parameter. The negative of this force

is then applied to the system as a biasing force. This biasing force slowly lev-

els both energetic barriers and wells allowing the system to diffuse freely back

and forth across the reaction coordinate. When this occurs, an integration over

the collected forces will provide a PMF. This method is used here to look at

systems where λ diffuses rapidly and the energy barriers and wells were both

small in magnitude. In this case, the entities if note were the small oligomeric

polyethylene glycol (PEG) and n-alkane chains adsorbing and desorbing from a

graphene sheet.

2.2 Density Functional Theory

In Chapter 4, we will investigate the electronic properties of aggregated GNRs.

In principle, this implies that we should solve the many-electron wave function:

HΨ(r1, ..., rN) = EiΨ(r1, ..., rN) (2.12)

with H representing the Hamiltonian, Ei an energy eigenvalue, N the total num-

ber of electrons, and Ψ being the many-body wave function. Unfortunately,

this problem is intractable. Instead, various approximations are used. The

most common method used in this work is Density Functional Theory, or DFT

[65, 66]. In DFT, it is shown that the total energy of a system is a functional of

the electronic density:

E[n(r)] = T [n(r)] +

∫
v(r)n(r)dr +

1
2

∫
n(r)n(r′)
|r − r′|

dr + Exc[n(r)] (2.13)

where n(r) is the electron density, E[n(r)] is the total energy, T [n(r)] is the total

electronic kinetic energy, v(r) is the external electric potential (such as atomic
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nuclei), and Exc[n(r)] is the exchange-correlation functional. The second term

on the right is the energetic component due to the interaction of the electronic

density with an external electric field (atomic nuclei, for example), and the third

is the interaction of the electronic density with itself. While the first three terms

can be calculated exactly, there exist only approximate forms of Exc[n(r)], requir-

ing estimations of this energy to be made. Typically, only the first few terms are

used in the following series:

Exc[n(r)] =

∫
εxc(n(r)n(r)dr +

∫
ε′xc(n(r) |∇n(r)|2 dr + ... (2.14)

In DFT, there is a unique electronic density function that minimizes E[n(r)],

and this E[n(r)] is the ground state energy of the system. In practice, the ground

state energy is found self-consistently by first estimating the electronic density

from single electron wave functions, recalculating the single electron wave func-

tions from a differential equation that is a function of the electronic density, and

then repeating. The total energy is calculated by summing up all of the eigen-

value energies from the occupied electronic wave functions:

n(r) =

N∑
i=1

|ψ(r)|2 (2.15)

Hψi(r) =

{
−

1
2
∇2 + v(r) +

∫
n(r′)
|r − r′|

dr′ +
d (n(r)εxc(n(r))

dn(r)

}
ψi(r) = εiψi(r) (2.16)

E[n(r)] =

N∑
i=1

εi (2.17)

There are multiple functional forms that can be taken by the single electronic

wave functions. In one software package used for this study, Gaussian 09 [81],

Gaussian distributions centered on the atomic nuclei are used, resembling a lin-

ear combination of atomic orbitals. In Quantum Espresso (a DFT code used for

modeling extended, periodic systems), plane waves are used instead [92].
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There are typically two methods used for estimating Exc in a pure DFT frame-

work. In the Local Density Approximation, LDA, only the first term in the ex-

pansion above is used [66]. A second, more advanced, approximation, known

as the Generalized Gradient Approximation, GGA, uses the first two terms [93].

Additional terms of the expansion can be used, but hybrid methods are typically

used first instead.

Exc can be split into its exchange and correlation components:

Exc[n(r)] = Ex[n(r)] + Ec[n(r)] (2.18)

While the correlation component must be approximated, the exchange term can

be calculated using the Hartree-Fock method (HF). In this method, the many-

body wave function is approximated by finding the Slater determinant of the

single-electron wave functions of the system:

Ψ(r1, ..., rN) =
1
√

N



ψ1(r1) ψ2(r1) · · · ψN(r1)

ψ1(r2) ψ2(r2) . . .
...

...
. . .

. . .
...

ψ1(rN) · · · · · · ψN(rN)


(2.19)

This form permits the solving an effective single-electron Schrödinger’s equa-

tion in a self-consistent approach, much like DFT. Also, the Slater determinate

ensures that the many-body wave function is antisymmetric, which is a phys-

ical property of fermions such as electrons. Unlike DFT, correlation effects are

completely neglected. However, the exchange term is more accurate. In popular

and more recent hybrid DFT methods, the full DFT correlation energy is used,

and a combination of the HF exchange and DFT exchange is used instead of the

pure DFT exchange:

Exc[n(r)] = aEx,HF[n(r)] + (a − 1) Ex,DFT [n(r)] + Ec[n(r)] (2.20)
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where a is an empirically defined scaling term which lies in the range between

0 and 1. An example of this approach, used in the previous section, is B3LYP

[82, 83, 84].

Hybrid methods can be used to reap the benefits of different methods, and

creative use of the scaling term can be helpful to solve certain problems. One

example of this is the Heyd-Scuseria-Ernzerhof functional (HSE) functional [94].

In extended, periodic systems, HF methods by themselves are difficult to use;

the pure HF exchange interactions decay very slowly with respect to distance.

This can greatly impede performance for many systems and might make calcu-

lations impossible for systems with very delocalized electrons (such as metals).

The HSE functional overcomes this by separating the 1/r term found in the ex-

change functional into short-ranged and long-ranged components:

1
r

=

(
er f c(ωr)

r

)
short

+

(
er f (ωr)

r

)
long

(2.21)

where ω is an empirically defined term. By using these rescaled 1/r terms, the

HSE functional becomes:

EHS E
xc (ω) = aEx,HF−short(ω) + (a − 1) Ex,PBE−short(ω) + Ex,PBE−long(ω) + Ec,PBE (2.22)

This permits the use of HF exchange only at short-range, where calculations can

be done simply, whereas a DFT exchange is used at long-range.

Since DFT is able to calculate ground-state electronic densities, it has been

used extensively to find low-energy molecular geometries. However, van der

Waals interactions are due to correlation effects, which are not accurately cap-

tured by pure DFT. Therefore, geometries in which non-bonded interactions are

important, including the systems of interest in this dissertation, are also un-

likely to be accurate. One solution to this is to add empirical terms to the over-
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all energy of the system to describe the van der Waals interactions [95]. This

correction is called a dispersion correction, and it is described below:

EDFT−D = EDFT + Edisp (2.23)

Edisp = −s
Nat−1∑

i=1

Nat∑
j=i+1

Ci j

R6
i j

1
1 + e−d(Ri j/Rr−1) (2.24)

where EDFT−D is the dispersion-corrected DFT energy, s and d are scaling factors,

Ri j is the distance between neighboring nuclei, Rr is the sum of van der Waals

radii between two atoms (determined from previously calculated electron den-

sities), and Ci j are dispersion terms estimated from previously calculated ioniza-

tion potentials and static dipole polarizabilities. While corrections such as these

do not modify the electronic properties of a system, they allow the approach to

accurately represent non-bonded interaction energies and forces.

2.3 Single Particle Excitations: The G0W0 Method

There are at least two major drawbacks to using DFT: One is that the exchange-

correlation functionals are imprecisely modeled approximations and the second

is that it only models the ground-state electronic density [96]. Single-particle

excitations (quasiparticle holes and electrons) as well as two-particle excitations

(excitons) cannot be accurately modeled in this way. To represent these phe-

nomena, Green’s function approaches are typically followed [97].

Fundamentally, Green’s functions describe the time-evolution of single par-

ticles in a time-dependent perturbing Hamiltonian

i~
d
dt
|φ(t) >= [H0 + Hint(t)] |φ(t) > (2.25)
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where H0 is the ground state Hamiltonian and Hint is the perturbing or inter-

acting Hamiltonian. This is simply the time-dependent Shrhrödinger equation.

For the systems of interest here, Hint describes all electron-electron interactions.

The Green’s function, G, is defined as:

G(r2, t2; r1, t1) = −
i
~

〈
φ
∣∣∣∣Tt

{
ψ̂H(r2, t2)ψ̂†H(r1, t1)

}∣∣∣∣ φ〉
〈φ|φ〉

(2.26)

where φ is the ground state wave function, Tt is a time-ordering operator, ψ̂H is

a particle annihilation operator, and ψ̂†H is a particle creation operator [97]. The

Green’s function itself gives the probability of a particle at position and time 1 to

be found at position and time 2 in the presence of an interacting field. Looking

from right to left in the term on the right hand side of the equals sign, the equa-

tion describes the time evolution of a particle. First, the system starts out with

the ground state |φ >. Next, a particle is created at position 1 and time 1 and it

evolves according to Hint (ψ̂†H(r1, t1)). The system evolves until it is destroyed at

ψ̂H(r2, t2) and Hint is turned off as system is returned to its ground state (< φ|) The

time-ordering operator ensures that these transformations occur in chronologi-

cal order. This permits the expression of electrons if t2 > t1 and holes if t1 > t2

(the ordering of the creation and annihilation operators are switched). Due to

the complexity of the following calculations, particular position and time coor-

dinates can be switched to a single number.

G(r2, t2; r1, t1) = G(21) (2.27)

The above equations are quite abstract, and it takes some effort to make them

practically useful. With Hint defined as the electron-electron interaction and by

taking the time derivative of G(12), the following relationship is found:[
i~
∂

∂t
− H0(1)

]
G(12) = δ1,2 − i~

∫
V(1 − 3)G(1323)d3 (2.28)
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with V(1 − 3 being the Coulombic interaction between points 1 and 3. The

G(1323) term is a two-body Green’s function that is difficult to work with, in

practice, and can be factored back into one-body Green’s Functions:[
i~
∂

∂t
− H0(1) + i~

∫
V(1 − 2)G(22)d2

]
G(12) = δ1,2 +

∫
Σxc(32)G(13)d3 (2.29)

where the new term on the left of the equals sign is simply the interaction with

the ground state electron density. Everything on the left of the equals sign can

be solved exactly using DFT and HF methods. The new term on the right, Σxc,

is a self-interaction energy describing the exchange and correlation effects. An

expansion for this was developed by Hedin in 1964 [98]. Hedin’s equations are

as follows:

Σ(1, 2) = i
∫ ∫

G(1, 3)W(1, 4)Λ(3, 2, 4)d3d4 (2.30)

W(1, 2) = v(1, 2) +

∫ ∫
(v(1, 3)P(3, 4)W(4, 2)d3d4 (2.31)

P(1, 2) = −i
∫ ∫

G(1, 3)Λ(3, 4, 2)G(4, 1)d3d4 (2.32)

Λ(1, 2, 3) = δ1,2δ2,3 +

∫ ∫ ∫ ∫
∂Σ(1, 2)
∂G(4, 5

G(4, 6)G(7, 5)Λ(6, 7, 3)d4d5d6d7 (2.33)

where W is a screened Coulombic interaction, P is a polarizability operator, and

Λ is a vertex function. For simplicity, infinitesimal positive and negative val-

ues along the imaginary axis are neglected here and in the remainder of this

chapter. The form of this expansion was developed in the same way as that for

the development of the HSE functional, namely, to screen out the long-range

HF interaction that makes convergence difficult for systems with delocalized

electrons. Unlike HSE, which switches HF for a local functional with respect to

distance, Hedin’s equations dampens out the exchange energy at long distances

with correlation effects. Also, by only including the Kronecker deltas in Λ, you

are left with the GW approximation which must be solved self-consistently [67].
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While the previous equations provide a framework for finding the Green’s

functions for electronic systems, nothing has yet been presented here to show

how calculations are actually made and used. To that end, there are two more

concepts that need to be described: First, if the system is in equilibrium (and

Hint is not a function of time), differences in time are the only thing that matters

and the G can be Fourier-transformed to the energy domain rather than the time

domain [98]:

G(r2, r1; ε) =

∫
G(r2, r1; ∆t)exp

[
−

iε∆t
~

]
d∆t (2.34)

Second, G can be related to non-interacting Green’s functions, G0, through the

Dyson equation [97]:

G(1, 2) = G0(1, 2) +

∫ ∫
G0(1, 3)Σxc(3, 4)G(4, 2)d3d4 (2.35)

G0 is very convenient because it can be estimated with data from DFT simula-

tions [67]:

G0(r1, r2; ε) =
∑

n

∑
k

φnk(r1)φ∗nk(r2)
ε − (εnk − Exc,nk)

(2.36)

with the subscripts n and k being the band number and k point, respectively, φnk

a ground state eigenvector, εnk an energy eigenvalue from the ground state, and

Exc,nk the corresponding exchange-correlation energy calculated by DFT. With

this information, the Dyson Equation, and Hedin’s equations, G can now be

found self-consistently. The resulting Green’s function will have the form:

G(r1, r2; ε) =
∑

n

∑
k

ψnk(r1)ψ∗nk(r2)

ε − εQP
nk

(2.37)

where ψnk are updated eigenvectors, and (much more importantly) εQP
nk are the

quasiparticle energies. These quasiparticle energies are the energies for holes

and electrons in the system where G was defined. These results can be used to

create and update band structure with accurate energies that would be unob-

tainable using DFT.
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With the inclusion of the vertex function, Hedin’s equations are effectively

an infinite expansion that cannot be solved. While the GW method can be used,

in theory, to obtain quasiparticle energies by solving them self-consistently, this

is usually too computationally expensive to be of value. Instead, the equations

are, instead, used as a perturbation about the DFT results, which is called the

G0W0 method in this dissertation and in common usage [99, 67].

P(1, 2) = −iG0(1, 2)G0(2, 1) (2.38)

W(1, 2) = v(1, 2) +

∫ ∫
v(1, 3)P(3, 4)W(4, 2)d3d4 (2.39)

Σxc(1, 2) = iG0(1, 2)W(1, 2) (2.40)

G(1, 2) = G0(1, 2) +

∫ ∫
G0(1, 3)Σxc(3, 4)G(4, 2)d3d4 (2.41)

These equations are presented in the order that they will be solved. While many

approximations were made, this method is significantly more accurate than us-

ing DFT methods [100], although it fails for highly correlated systems [99]. To

perform these calculations, the ground state electronic structure was first esti-

mated though DFT using the Quantum Espresso code [92]. Using those results,

G0W0 calculations in this dissertation were performed using the Yambo software

package [101]. While more accurate than DFT, they are also orders of magnitude

more computationally intensive.

2.4 Two-Particle Excitations and the Bethe-Salpeter Equation

In the previous section, the G0W0 approximation was shown to be able to de-

scribe quasiparticle energies and electronic band gaps. However, in studying

light adsorption and finding optical band gaps, two-particle excitations (or ex-

citons) need to be explored. This can be achieved by using the Bethe-Salpeter
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Equation (BSE), as discussed in this section. This method is a great deal more

complicated than the G0W0 approach, but the steps required to solve it are very

similar; hence only a few important points will be highlighted here.

Light adsorption is directly related to the magnitude of the imaginary part

of the macroscopic dielectric function (εM),

Im (εM(ε)) = Im
(
− lim

q→0

[
vG=0(q)PG=G′=0(q, ε)

])
(2.42)

where P and v are the polarizability operator and Coulombic interaction that

has been Fourier- transformed from real space to reciprocal space [99]. While

a polarizability operator was already calculated for the G0W0 method, the ap-

proximations are insufficient for BSE because it was derived from G0 instead

of G, and it completely neglects additional correlation effects incorporated by

the vertex function [99]. Instead of using Hedin’s equation for the polarizability

operator, a two-body Green’s function, L, is defined. This is the electron-hole

correlation function, and it can be related to the polarizability operator:

L(1, 1, 2, 2) = P(1, 2) (2.43)

L is calculated by the Dyson equation:

L(1, 2, 3, 4) = L0(1, 2, 3, 4) +

∫ ∫ ∫ ∫
L0(1, 6, 3, 5)K(5, 7, 6, 8)L(8, 2, 7, 4)d5d6d7d8

(2.44)

where K is the Bethe-Salpeter kernel [68]. Equation 2.44 is the Bethe-Salpeter

equation, and it is used to model excitonic effects within an electronic system.

L0 can be calculated from results given in the previous section:

L0(1, 2, 3, 4) = GG0W0(1, 2)GG0W0(3, 4) (2.45)
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with GG0W0 being the resultant Green’s function from the G0W0 approximation

[99]. Much like G0 and G, shown before, L0 and L can be described by:

L0(r1, r2, r′1, r
′
2; ε) = i

∑
c

∑
v

ψc(r1)ψ∗v(r′1)ψv(r2)ψ∗c(r′2)

ε −
(
εQP

c − ε
QP
v

) −
ψv(r1)ψ∗c(r′1)ψc(r2)ψ∗v(r′2)

ε +
(
εQP

c − ε
QP
v

) 
(2.46)

L(r1, r2, r′1, r
′
2; ε) = i

∑
S

[
χS (r1, r′1)χ∗S (r′2, r2)

ε −ΩS
−
χS (r2, r′2)χ∗S (r′1, r1)

ε −ΩS

]
(2.47)

with ψ and εQP from the resulting G values calculated by the G0W0 method [68].

The summations for L0 are over valence and conduction states (symbolized by

the subscripts c and v). Likewise, χ and ΩS are the resulting exciton wave func-

tions and energies for L, and are summed over all possible excitations, S . Two

important points to note here are that the minimum value for εQP
c − εQP

v is the

electronic band gap, and that ΩS is related to this value.

The electron-hole interaction kernel, K, is approximated in a similar way as

G was estimated from the GW method. It has the form:

K(1, 2, 3, 4) = Kx(3, 5, 4, 6) + Kd(3, 5, 4, 6) (2.48)

Kx(3, 5, 4, 6) = −iδ(1, 3)δ(2, 4)v(1, 4) (2.49)

Kd(3, 5, 4, 6) = iδ(1, 4)δ(3, 2)W(3, 4) (2.50)

Here, Kx and Kd are called the exchange and direct terms, respectively [68]. The

exchange term naturally describes the effects of electronic exchange in an exci-

ton, while the direct term describes the Coulombic interaction between electron-

hole pairs. These terms have a clear effect on ΩS . Assuming the spin-orbit effect

is negligible, a spin-singlet exciton and spin-triplet exciton have energies of

ΩS ,singlet =
(
εQP

c − ε
QP
v

)
+ EKd + 2EKx (2.51)

ΩS ,triplet =
(
εQP

c − ε
QP
v

)
+ EKd (2.52)
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with EKd and EKx being the energies contributions from the direct term and the

exchange term, respectively [68]. While converting L into a polarizability oper-

ator and then calculating the macroscopic dielectric constant, it is useful to look

at a different derivation of εM to see the role of ΣS in an adsorption spectrum.

In an electronic system, light can be modeled as a perturbing, time-dependent

electromagnetic field on the system:

Hlight(t) = −
1
c

A(r, t) · v (2.53)

with c being the speed of light, A being the electromagnetic vector potential,

and v being a velocity operator. Using Fermi’s golden rule, the probability of

transitioning from an initial to a final state (Pi→ f ) becomes:

Pi→ f = 2π
A2

0

c2 |< f |v · λ|i >|2 δ(E f − Ei − ε) (2.54)

with A0 being the magnitude of the vector potential, λ being a unit vector paral-

lel with A, and E f and Ei being the energies of the final and initial states, respec-

tively [102]. This can then be used to estimate the imaginary part of εM:

Im (εM(ε)) =
4π2

ε2

∑
f

|< f |v · λ|0 >|2 δ(E f − E0 − ε) (2.55)

with the initial state now being the ground state and the system being summed

over all possible final states [102]. In the case of excitons, this function has the

form:

Im (εM(ε)) =
4π2

ε2

∑
S

|< S |v · λ|0 >|2 δ(ΩS − ε) (2.56)

Assuming that the coefficients are non-zero, the minimum value of ΩS corre-

sponds to the optical band gap. In addition, this provides a simple tool to ex-

plain which transition will be more optically active than others [102].
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CHAPTER 3

GNR SIDE-CHAIN DISPOSITION AND AGGREGATE MORPHOLOGIES

3.1 Introduction

As discussed in the introductory chapter, our first task involved screening many

possible side-chains for their ability to disperse GNRs in solution. To do so, we

considered a number of different grafting densities and solvents by calculating

binding enthalpies and examining side-chain dispositions. This permitted us

to observe general trends in tendency to aggregate with changes in side-chains

and solvent, and hence provide a quick screening method to identify promising

side-chains that lead to highly dispersed GNR concentrations.

In this chapter, enthalpies (or equivalently in this case, potential energies)

of binding will be used as a metric, rather than free energies, since they are far

less computationally expensive and permit a post-simulation deconstruction of

the relative contributions from side-chains, GNRs, and solvent. This analysis

affords us the opportunity to simulate and compare many different GNR side-

chain configurations and side-chain/solvent systems. In the following chapter,

a few selected configurations will be analyzed further with more costly free en-

ergy calculations.

Here, we will examine the behavior of GNRs with PEG and n-alkoxy side-

chains of various lengths and grafting densities and their tendency to aggregate

in water and NMP. These choices of side-chain were made because of their pop-

ularity with experimental groups wishing to reduce aggregational tendencies.

This study will be split into two sections. First, we will describe the disposition
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of various side-chain configurations around the GNRs. Second, we will ascer-

tain the nature of aggregate morphologies from Steered Molecular Dynamics

(SMD) calculations and calculate their respective binding energies. This will

provide information on the relative ability of the different side-chains to affect

binding and link this to the side-chain dispositions from the first task. Both sec-

tions will begin by discussing simulations of GNRs in vacuum, as this scenario

does not contain the complication of considering interactions with the solvent

and helps to demonstrate key characteristics of the aggregates that form.

3.2 Simulation Set-Up

Periodic boundary conditions were used here, as is typical in MD. The GNRs

spanned the length of the simulation cell, thus connecting across the periodic

boundary and creating the appearance of an infinitely long ribbon. This allowed

us to calculate per-length energy values without the need to consider the effects

of the GNR tips (the ends of the ribbons); see Figure 3.1.A and 3.1.B. The box

length was chosen to be 4.2 nm long in order to prevent individual chains from

interacting with themselves while simultaneously minimizing artificial tension

or compression forces enforced by the box dimensions. The length of the GNR

was parallel to the y dimension of the box, which was held frozen, while the

x and z dimensions were permitted to deform via the NPT barostat. In reality,

GNRs dispersed in solution that are longer than their persistence length are

expected to bend and coil [103, 104]. However, this would be very cumbersome

to calculate, especially in solvent (as discussed in later sections), because these

bent or coiled GNRs can be hundreds of nanometers long. Instead, placing

GNRs across periodic boundaries, similar to the approach taken in modeling
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carbon nanotubes [105, 106], allows us to calculate per-length values that can be

applied to the overall ribbon.

These energies are calculated using Equation 3.1:

∆Ebind =
(E2 + ES ) − 2(E1)

L
(3.1)

where ∆Ebind is the binding energy, E2 is the energy of a solvent box with two

aggregated GNRs, ES is the energy of a solvent box with no GNRs, E1 is the

energy of a solvent box with one GNR, and L is the length of the GNR. In each

case, the number of solvent molecules in a solvent box was the same. These

calculations were only carried out in solution.
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Figure 3.1: Several images representing the details of the simulation set-
up. (A) and (B) are cross-section and side views, respectively,
of a typical simulation box. The GNR is shown in cyan with
blue side-chains and surrounded by solvent molecules. (C)
shows the two side-chain chemistries used here: PEG chains
and n-alkoxy chains. (D) shows the three grafting densities
used. Substitutional sites for the side-chains are shown in red.
Most energies reported in this paper are given as per length
quantities. For example, binding energies were calculated, de-
fined as the energy change that occurs when two ribbons come
into contact with each other.
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3.3 MD Simulations of Single Ribbons

Our first study examined single GNRs with various side-chain configurations

in vacuum, NMP, and water. This permitted us to understand the dispositions

of the side-chains, which is an important aspect of aggregation behavior. There

are three variables under consideration here: chain chemistry, chain length, and

grafting density. Figure 3.1 shows the typical solvent box used in this study as

well as descriptions of the chain-chemistries and grafting densities that were

applied to the simulated GNRs. Two different chain chemistries were studied:

n-alkoxy and PEG chains (shown in Figure 3.1.C). Unless otherwise mentioned,

chain lengths containing 6, 12, and 18 chain atoms were used, with a chain atom

being either a linked carbon or oxygen atom. Finally, the grafting density (DG)

represents how many chains are appended along the edge of a GNR for a given

length. The three values of DG studied here are shown in Figure 3.1.D. DG = 1

represents one ligand substitution for every four hydrogen termination sites, DG

= 4 represents total edge substitution with chain ligands, and DG = 2 represents

an intermediate amount of substitution. The width of the GNRs simulated in

this paper is 1.5 nm. This width combined with the armchair configuration

would give the hydrogen-terminated GNR a band-gap similar to silicon (1.0

eV) [107, 35], making it a reasonable GNR for device applications.

3.3.1 Single GNRs in Vacuum

In order to examine GNRs and side-chains without the complicating effects of

solvent, we studied the behavior of GNRs in vacuum with the lowest graft-

ing density, DG = 1, different chain lengths and both chemistries (n-alkoxy and
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PEG). A 1 ns simulation was sufficient to allow us to observe the conformational

disposition of the side-chains in vacuum. Figure 3.2 shows representative im-

ages of both cross-sectional and top-down views of different GNRs. Both PEG

chains and n-alkoxy chains performed similarly. The side-chains prefer to ad-

sorb on either face of the GNR, but this requires the side-chains to be able to

bend. Side-chains that are six atoms long (or less) are unable to bend enough to

make significant contact with the GNR. Longer chains are able to wrap around

the GNR. GNRs with side-chains nine atoms long were included to highlight

this change. Chains that were wrapped around the GNR desorbed very infre-

quently.
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Figure 3.2: Cross-sectional (left) and top (right) views of GNRs with side-
chain lengths varying from 6 to 18 atoms (bottom axis) for both
n-alkoxy (top) and PEG (bottom) side-chains for DG = 1.
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3.3.2 Single GNRs in Solvent

Next, individual GNRs were simulated in both water and NMP solvents. These

solvents were chosen because they are both used frequently for graphene and

CNTs; but they are expected to interact very differently with the graphene mate-

rial. NMP is known to be effective at dispersing large polyaromatic compounds,

like graphene [13, 108], while water is very poor at dispersing graphene, requir-

ing surfactants or charged functionalities [60, 56, 54]. With both solvents be-

ing polar, but the side-chains being either non-polar, for alkane-tipped n-alkoxy

chains, or polar, PEG chains, it was expected that the n-alkoxy chains should in-

teract less favorably in both solvents than the PEG chains. This means we have

different levels of solvent quality for different combinations of side-chains and

solvents. For example, using water and n-alkoxy chains would represent a poor

solvent for both the GNRs and side-chains. This provides a greater diversity of

outcomes than in the vacuum case.

All simulations were equilibrated for 2 ns and data were collected over an

additional 12 ns. This length of time for data collection was sufficient to re-

duce sampling error to approximately 2.0 kcal/(molnm) based on the system

energy’s time correlation [109]. Unlike the vacuum case, there were many sit-

uations in solvent where the tips of the side-chains moved freely around the

GNRs. Therefore, a rendering of single frames from the simulation (a snap-

shot in time) is not sufficient to describe the average locations of the side-chains

during the simulation. Instead, we generated heat maps representing the rela-

tive probability of finding a chain atom at a particular point in space in the x

and z dimensions. These heat maps are shown in Figures 3.3 and 3.4, which

represent the behavior of the n-alkoxy and PEG chains, respectively. We only
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recorded the locations of carbon or oxygen chain atoms, excluding the oxygen

atom directly bonded to the GNR, which shows little motion. Since the behav-

iors of the different chain lengths were comparable, results are only shown for

one representative chain length, here 12-atom chains. The remaining heat maps

are included in Appendix A.

As expected, GNRs with n-alkoxy chains in water show very similar behav-

ior to those in vacuum calculations, as shown in Figure 3.3. Here, the chains

are tightly adsorbed to the surface of the GNR in preference to extending into

the poor solvent. However, their behavior is very different in NMP. In this case,

most of the side-chains point away from the GNR.

The grafting density also affects the behavior of the side-chains. At DG =

1, the chains sample a large section of space around the edge of the GNR, and

some side-chains periodically adsorb onto the GNR surface. At DG = 2, the side-

chains are roughly parallel with the GNR faces. At DG = 4, because of steric

congestion, the side-chains are oriented in many directions, including several

adsorbed on the GNR. To understand the subtle change in disposition between

DG = 1, DG = 2, and DG = 4, the component of potential energy for each simula-

tion due to the OC11H23 and PEG4 side-chains are shown in Figure 3.5. For ease

of comparison, the DG = 1 results were set as the baseline value of 0 kcal/mol. In

either case, the energy decreases from DG = 1 to DG = 2, showing that the side-

chains adopt a more energetically favorable environment when they are close

together, while the steric crowding that occurs at DG = 4 causes the energy to

increase dramatically.
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Figure 3.3: Heat maps of the cross-sections of OC11H23 (n-alkoxy) in water
(top) and NMP (bottom) at all three grafting densities (increas-
ing from DG = 1 on the left to DG = 4 on the right). The color
represents the relative probability of finding a backbone atom
at a point on the map, with white corresponding to the site
most visited by a chain atom and dark red the least visited.

47



A

B

Figure 3.4: Relative chain potential energies for OC11H23 side-chains (A)
and PEG4 side-chains (B). Lines representing GNRs in water
and NMP are shown in red and blue, respectively. All three
grafting densities are represented relative to the energy of DG

= 1 which was set to zero. Snapshots from the simulation show
the morphologies of the GNR and side-chains at key points.
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While the PEG chains appended to GNRs in water appear to be similar to

the vacuum case in Figure 3.4, details of the adsorption are somewhat different.

Although PEG is known to be soluble in water, the chains were observed to

adsorb onto the GNR. This behavior has been seen in other work [110]. Like the

n-alkoxy case, the configuration resulting from DG = 4 is slightly more expanded

due to crowding. The distribution of the PEG chains is much more diffuse when

NMP is the solvent. Here, the side-chains prefer to remain along the edges, with

a few chains adsorbing onto the GNR. More chains are forced to be within close

proximity to the GNR due to steric congestion, and are subsequently more likely

to be adsorbed on either face of the GNR.
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Figure 3.5: Heat maps of the cross-sections of PEG4 in water (top) and
NMP (bottom) for all three grafting densities (key as in Figure
3.3).
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3.4 MD Simulations of Two-Ribbon Aggregates

Having observed how side-chains behave on single, isolated GNRs, we investi-

gated how side-chains affected aggregate binding energies and aggregate mor-

phologies. Again, results for vacuum calculations are shown first to describe

the system without the presence of solvent. Next, we describe SMD calculations

that were used to generate different aggregate morphologies of each GNR vari-

ant. We calculated binding energies of these different variants and determined

the contributions of side-chains and GNRs to these binding energies. This pro-

vided a means to detect where changes in binding energy originated within the

system: the GNRs or the side-chains.

3.4.1 MD Studies in Vacuum

In a previous section, we showed that side-chains in vacuum and in water

tended to wrap around the GNRs. These side-chains can have a significant im-

pact on the final aggregate morphology by preventing the GNRs from coming

into direct contact with each other and hence mediate aggregation. Examples of

aggregates with 0, 1, and 2 layers of side-chains separating the two GNRs are

shown in Figure 3.6 in vacuum. The number of layers of side-chains that sepa-

rate two GNRs in a given aggregate will be called its “layer number” in the rest

of this chapter.

51
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Figure 3.6: Cross-sectional views of aggregates formed by GNRs with
OC17H35 side-chains for DG = 2. The three images show ex-
ample morphologies of aggregates with varying numbers of
side-chains sandwiched between the ribbons.
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Wrapped side-chains rarely desorbed from either face of the GNR. Side-

chains between the GNRs are highly kinetically trapped because they are effec-

tively adsorbed onto two GNRs, which constrict the side-chains between them.

This meant that many simulations had to be run for each side-chain configu-

ration in order to calculate the likelihood of layered structures forming. Such

simulations were initialized by first simulating isolated single GNRs in vacuum

for 20 ps, then quickly drawing them together by a retracting harmonic spring.

The final aggregates were then allowed to equilibrate for 6 ns to permit the

side-chains to relax. For each side-chain configuration, 0 to 20 side-chains were

constrained to remain in-between the GNRs, while the rest were constrained to

remain on the outside. These constraints were released after the GNRs aggre-

gated. A diagram of this procedure is shown in Figure 3.7.

The results of these simulations are tallied in Table 1. The n-alkoxy and PEG

chains behaved almost identically. In vacuum, their particular chemistry does

not play a big role in their dynamics. However, the smallest chain lengths for

the PEG-substituted GNRs can form layered structures, while the n-alkoxy sub-

stituted GNRs cannot. The PEG chains can more easily bend back towards the

GNRs and allow more material to separate the two ribbons. Thus, with longer

side-chains and higher grafting densities, layered structures are more likely to

form. Longer side-chains can more easily fill the space between the GNRs, while

side-chains at higher grafting densities have a greater chance of remaining be-

tween the GNRs due to the greater number of side-chains and the steric conges-

tion along the edges.
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A. B. C. D. E.

Figure 3.7: An outline for creating GNR aggregates in vacuum. (A) is the
initial GNR placement with the faces being 26 Å away from
each other. (B) shows the GNRs with the initial constraints
forcing some side-chains between the GNRs. (C) shows the
individual GNRs being permitted to relax for 10 ps at 50 K. (D)
shows the GNRs being brought together in 5.5 ps. Finally, all
constraints are released and the GNRs are heated to 300 K and
permitted to relax over 6 ns in (E).
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Table 3.1: Population of layered structures with different side-chain con-
figurations. 21 simulations were ran in total for each side-chain
configuration. Aggregate structures that did not clearly fit into
one of the three categories were not included in the tally.

number of layered structures (0-layered #/1-layered #/2-layered #)

DG n-alkoxy chain length (chain-atom #) PEG chain length (chain-atom #)

6 12 18 6 12 18

1 (21/0/0) (7/14/0) (5/9/6) (19/2/0) (7/13/0) (4/11/4)

2 (21/0/0) (7/14/0) (3/9/7) (16/5/0) (7/14/0) (3/10/4)

4 (8/13/0) (4/12/4) (2/8/10) (5/16/0) (2/14/2) (2/8/9)
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Solution Studies via the Steered MD Method

In order to observe layered aggregates in solution, we used an Steered Molecu-

lar Dynamics (SMD) simulation approach. Single ribbons in solvent, discussed

in the previous section, were replicated and placed 40 Å away from each other

in a face-to-face orientation in the solvent. The two GNRs were then drawn to-

gether at a pulling rate of 2 Å/ns and were constrained to come together in a

face-to-face manner so that multiple layered structures could be observed in a

single run.

Different aggregated structures were found by locating local energy minima

in the interactions of the two ribbons (including interactions of the GNRs and

the side-chains) and correlated to visualizations of the aggregates that formed

(Figure 3.8). The peaks between minima indicated distances where the side-

chains were being forced out from between the GNRs. In some cases, due to

sluggish kinetics, the chains between the GNRs were not pushed out by the

SMD procedure by the end of the simulation. Therefore, a force was temporar-

ily added to the separating chains to “evict” them from the surrounding GNRs

before the energies were collected. In order to obtain aggregates in which the

GNRs were in full contact, these remaining side-chains were removed by adding

additional restraint forces. The binding energies of these zero-layered aggre-

gates (without any intervening solvent layers) will be discussed first because

they can be generated regardless of side-chain configuration and are thus more

important. Then we will discuss “single-layered” structures (with one interven-

ing layer of solvent).
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Figure 3.8: Ribbon-ribbon interactions in an SMD simulation. The two
minima correspond to aggregates where the GNRs are either in
contact with each other (at a separation of 3.6 Å) or where they
are separated by a single layer of side-chains (at a separation of
7.5 Å).
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Binding Energies for zero-layered structures

Using Equation 3.1, we calculated the total binding energies for GNRs with the

side-chains in direct contact with each other in NMP and water solvents; see

Figures 3.9 and 3.10. These figures also show how the total energies can be

broken down into components arising from the GNR and the side-chains. The

more negative the energy value, the stronger the binding (and the greater the

tendency for aggregation). The conformations of the side-chains corresponding

to key points in these graphs are also presented. It is apparent that the side-

chains can adopt a wide variety of morphologies and that they have a direct

bearing on the binding energy.

We can draw a few conclusions about the binding energies by looking at

these figures. For example, the binding energy for GNRs in NMP was gener-

ally less negative (less tendency for aggregation) than in water. This is expected

since NMP is a much better dispersal medium than water for polyaromatic sys-

tems. Second, at DG=1, the binding energy is very similar to the case without

side-chains, regardless of chain length. For low grafting densities, DG=1, only

entropic or kinetic effects from these side-chains should affect aggregation.
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C. OC5H11, DG=2

Figure 3.9: Potential energy per unit length for a variety of side-chain con-
figurations as a function of chain length in an NMP solvent.
Colored lines show the effect of different side-chain chemistries
and grafting densities (solid lines for n-alkoxy and dashed lines
for PEG, while the colors red, blue, and green represent DGs of
1, 2, and 4, respectively). The total binding energies are shown
in the top left figure; the contributions to this total energy from
the GNRs and the side-chains are shown in the middle left and
middle right plots, respectively. In addition, several points of
interest are labeled in the total binding energy plot, and the
respective morphologies of the aggregates are shown on the
bottom.
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Figure 3.10: Potential energy per unit length for a variety of edge chain
configurations as a function of chain length in a water solvent
(key as in Figure 3.9). Analogously to Figure 3.9, this plot en-
capsulates the effect of all the variables studied in this paper
for the behavior of GNRs in water.
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In the case of NMP, shown in Figure 3.9, the most significant contributors to

the overall trends are the relative solubilities of the n-alkoxy chains and PEG

chains, as well as their tendency not to adsorb strongly onto the GNR. The

binding energy component due to the PEG chains remains virtually unchanged

with differing chain lengths and grafting densities. On the other hand, there

is a linear, downward trend in binding energy (unfavorable for disaggrega-

tion) for GNRs with n-alkoxy chains at higher grafting densities, DG values of

2 or 4. Here, the increasing length of the side-chains creates an increase in the

GNR/side-chain surface area upon aggregation. The GNRs were major contrib-

utors to these trends in the overall binding energy. For example, GNRs with DG

= 4 are sterically crowded along the edges, forcing the shape of the ribbon to

contort or shift with respect to the other GNR in order for the ribbons to come

in direct contact. This greatly increases the contribution from the GNRs to the

binding energy.

Despite the fact that the n-alkoxy side-chains increase the level of binding,

the DG = 4 case with the OC5H11 side-chains actually has a positive binding en-

ergy (making aggregation unfavorable). The insolubility of the n-alkoxy chains

as well as the tendency of side-chains to wrap around the GNRs makes the

binding energies more difficult to interpret in water (Figure 3.10). In part, this

is due to kinetic trapping of the side-chains wrapped around the GNRs, which

causes a significant amount of noise in the data. Some of this is evident in Fig-

ures 3.10.E and 3.10.F, where, within the same aggregate, there are side-chains

that are wrapped and disordered and others that are ordered much like the case

of NMP in Figure 3.9. For the n-alkoxy case, chains with DG = 4 perform very

similarly to those in the NMP solvent. However, this is not the case with DG

= 2, where the binding energy minimum occurs at a length of six chain atoms.
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Subsequently, as the length of the side-chain increases, the binding energy rises

and then forms a plateau. This is due to the side-chains wrapping around the

GNR before aggregating. At a chain length of 6 atoms, the chains cannot wrap

around the GNR. Instead, they bind very strongly with the side-chains on the

other ribbon. At longer chain lengths, the chains are initially wrapped around

the GNRs. As a result, only some of the chains can interact favorably along the

edges. This is the cause of the rise in energy and subsequent leveling out for the

case when DG = 2. At shorter chain lengths of six chain atoms, neither the wrap-

ping nor the interactions of the side-chains play a significant role on the binding

energy, and the grafting density plays the most important role in determining

the binding energy.

Binding Energies for single-layered structures

Aggregates separated by one layer of side-chains can be important in cases

where kinetic trapping makes it difficult to achieve the zero-layered aggregate

or when the binding energy of the single-layered aggregate is lower than the

zero-layered case, making it more stable. We observed aggregates to form with

multiple separated side-chains, as in the vacuum; but only single-layered struc-

tures could be consistently resolved with SMD.

The energies were calculated as in the previous section: equilibrating for 1 ns

and collecting data for 12 ns. But, unlike the vacuum case, only one simulation

was performed for each side-chain configuration. GNRs with long side-chains

(12- to 18- atoms long) formed layered structures in water. However, in NMP,

only OC17H35 side-chains with DG = 4 produced a layered structure. Steric con-

gestion along the edges, combined with the length of the side-chains, caused a
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significant number of side-chains to adsorb onto the GNR, making it possible for

a layered structure to occur (Figure 3.3). Figure 3.11 gives the binding energy for

each of the layered structures as well as binding energies of their non-layered

counterparts. For n-alkoxy side-chains in water (Figure 3.11.A), the binding en-

ergies are either very similar to each other or the single-layered structure has a

higher energy than the zero-layered structure.

The n-alkoxy case in NMP is very different; here, the layered aggregate has

a lower energy than the zero-layered structure. The zero-layered structure is

made up of two, highly bent GNRs, and the side-chains are very sterically con-

gested, forcing them away from the well-ordered domains shown previously

with n-alkoxy chains in NMP. The single-layer structure has a lower energy be-

cause this configuration allows the GNRs to be unbent and the side-chains can

again form well-ordered domains. Renderings of these structures, and an en-

ergy component breakdown, can be found in Figure 3.12. Figure 3.11.B shows

binding energies for the single-layer and single-layer aggregates for the PEG

chains. Here, the side-layered structures have a much higher energy than the

non-layered case for DG values under 4. On the other hand, the energy differ-

ence is smaller and reversed for the case where DG = 4, with the layered case

having a lower energy. The difference in energy profiles can be attributed again

to the bending of the GNRs and steric congestion of the side-chains of non-

layered structures at high grafting densities. Further details and renderings of

these structures can be found in Figure 3.13.
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B

Figure 3.11: Comparison of binding energies between GNRs with, and
without, intervening layers of side-chains in good and poor
solvents. (A) shows results for n-alkoxy chains; (B) shows re-
sults for PEG chains. Binding energies of GNRs with side-
chains that are 12 atoms long in H2O are shown in red, those
with side-chains that are 18 atoms long in H2O are shown in
blue, and those with side-chains that are 18 atoms long in
NMP are shown in green. Single-layered and zero-layered
structures are represented by dashed and continuous lines, re-
spectively.
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Figure 3.12: Decomposition of the various components that lead to the to-
tal energy of OC17H35 at DG = 4 in NMP (A) and water (B).
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Figure 3.13: Decomposition of the various components that lead to the to-
tal energy of PEG6 in water with DG = 1 (A) and DG = 4 (B).
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3.4.2 Discussion

We found that there were many nuanced ways in which side-chain conforma-

tions are affected by their intrinsic characteristics of length, chemistry and den-

sity and their interaction with their environment, especially the choice of sol-

vent. We observed a rich variety of side-chain conformations (Figures 3.3 and

3.4 make this apparent) and were able to relate them back to their effect on the

binding energy of the nanoribbons. While this complexity of ribbon, side-chain,

solvent interactions makes generalizations difficult, we were able to determine

which side-chain characteristics are more effective than others at decreasing the

binding energy of 2D ribbons like GNRs.

With the “light and shade” that this has provided for side-chain selection,

we can apply it to screen quickly for side-chain choices that can be synthesized

in a lab. This is explained in more detail in the discussion below. Although

these enthalpic calculations clearly say nothing about the entropic effects, we

believe that they have a key role to play as a “triage,” first step, to identify more

promising side-chain choices. More promising choices can then be subjected

to greater scrutiny by detailed and expensive free energy calculations that will

account for entropic effects, and ultimately tested experimentally.

Overall, we summarize our observations as follows, answering a series of

relevant questions:

What is the importance of each of the variables studied here? Our results show that

the overall net effect of all the variables studied on the binding energy is a del-

icate balance of multiple factors, making the outcome too difficult to have pre-

dicted a priori, but uncovered by the comprehensive study here. These results
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will allow future studies to focus first on more important variables, especially

grafting density. For example, with side-chains in a good solvent (PEG chains in

water or NMP), the binding energies are only slightly affected by chain-length.

However, for side-chains in a poor solvent (n-alkoxy chains), the binding en-

ergies increase (favoring disaggregation). This latter behavior is only seen if

DG >1, and longer chain lengths increase this characteristic. Layered aggregates

are more likely to form with longer chains and higher grafting density.

What is the effect of the grafting density? Despite the intricate relationship be-

tween the tested variables to affect the binding energy of the system, the graft-

ing density had the single most significant impact on the binding energy. This

was first apparent for single ribbons; Figure 3.4 showed the strong influence of

grafting density on side-chain interactions. The heat maps in Figures 3.3 and

3.4 showed that steric congestion along the edges forces side-chains into more

spread-out conformations. But more importantly, the summative plots in Fig-

ures 3.9 and 3.10 show that it is only the highest grafting density with a suitable

chemistry (PEG chains) that leads to the positive binding energy that encour-

ages dispersibility. This is a large enough effect that it can even overcome the

presence of a poor solvent. The steric crowding at such densities made it nec-

essary for the GNRs to deform significantly if aggregated, making binding sig-

nificantly less favorable. GNRs with highly branched side-chains, which have

been shown experimentally to be dispersible, could behave analogously to these

GNRs with high grafting density [46].

How does the ability of side-chains to wrap around the GNRs impact aggregation?

In vacuum and poor solvents (like water), side-chains prefer to wrap around

the GNRs. In some cases, this leads to aggregates where the side-chains formed
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multiple layers between the GNRs. However, these aggregates invariably pos-

sessed a higher energy than systems without intervening side-chain layers in ei-

ther solvent, indicating they were only metastable states (see Figure 3.11). There

are, however, cases in which side-chain wrapping can be helpful. An interest-

ing case in point occurred only for shorter PEG chains in a water solvent at low

to intermediate densities, i.e., DG < 4. Here, the layered structures had a much

higher (more positive) binding energy than the non-layered case. This indicates

that, in this particular case, the PEG chains behaved as a protective layer around

the GNRs, preventing them from strongly binding together.

However, using this general strategy to alleviate aggregation is problematic

for several reasons. First, the binding energy of the layered structure is still sig-

nificantly low, indicating that the binding is still strong. Second, the aggregate

with the PEG side-chain layer is metastable. If the barrier between the layered

and non-layered cases is small, the existence of this metastable structure should

have little impact on aggregation. If the barrier is large, the zero-layer aggregate

might not be easily obtainable and the single-layer case would make a large im-

pact on the nature of aggregation. Metastable protective layers have been cited

in the literature for dispersing graphene. For example, Shih et al. indicated that

some of the most successful solvents at dispersing graphene form metastable

solvent layers that slow down the rate of aggregation [52]. While further inves-

tigation of these layered structures is outside the scope of this study, it would

be interesting to study them further to see what effects they have on aggrega-

tion despite their failure in reducing the binding strength sufficiently to prevent

aggregation in this study.
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In this study, it appears that GNRs with PEG chains in NMP with DG = 4 are

the most viable for preventing aggregation. The PEG chains interact favorably

with the solvent and do not form highly ordered low-energy domains along the

sides. The NMP solvent interacts more favorably with the GNRs than water,

making the strength of binding less strong. In addition, the high grafting den-

sity forces the GNRs to contort greatly when they come into contact with each

other, again greatly decreasing the binding energy.
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CHAPTER 4

FREE ENERGIES OF GNR AGGREGATION

4.1 Introduction

As discussed in the first chapter, pristine graphene in solvent is typically dis-

persed, rather than soluble. After dispersion, it typically aggregates over a pe-

riod of hours, days, or months. Dispersing graphene in a variety of solvents has

been studied quantitatively. For example, Hernandez and co-workers found

Hansen solubility parameters for graphene by comparing the maximum dis-

persibility of sonicated graphene in many different solvents [51]. While this

and similar studies were helpful for finding effective solvents for dispersing

graphene, it does not explain why different solvents perform better than others.

In order to understand the mechanism of aggregation, molecular simulations

are a highly suitable tool.

Shih et al. were the first to investigate why certain solvents performed better

than others using MD [52]. In their study, they calculated the PMF with respect

to separation distance of two rigid graphene sheets approaching each other in

a face-to-face manner. They showed that solvents such as NMP interact more

favorably with graphene sheets than it does with itself. As the two graphene

sheets approach each other, a single layer of solvent molecules form between

the two graphene sheets. Since the solvent interacts more strongly with the two

graphene sheets than itself, this state is metastable, and there is a significant free

energy barrier to breaking it. Once broken, the graphene sheets come together

in a highly energetically favorable aggregated state. Using the MD results in

combination with a macroscopic kinetic theory of aggregation, they were able
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to accurately represent the evolution of a dispersion over the course of 150 days.

Their use of the Thermodynamic Integration (TI) method to calculate the PMF

between two parallel graphene sheets has been adopted by other researchers to

look at the dispersive properties of other solvents [80, 90, 53].

In the kinetic theory used by Shih et al., the total flux for the graphene mov-

ing through a solvent, JTotal, is the summation of the flux due to diffusion, JDi f f ,

and the flux drift JDri f t flux due to the PMF between neighboring graphene

sheets:

JTotal = JDi f f + JDri f t (4.1)

JTotal = −D
dC
dr
− DC

d (V/kBT )
dr

(4.2)

where D is the diffusivity of graphene, C is the concentration of graphene, and V

is the PMF between the sheets of graphene. From here, the rate of aggregation, k,

can be estimated (Equation 4.3, where r0 is the distance between the two sheets

at aggregation).

k =
8πD∫ ∞

r0

exp(V/kBT )
r2 dr

(4.3)

Functionalized GNRs are a bit more complicated to model. Graphene is a ho-

mogenous 2D material. While there are many paths that two sheets can take

towards aggregation, they will almost always involve two patches on either

sheet making the first contact with each other. The kinetic model from Shih et

al. took advantage of this in its derivation. First, Equation 4.3 was derived as-

suming the objects aggregating were spheres of some surface area. Second, V

was calculated in a per-area basis:

V = ΦA (4.4)

with MD being used to calculate Φ and A being a fitting term that is determined

from experiment. Functionalized GNRs have side-chains that might make the
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PMF qualitatively different depending on how the GNRs come together. There-

fore, a kinetic model derived from face-to-face aggregation may not be appro-

priate for GNRs. In addition, the dynamics of the side-chains are sluggish as

compared to the solvent – it takes much more time to equilibrate the side-chains

– making the calculations for the PMF much more expensive.

While estimating the rate of aggregation for functional GNRs is impossible

without knowledge of the most common reaction path to aggregation, multiple

trajectories can still be followed using TI rather than the face-to-face mecha-

nism studied by Shih et al. In graphene systems, Fu et al. suggested examining

the path in which graphene sheets slide past each other as an alternate path

towards dispersion (and, alternatively, aggregation) [53]. The rationale behind

this choice was that, while the true interaction pathway was unknown, it prob-

ably fell between one of two extremes: (1) where the graphene sheets slide past

each other and (2) where they come together in a face-to-face trajectory. While

data from simulations such as these may not be useful in a kinetic model like

the one described above, it would provide a tool to rank different solvent/side-

chain systems in terms of dispersibility by comparing the largest peaks along

the different trajectories between the different systems.

In this study, we will examine the effects of different edge terminations (hy-

drogen, n-alkoxy chains, and PEG chains) on aggregation in NMP to build upon

the results from the previous Chapter. First, the adsorption of lone n-alkane and

PEG chains with a flexible graphene sheet will be simulated to build intuition

regarding how they might interact with flexible graphene sheets. Next, we will

describe the set-up of the TI runs in detail. We will discuss the results of TI runs

in both face-to-face and sliding trajectories and rank the effectiveness of the dif-
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ferent edge configurations. Finally, Steered Molecular Dynamics (SMD) simu-

lations will be undertaken to show how the various free energy barriers caused

by separating or coalescing the GNRs might affect aggregation. The goal of this

study is not only to understand the aggregation of GNRs with different edge

functionalizations, but also suggest a tool to use to predict the effectiveness of

different side-chains before synthesizing them. This would be an effective time-

and resource- saving strategy, if successful.

4.2 Results

4.2.1 Adsorption of N-Alkane and PEG Chains on Graphene

Before calculating the PMFs of aggregating GNRs, we calculated the free energy

of adsorption for PEG and n-alkane chains on a rigid graphene sheet. We set up

the simulation as shown in Figure 4.1. A single, periodic graphene sheet sat par-

allel to the xy plane and was located at z = 0 Å. A single PEG, or n-alkane, chain

that was disconnected from the GNR sat above the graphene sheet. Both the

PEG and n-alkane chain involve a chain that is 17 non-hydrogen atoms long, in

total. In order to calculate the free energy of adsorption, we used the ABF algo-

rithm with bins separated by 0.05 Å. Here, the order parameter was z, therefore:

∆F =

∫ 〈
∂H
∂z

〉
dz (4.5)

where this equation is identical to Equation 2.9 except the order parameter, λ, is

z, the separation distance between the graphene sheet and the center of mass of

the chain.
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N-Alkane Chain: C17H36

PEG Chain: O5C12H26

Figure 4.1: The chain types used in the ABF calculation are shown on the
left. A representative image of the simulation (right) shows the
GNR in cyan and the disconnected dark blue atoms represent-
ing the chain. The light grey atoms make up the solvent. The
red line represents the distance between the centers of mass of
the GNR and the chain.
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As described in Chapter 2, ABF calculates free energies by integrating en-

semble averages of the Hamiltonian derivatives across an order parameter, z.

However, unlike TI, the system is not restrained to any one point along the

reaction coordinate and is permitted to diffuse freely back and forth once the bi-

asing force converged. To sample the system well enough for the biasing force

to converge, the system must diffuse many times over all permitted values of

the order parameter (which is between z = 3 Å and z = 15 Å). In order to speed

convergence, we set up nine simulations with smaller, overlapping ranges of

the order parameter (Table 4.1). From each of the simulations, we collected the

relevant forces. Combined gradients were calculated from overlapping simu-

lations by performing a weighted average between the two runs based on the

number of times the simulation reached a particular point in space. Finally, the

combined gradients were reintegrated using the trapezoidal method to produce

the graphs shown in Figure 4.2.
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Table 4.1: Order parameter ranges for the ABF calculations run

Simulation Number zmin (Å) zmax (Å)

1 3.0 6.0

2 6.0 9.0

3 9.0 12.0

4 12.0 15.0

5 3.0 4.5

6 4.5 7.5

7 7.5 10.5

8 10.5 13.5

9 13.5 15.0
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Figure 4.2: PMFs calculated for both the n-alkane chain (shown in red) and
the PEG chain (shown in blue) above the graphene sheet.
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In both cases, the chains are fully adsorbed on the sheet at 3.9 Å. How-

ever, the adsorption free energy is very different in the two cases. The ∆F of

adsorption is -3.2 kcal/mol and -0.9 kcal/mol for the n-alkane chain and PEG

chain, respectively. The tendency for the n-alkane to adsorb more strongly than

the PEG in NMP is not surprising given the stronger binding energies of many

of the GNRs with n-alkoxy side chains over GNRs with PEG chains of similar

lengths and grafting densities. From these results, it is expected that the adsorp-

tion of the n-alkoxy side chains on the GNRs should play a more significant role

in the aggregation process than those with PEG chains.

4.2.2 TI Simulation Set-Up

The three GNRs under investigation in this study are presented in Figure

4.3. The PEG- and n-alkoxy- terminated GNRs correspond to the PEG6- and

OC17H35- terminated GNRs with a DG of 1 in Chapter 3. All three of these sys-

tems had similar binding enthalpies, so this study emphasizes the additional

information that free energy calculations can provide. In addition, the PEG-

terminated GNR is very similar to one used in experimental work [1], provid-

ing a direct connection to GNRs that have already been synthesized. Unlike in

Chapter 3, the GNRs are finite. This was done to allow the GNRs to rotate freely

when necessary as well as to accelerate the equilibration of the solvent leaving

and entering the space between the GNRs.
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Hydrogen 

Terminated

N-Alkoxy

(OC17H35)

Terminated

PEG

(O6C12H25)

Terminated

Figure 4.3: Images of the three GNR terminations used in this study. The
graphene carbon atoms are shown in cyan, the hydrogen atoms
in white, and carbon and oxygen atoms in the side-chains are
shown in dark blue.
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Following the procedure for TI calculations that was described in Chapter 2,

we set up many simulations where the system is constrained to a certain value

of the order parameter. In this instance, the order parameter is the separation

distance between the GNRs. A benefit to using this method is that the system

can be sampled very well for values of the order parameter that the system is

unlikely to explore very often if it were left unconstrained. However, problems

still arise with implementing it for the GNR system. Ideally, the only param-

eter that should be constrained in each simulation is the distance between the

center of masses of the two GNRs. Unfortunately, the solvent, side-chains, and

especially the GNRs explore parameter space very slowly, so it would take an

infeasibly long time to fully sample all relative orientations of the GNRs, po-

sitions of the side-chains, and locations of the solvent molecules. In addition

to this kinetic limitation, there are also thermodynamic limitations: There are

multiple paths that GNRs can take to aggregate (e.g., the face-to-face vs. sliding

examples discussed in the introduction). Each reaction path intersects with all

values of the order parameter between the reactants and products. However,

a simulation set up to sample the system at a particular order parameter may

not be able to sample all of the paths because of large energy barriers between

them. When a set of simulations are set up for TI, each of them representing a

different value of the order parameter, there is no guarantee that they will all

find themselves on the same path. The resulting calculated PMF could contain

elements from different reaction paths inconsistently, ultimately rendering the

PMF inaccurate and useless. A diagram of this problem is presented in Figure

4.4.
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Figure 4.4: A diagram representing a system with multiple reaction paths
that are separated by an energetic barrier. Each red dot rep-
resents a single TI simulation. If these simulations are set-up
independently from each other, they might sample from differ-
ent reaction paths. This will result in an inaccurately calculated
PMF.
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In order to circumvent these problems, two strategies were used. First, the

degrees of freedom of the two GNRs were severely limited. Since the GNRs

are the largest and most massive objects in the simulations, their sluggish ki-

netics will cause significant sampling problems in the simulations. In addition,

the large energies involved with them approaching each other, and their highly

asymmetric structure, makes it likely that the system will contain multiple paths

to aggregation, with large free energy barriers separating them. Restricting the

number of degrees of freedom of the GNRs resolves many of these problems.

One constraint is the movement of individual carbon atoms within the GNR.

With the exception of the atoms in the side-chains, the hydrogen atoms, the car-

bon atoms bonded to those hydrogen atoms, and their nearest neighbors, the

GNR atoms were held fixed and the GNRs themselves behaved as rigid objects.

In addition, the GNRs were not permitted to rotate with respect to each other.

This constraint necessitates artificially choosing the path to aggregation (face-

to-face and sliding, as pictured in Figure 4.6).
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Figure 4.5: Images of GNR cross-sections undergoing face-to-face (top)
and sliding (bottom) paths. Following the definition for x, y,
and z in the text, the face-to-face path follows along the z di-
rection and the sliding path follows along the x direction.
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Since there were many constraints on the system, and because it was impor-

tant that one TI simulation in each set had the GNRs in a fully aggregated state,

the relative position of the aggregated GNRs had to be defined in terms of x

(along the width of the GNR), y (along the length of the GNR) and z (perpen-

dicular to the face of the GNR) coordinates. This was done by first initializing

a simulation box with two aggregated, hydrogen-terminated GNRs for 1.2 ns.

One of the GNRs was held fixed in the center of the box, and the other was

free to move as a rigid body, as described above. After the initialization was

complete, the relative positioning of the centers of mass between the two GNRs

was collected during a 10 ns run. Histograms were generated representing the

relative frequency of finding the GNRs separated by different values of x, y,

and z coordinates (Figure 4.6). The peaks of the histogram correspond to posi-

tions where the fully aggregated state is located. For these hydrogen-terminated

GNRs (as well as the n-alkoxy-terminated and PEG-terminated GNRs) was

found to be x = 1.3Å, y = 0.7Å, and z = 3.4Å (Figure 4.7).
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Figure 4.6: Histograms of the relative x and y positions (top) and z posi-
tions (bottom). The center of each of the bins is represented by
dark circles in the graphs.
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ΔY=0.7 Å

ΔZ=3.4 Å

ΔX=1.3 Å

GNR Cross-Section

GNR Top

Figure 4.7: Relative positioning of the GNRs in the fully aggregated state.

87



While constraining the GNR atoms is likely to solve the majority of the

sampling problems discussed above, the solvent molecules and the side-chains

might still sample parameter space too slowly and follow inconsistent paths to

aggregation. We solved this problem by running two separate sets of TI simula-

tions for each GNR type and aggregation path. The first set involved initializing

a simulation box in which the GNRs adopted an aggregated state for 400 ps.

Next, the GNRs were moved away from each other at a constant velocity of 2.0

Å/ns until the GNRs were in the fully separated state. This speed was chosen

because it was the fastest the GNRs could be brought together without the sys-

tem crashing due to unrealistically large overlap between atoms. As the GNRs

separated from each other, the state of the system was saved at regular distance

intervals. These saved states provided the initial coordinates and velocities for

each of the TI simulations representing different values of the order parameter.

The procedure for the second set was almost identical except that, in this

case, the GNRs were followed as they came together, rather than pulled apart.

In addition, some chains were restrained with a harmonic potential while they

were being moved together to prevent them from being pinched between the

two GNRs (These restraints were turned off for the duration of the TI simula-

tions). The two sets of TI simulations were continued until the calculated PMFs

were nearly identical (See Figure 4.8 for an example). The PMFs themselves

were calculated from the final 4 ns of the two TI simulations, and then they

were averaged together (effectively making the total sampling time 8 ns). The

total time for which each simulations was run is shown in Table 4.2.
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Figure 4.8: PMFs calculated for sliding GNRs with n-alkoxy-terminated
edges. Each curve represents a set of TI simulations initial-
ized either with the GNRs moving together or apart and run
for different total lengths of time.
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Table 4.2: Total Simulation Time

Edge Configuration Aggregation Path Simulation Time (ns)

Hydrogen Face-to-face 12.0

N-alkoxy Face-to-face 18.0

PEG Face-to-face 18.0

Hydrogen Sliding 12.0

N-alkoxy Sliding 24.0

PEG Sliding 12.0
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In addition to finding the appropriate equilibration time for these systems,

it was also important to quantify the precision of the results. We calculated the

standard error for each simulation in the same manner as in Chapter 3:

σ2
err =

2tc

t
σ2 (4.6)

where σerr is the standard error, tc is the correlation time for the property being

calculated in a simulation, t is the total length of time in a simulation, and σ2 is

the variance of the measured property of the simulation. This method of calcu-

lating the error is described by Frenkel and Smith, and further details as well as

the procedure to calculate tc can be found in their book [109]. This calculation

only provides an estimate and is accurate only to an order of magnitude due

to the approximations made as well as statistical error in the calculation itself.

However, this is usually sufficient to determine the significance of a result.

In the case of this system, the property being calculated from each simulation

is the PMF between neighboring values of the order parameter that are within

the set of TI simulations (∆r):

σ2 =
1

N − 1

N∑
i=1

[(
∂U
∂r

)
i
∆r −

〈
∂U
∂r

〉
∆r

]2

(4.7)

For each value of the order parameter that was simulated, σ was calculated

from the combined data of the last 4 ns from both TI simulations. The value of

tc was then estimated by averaging values of tc calculated from those same two

simulations, and t was set to 8 ns.

For the PMFs presented in the next section, it was desirable to construct

error bars that represent the error in the PMF with respect to the fully separated

GNRs. Therefore, the standard error of each point along the PMF (σerr,total) was
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defined as:

σerr,total =

√√
n∑

i=1

σ2
err,i + σ2

err,i−1

2
(4.8)

where n is the total number of points simulated along the order parameter away

from the largest separation distance, and σerr,i is the standard error of the sim-

ulated points. The average between two neighboring standard errors squared

was necessary for the error bars to be consistent with the trapezoidal method

used in the integration. The results of these error estimates are provided in the

following sections.

4.3 Face-to-Face GNR Aggregation Results

Figure 4.9 shows the final PMFs for each of the GNRs aggregating in a face-to-

face manner. Each of the curves are qualitatively similar, with relatively minor

(but still significant) differences in energy. The form of these curves are also

consistent with others discussed in the literature [80, 90, 53, 52]. Also note that

the error bars are typically very small with respect to changes in the PMF.
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Hydrogen-Terminated

PEG-Terminated

N-Alkoxy-Terminated

Figure 4.9: Face-to-face PMFs with the separation distance along the z di-
rection. Error estimates are shown as light red shading around
the darker red points that denote the average values of the PMF
at a given separation. It can be observed that the errors are
very small and barely visible in the curves except for the H-
terminated case.
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There are very significant changes in the PMF of each of the GNRs as they

come together. Figure 4.12 shows rendering of the hydrogen-terminated GNRs

at important points along the generated PMFs. At 12.0 Å, there are clearly two

layers of solvent lying parallel to the GNRs’ faces. As the GNRs approach each

other, the two solvent layers begin to compress at 10.8 Å. This compression also

causes the PMF to begin to rise. At 10.2 Å, the solvent becomes a single layer

again, with some solvent molecules lying perpendicular to the two GNRs. This

also accounts for the small local minimum in the PMF at this point. Through 9.0

Å to 7.8 Å, these perpendicular solvent molecules rotate to become parallel, re-

sulting in a local minimum in the PMF. Finally, there is a large spike in the PMF

at 6.2 Å as all of the solvent is compressed and then forced out from between

the two GNRs. Since this vacuum is energetically unfavorable, the PMF quickly

decreases until the GNRs come fully together at 3.4 Å.
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12.0 Å 10.8 Å

10.2 Å 9.0 Å

7.8 Å 6.2 Å

3.4 Å

Figure 4.10: Representative cross-sectional images of the aggregation pro-
cess of hydrogen-terminated GNRs.

95



Table 4.3 contains both the maximum peak height (at 6.2 Å) and the maxi-

mum well depth (at 3.4 Å) in the data presented in Figure 4.9. Regardless of

edge configuration, both well depths and peak heights are extremely large. The

GNRs have a strong preference to aggregate, but the large peak height indicates

that the rate of aggregation along this path would be almost non-existent. How-

ever, the barriers and well depths have slightly different values depending on

edge configuration. From greatest to smallest values for both the barriers and

depths, the edge configurations can be ranked as PEG-terminated, hydrogen-

terminated, and n-alkoxy-terminated (although the barrier heights of the PEG-

terminated and hydrogen terminated GNRs are within their error). In Chapter

3, it was clear that the PEG chains were soluble in NMP, while the n-alkoxy

chains tended to stick to each other. There was further evidence for this given

by the previous ABF calculations that showed that the n-alkoxy chains bind to

graphene much more strongly than the PEG chains. Since the PEG chains are

fully soluble in NMP, they provide some (albeit small) steric repulsion to the ap-

proach of the GNRs. However, the n-alkoxy chains interact strongly with each

other, greatly decreasing the barrier height and the well depth.
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Table 4.3: Relevant PMF Values for Face-to-Face Aggregation

Edge Termination Max Peak Height (kcal/mol) Max Well depth (kcal/mol)

Hydrogen 164.2 ± 4.4 175.7 ± 4.6

PEG 162.4 ± 0.8 159.0 ± 1.1

N-alkoxy 147.4 ± 0.8 182.2 ± 1.0
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4.4 Sliding GNR Aggregation Results

Figure 4.11 shows the resulting PMFs of the three GNR types that were brought

together in a sliding trajectory. Unlike the face-to-face trajectories, there are very

significant qualitative differences in the PMFs themselves. Figures 4.12 through

4.14 show renderings of GNRs with hydrogen-, PEG-, and n-alkoxy- terminated

edges, respectively. For the hydrogen-terminated aggregation, features in the

PMF begin at 26.0 Å. The first peak here corresponds to the breaking of a small

solvent barrier between the two GNRs, much like the face-to-face case at 9.0 Å.

At 23 Å, a single layer of solvent forms, and then there is a small peak at 19 Å

where there is vacuum between the two GNRs. The difference in magnitude of

the peaks for the sliding case compared the face-to-face case demonstrate the

sensitivity of the PMFs to changes in surface area and different relative orienta-

tions of the GNRs. At 16.0 Å, the GNRs are in direct contact with each other. At

19.0 Å, the flexible and charged edge groups pass each other, and the slope of

the PMF increases in magnitude. Finally, an aggregated state occurs at a 1.0 Å

separation distance.
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Hydrogen-Terminated

PEG-Terminated

N-Alkoxy-Terminated

Figure 4.11: Sliding PMFs with the separation distance along the x direc-
tion. Again, very small errors are present in the calculations.
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19.0 Å

47.0 Å

26.0 Å

13.0 Å

30.0 Å

23.0 Å

16.0 Å

1.0 Å

Figure 4.12: Representative cross-sectional images of hydrogen-
terminated GNRs following a sliding path. Distances
between the GNRs in each pane are shown in red. Key as in
the preceding figure.
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47.0 Å

26.0 Å

19.0 Å

13.0 Å

30.0 Å

23.0 Å

16.0 Å

1.0 Å

Figure 4.13: Representative cross-sectional images of n-alkoxy-terminated
GNRs following a sliding path. Key as in the preceding figure.
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47.0 Å

26.0 Å

19.0 Å

13.0 Å

30.0 Å

23.0 Å

16.0 Å

1.0 Å

Figure 4.14: Representative cross-sectional images of PEG-terminated
GNRs following a sliding path. Key as in the preceding figure.
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The side-chains serve to perturb the PMF generated by hydrogen-terminated

GNRs. Major changes in the PMF for PEG-terminated GNRs begin at 26 Å.

The PEG chains interfere with the solvent layers described for the hydrogen-

terminated case. The increased barrier at 19 Å is due to steric congestion from

the PEG chains. The effects of the n-alkoxy chains are much more severe. There

is no barrier present and, at 30.0 Å, the n-alkoxy chains adsorb onto the neigh-

boring GNR and pull them together. This is another manifestation of the fact

that n-alkoxy chains adsorb more strongly onto the GNR.

Table 4.4 shows the maximum barrier heights and well depths for the dif-

ferent GNR types. The well depths display similar values to the face-to-face

cases. The PEG-terminated GNR involves a barrier along the sliding trajectory

that is more than twice that of the hydrogen-terminated GNR. The case for the

n-alkoxy-terminated GNR exhibits no barrier, showing that the n-alkoxy chain

catalyzes aggregation in this case.
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Table 4.4: Relevant PMF Values for Sliding Aggregation

Edge Termination Max Barrier Height (kcal/mol) Max Well depth (kcal/mol)

Hydrogen 5.9 ± 0.5 172.6 ± 1.2

PEG 12.3 ± 0.9 155.2 ± 2.0

N-alkoxy N/A 193.0 ± 1.4
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4.5 Aggregating GNRs with no additional restraints

While the previous calculations clearly ranked the different side-chains in terms

of the barriers to aggregation, the constraints put on the GNRs clearly had a

significant effect on the values of those barriers as well as the qualitative form

of the PMFs. While calculating a PMF where the system is fully unrestrained

is not feasible, it would be interesting to see how unrestrained GNRs might

approach each other. To investigate this, we first initialized a simulation box

with hydrogen-terminated GNRs separated by 18.0 Å. Here, instead of the TI

method used for the free energy calculations described above, we employed

Steered Molecular Dynamics (SMD) in which a slowly retracting harmonic po-

tential was added to the center of mass of the two GNRs. The retraction speed

was set at a constant 1.0 Å/ns. Renderings of different times in the simulation

are shown in Figure 4.15. From the start of the SMD simulation to a separation

distance of 12.6 Å, the GNRs approach each other in a face-to-face fashion. To

continue along the face-to-face path at this point, the GNRs must compress the

solvent and cause some of it to evacuate from between the GNRs creating large

energy barriers as shown in Figure 4.9. In order to minimize the barrier present,

the GNRs were always observed to rotate with respect to each other such that

they form a cross. When there is only a single layer of solvent left, the GNRs

respond by bending outwards rather than push through the final large energy

barrier that would be present in face-to-face aggregation at 5.9 Å separation. The

bending continues to increase until the edges of the two GNRs come into con-

tact with each other, seen in the foreground at 3.9 Å separation. Contact between

the two GNRs catalyzes the aggregation and the GNRs quickly come together

much like a zipper, forcing all the solvent to evacuate from in-between them (
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3.7 Å separation). Finally, the GNRs rotate such that they virtually eclipse each

other in a fully aggregated state (2.7 Å separation). The separation distances are

smaller than expected from the face-to-face results. However the GNRs curve

around each-other towards the end of the simulation, causing the centers of

mass to be closer than the shortest separation distance between the two GNR

faces.
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18.0 Å 12.6 Å

5.9 Å 3.9 Å

3.7 Å 2.7 Å

Figure 4.15: Representative images of GNRs being pulled together via
SMD. The distance between centers of mass of GNRs corre-
sponding to the image is shown in red. Solvent is not shown
for clarity.

107



We repeated the simulation for four different initial orientations of the

hydrogen-terminated GNRs, as well as for the PEG- and n-alkoxy- terminated

GNRs. In each case, while the initial path was dependent on the initial orien-

tation, the trajectory taken from a trajectory of 12.6 Å and onward was quali-

tatively identical. While there is no evidence that this is the most common ag-

gregation path, two conclusions can be drawn from the simulations. First, the

GNRs avoid the full face-to-face aggregation path, even if this means that the

GNRs must come together crosswise with respect to each other. This is not sur-

prising given that there is such a large barrier for this mechanism (Figure 4.3).

Second, as soon as any contact is made between the GNRs, the solvent is quickly

evacuated between the GNRs, allowing the GNRs to become fully aggregated.

4.6 Discussion

It is clear that the PMF of GNRs is very different depending on the path to ag-

gregation that was taken in each of the sets of TI simulations. Since the highly

constrained simulations required an large amount of time to run (each TI sim-

ulation ran for 24 ns at a 2.0 fs time step for the n-alkoxy following the sliding

trajectory, for example), it is unlikely that a fully unrestrained simulation would

be feasible. Therefore, it is also unlikely that the true path towards aggrega-

tion can easily be found. Despite this fact, it is clear that these TI calculations

provided helpful and consistent data. The face-to-face and sliding aggregation

paths highlighted two extreme cases that illustrate how GNRs might approach

each other. In both cases, the edge configurations were consistently ranked in

terms of their barrier height and their aggregation well depth in the calculated

PMFs.
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The SMD simulations provided a different, and importantly less biased, path

by which the GNRs could come together, which could be understood qualita-

tively through insight gained from the face-to-face and sliding paths calculated

through TI. As the GNRs approached each other, they strenuously avoided com-

ing into contact with each other in a face-to-face fashion due to the enormous

energy barrier that this configuration would require passing through. This in-

volved rotating crosswise and bowing outwards to circumvent this large barrier.

The GNRs finally came into contact with each other along the edges, for which,

through the preceding TI calculations for the sliding path, it is known that the

barriers are very small. Once the edges of the GNRs touch, all of the solvent can

easily be evacuated between them, allowing the GNRs to became fully aggre-

gated. The SMD simulation also demonstrated that only a small portion of the

edge needed to come into contact with the other GNR in order for aggregation

to occur. In the sliding aggregation path, a full GNR edge came into contact

with another GNR edge. Even though the barriers were relatively small for the

sliding aggregation path, it is likely that the true barriers are even smaller.

Regardless of the aggregation path chosen, the ranking among the three edge

configurations, from lowest to greatest maximum barrier height and aggrega-

tion well depth, were the n-alkoxy-terminated edges, the hydrogen-terminated

edges, and the PEG-terminated edges. The reason for this is highlighted in the

ABF calculations performed on single chains adsorbing on graphene and the

binding enthalpy studies discussed in Chapter 3. The n-alkoxy chains prefer

to adsorb onto other n-alkoxy chains or onto the GNRs themselves rather than

move freely through the solvent. This adsorption effect appears to catalyze the

aggregation reaction, making the system less dispersible than if there were no

side-chains added at all. In fact, it is likely the n-alkoxy chains completely re-
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move the barrier to aggregation, as demonstrated by the sliding aggregation

path TI calculations. However, the same is not true for the PEG chains. Chapter

2 showed they were readily soluble in the NMP solvent. In addition, the free

energy of adsorption on graphene was less than a third of that for the n-alkane

chain. Where the n-alkoxy chain catalyzed the aggregation process through ad-

sorbing onto the neighboring GNR, the PEG chains provided an additional en-

ergetic barrier through steric repulsion. Despite the benefits that the PEG chains

provide, their effect is miniscule compared to the overall aggregation well depth

( > 150 kcal/mol ). The PEG chains decreased this well depth by 17 kcal/mol.

Therefore, all of these systems will have a strong tendency to aggregate out of

dispersion.

Ideally, free energy calculations, as presented here, could be used to test dif-

ferent edge configurations before they are synthesized in the lab. First, a quick

enthalpy analysis, similar to that presented in Chapter 3, will provide insight

into the disposition of the side-chains and the favorability of the GNRs bind-

ing to each other. Next, TI calculations should be made, sampling along dif-

ferent paths, to rank the dispersibility of candidate edge configurations. Un-

fortunately, the TI calculations here were computationally expensive. The PMF

calculated for n-alkoxy terminated GNRs following a sliding path is Figure 4.11

had a total simulated time of 2.256 µs. With a 2.0 fs time step, this constituted a

simulation involving well over 1 · 109 MD integration steps.

There are several ways this could be sped up. First, the features in the PMF

that differentiated the edge-configurations occurred over small ranges of the

order parameter (the points around 19.0 Å for the sliding path, for example).

Rankings could be accomplished by just examining these regions. This would
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significantly decrease the computational costs of the TI calculations. Also, while

full GNRs were used in this study, there is no reason why smaller GNR seg-

ments should not be used to provide qualitatively similar results. Finally, if

intuition is built on how long the simulations need to be run in order for the

side-chains to fully equilibrate, running two sets of TI simulations for each ag-

gregation path becomes unnecessary. This would reduce, by half, the computa-

tional cost for running these simulations.
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CHAPTER 5

ELECTRONIC PROPERTIES OF AGGREGATED GNRS

In Gao et al., experimental evidence was provided by our collaborators at

Princeton and Cornell for the “bottom-up” synthesis of GNRs (Dichtel and stu-

dents) and deposited on a substrate to fabricate field-effect devices (Gao and

Loo) [1]. The synthesis of the GNRs was carried out in solution by benzan-

nulating and subsequently cyclodehydrogenating poly(p-phenylene ethylene).

Figure 5.1 shows the final product. The synthesized GNRs also featured dis-

persing hexa(ethylene oxide) side-chains. After being synthesized, the GNRs

were deposited on either Cu foil or a SiO2 dielectric by aerosol-assisted chemi-

cal vapor deposition. The GNRs on Cu were coated with PMMA and the cop-

per was etched away. The GNRs on PMMA were then also transferred to a

SiO2 dielectric. Gao et al. defined contacts and as well as source and drain

electrodes through a combination of photo- and E-beam lithography. Finally,

the source and drain electrodes that were connected by deposited aggregates of

GNRs were formed into field effect devices that were tested for their electronic

properties.[1]
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Figure 5.1: Structure (left) and rendered image (right) of a GNR with
hexa(ethylene oxide) side-chains
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The hexa(ethylene oxide)-terminated GNR used in this study is very similar

to the PEG chains and grafting density used in Chapter 4. The only differences

are, first, there are two additional atoms making up the chain and, secondly, the

chains are offset on one side of the GNR with respect to the other. In addition,

the GNRs were dispersed in chloroform, dimethlyformamide (DMF), and NMP.

The GNRs dispersed to concentrations of 0.5 mg/mL in DMF and NMP, and of

50 µg/L in chloroform. While the GNRs are somewhat dispersible in these sol-

vents, it is likely that they will aggregate prior to aerosolization and perhaps

during aerosolization and deposition. The field-effect devices were fabricated

on top of the GNRs whether they were in an aggregated state or not. In addi-

tion, the side-chains might affect the electronic properties of the GNRs either

through being bonded with the rest of the GNR or by wrapping around them.

In collaboration with Gao et al., we investigated this issue using computational

techniques.

In this chapter, we discuss the electronic and optical band gaps of single

and bilayer (two, stacked) hydrogen-terminated GNRs (H-GNRs) and single

methoxy- terminated GNRs (MeO-GNRs) using very accurate GW and BSE

methods. These results are correlated with DFT-generated band structures with

the HSE functional. These DFT calculations are used to investigate irregular

stacking and side-chain wrapping. Finally, these results are used to interpret

some of the properties of the GNRs just discussed. Appendix B provides exam-

ple input scripts to Quantum Espresso and Yambo to show how the calculations

described in this section were executed.
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5.1 Electronic band gaps calculated using the GW method

In this section, we will discuss calculating the electronic band gaps of GNRs

using the G0W0 approach. Here, electronic band gaps are defined as the energy

difference between the highest energy quasiparticle hole and the lowest energy

quasiparticle electron. G0W0 and BSE calculations are extremely computation-

ally expensive. Therefore, only a subset of the systems of interest to us could be

directly investigated (Figure 5.2). In addition, smaller numbers of k-points and

energy cut-offs had to be used than are desirable. We will discuss the effects of

these approximations on the results.
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Single H-GNR Bilayer H-GNR

(Bernal Stacked)
Single MeO-GNR

Figure 5.2: Representative images of the three systems under study in this
chapter: the unit cell of a single hydrogen-terminated GNR, or
H-GNR (left), the unit cell of a bilayer H-GNR (center), and the
unit cell of a methoxy-terminated GNR, MeO-GNR (right).
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Before calculating the energies of the single particle excitation energies, the

ground state energies were calculated by DFT using Quantum Espresso [92].

We used Martins-Troullier norm-conserving pseudopotentials to model the core

electrons in the system with a 30.0 Ry kinetic energy cut-off and 10 k-points

along the periodic direction in the irreducible Brillouin zone. While the separa-

tion distance between neighboring GNRs between the unit cell was maintained

at 21.2 Å (40.0 bohr), the unit cell length and geometry were optimized using the

PBE functional with the force convergence threshold set at 0.4 eV/Å. The DFT

optimization found the unit cell lengths for both the single and bilayer H-GNRs

to be 4.13 Å. Without a suitable dispersion correction for the bilayer GNRs, the

GNRs were stacked in a Bernal pattern with a 3.35 Å separation. Finally, we

used the Perdew-Wang LDA functional to perform a final SCF run to make the

output data compatible for use in the Yambo code, and make the results consis-

tent with similar past studies [101, 33, 111].

5.1.1 Random Integration Calculations

An additional complication with simulating single particle excitations in 0D,

1D, and 2D materials using periodic boundary conditions makes it necessary to

make an additional modification to the ground state calculations before doing

the full G0W0 calculations. The effects of a single particle excitation can be felt,

and responded to, by very long distances due to the 1/r rate of decay from the

Coulombic interaction [112]. This is especially true for the electrons in GNRs

from neighboring unit cells. The GNRs running parallel to each other consti-

tute an effective dielectric medium that effects the quasiparticle energy levels

(Figure 5.3). Separation distances used in the DFT calculations (40.0 bohr) were
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sufficient for ground state calculations because the system is charge-neutral, and

any Coulombic effect decays much faster than 1/r. This is not the case for single

particle excitations. We calculated the electronic band gap on small GNRs (7.3 Å

across, shown in Figure 5.3) with different separation distances. The electronic

band gap grows almost linearly from a 40.0 bohr separation to a 60.0 bohr sep-

aration. It is clear that the separation distance would have to be very large for

there to be no effect from nearest neighbors, which would make the calculations

infeasible. Instead, the Coulombic interactions were screened between nearest

neighbors to prevent these interactions from occurring.
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Figure 5.3: Electrons in neighboring (image) GNRs responding to the
quasiparticle electron in the central GNR unit cell.

119



Figure 5.4: Electronic band gaps calculated with the default periodic po-
tential (shown as black dots connected by a purple dashed line
to guide the eye) and the screened potential using the Random
Integration Method (RIM), shown as a solid purple line.
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The Coulombic potential, V , due to the electronic density can be written in

terms of real space and reciprocal space (the latter being relevant for periodic

calculations) as shown in Equations 5.1 and 5.2 [112].

V(r) =

∫
n(r′)v(|r − r′|)d3r (5.1)

V(G) = v(G)n(G) (5.2)

Here, v is the Coulombic interaction and n is the electronic density [112]. G is

a reciprocal lattice vector (2π/L)N, where L is a lattice parameter and N is an

integer. To screen the Coulombic interaction, Equation 5.2 is reformulated as

shown in Equation 5.3.

Ṽ(G) = ṽ(G)̃n(G) (5.3)

ṽ(r) =


1/r r <= rB

0 r > rB

(5.4)

The effect of the redefined Coulombic potential is to eliminate interactions out-

side of a certain boundary (here rB). ñ is identical to n except that care must be

taken to ensure that the electron densities are not interacting with each other

across unit cells [112]. Assuming the GNR is periodic in the y direction and not

in the x and z directions, the equation for ṽ in reciprocal space comes out to be:

ṽ(G) =

∫ xB

−xB

∫ ∞

−∞

∫ zB

−zB

exp
(
−i

(
Gxx + Gyy + Gzz

))
√

x2 + y2 + z2
dxdydz (5.5)

In practice, this is solved by using a Monte Carlo integration scheme using

Yambo [101]. The cut-off was selected at a 40.0 bohr separation between GNRs

in neighboring unit cells for the H-GNRs described above. This method was

also tested on the smaller GNRs shown in Figure 5.3. The corrected band gap is

shown as the RIM (Random Integration Method) potential line in Figure 5.4.
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5.1.2 G0W0 Calculations and the Electronic Band Gap

Figure 5.5 shows the quasiparticle energies for the single and bilayer H-GNRs,

with electronic band gaps of 2.14 eV and 1.51 eV, respectively. We calculated

the G0W0 energies by using a polarization response block size of 2 Ry and 50

empty bands for calculating the polarization and W. These cut-offs are typically

considered too low for calculating accurate G0W0 energies. However, tests were

made with H-GNRs that had only 6 k-points in the irreducible Brillouin zone.

It was found that the quasiparticle energies were largely unaffected by changes

in response block size from 2 Ry to 8 Ry (The latter being used by Denk et al.

in their study of GNRs) [113]. From 50 to 300 empty bands used, the absolute

quasiparticle energies can vary greatly, by up to 0.1 eV. However, the variation

in the relative differences in quasiparticle energies, specifically the electronic

band gap, was almost completely insensitive to changes in cut-off. With the re-

sponse block increased from 2 Ry to 8 Ry, there was only a 0.0001 eV change in

the band gap. Changing the number of empty bands from 50 to 300, only pro-

duced a difference of 0.00022 eV. In addition, the plasmon-pole approximation

was used to calculate W [114].
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Single H-GNR
Bilayer H-GNR 

(Bernal Stacked)

Figure 5.5: Bands calculated with the G0W0 approximation. a is the lattice
parameter, and the energy is set to 0 at the maximum value of
the valence band.
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Experimental measurements of the electronic band gap for single H-GNRs

of the same width as those used in this study found the gap to be 1.4 eV, much

smaller than the 2.1 eV calculated in this study [115]. However, the magnitude

of the calculated band gaps are consistent with those calculated for other GNRs

[33]. The discussion about screening the Coulombic potential demonstrates why

this difference might be occurring. It is clear than the electronic band gap in

GNRs changes substantially if it is near another polarizable medium. Studies

comparing G0W0 results to those from experiment show that an image charge

correction, corresponding to the substrate on which the GNRs are placed, must

be included in order for the results to match [116, 113]. This, in combination

with the significant decrease in band gap due to making the GNR bilayer, makes

it clear that, in an electronic device, the properties of the GNRs are going to be

very sensitive to their environment.

In addition, G0W0 calculations were made on a single MeO-GNR. The

methoxy-terminated edges were used instead of the full-length side-chains to

save on computational resources as they are not expected to affect the electronic

properties of the material significantly. In order for the calculations to be fea-

sible, the number of empty bands used for calculating the polarization and W

was reduced to 40. However, a total of 17 k-points were used. The band struc-

ture shown in Figure 5.6 shows that the calculated electronic band gap is 2.22

eV, slightly higher than the single hydrogen-terminated GNR. This is due to a

combination of the steric congestion along the edges, and the electronegative

character of the oxygen atoms bonded along the edges.
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Figure 5.6: Bands calculated with the G0W0 approximation for the MeO-
GNR. a is the lattice parameter, and the energy is set to 0 at the
maximum value of the valence band.
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5.1.3 BSE Calculations and the Optical Band Gap

Gao et al. measured the fluorescence spectrum of the GNRs in dispersion.[1] A

large peak was located at 0.88 eV and a smaller one at 1.03 eV. In a previous

study, it was shown that BSE calculations could calculate the peaks in the ex-

perimental fluorescence spectrum for GNRs to within 0.2 eV [113]. Therefore,

it made sense to do the same with the GNRs in the current study. The cut-offs

used in the previous section were also used in these calculations. We only used

excitations between the 10 highest energy bands below the Fermi level and the

10 lowest energy bands above the Fermi level because they were sufficient to

model the fluorescence spectra within the range provided by Gao et al.[1] In ad-

dition, we only used the resonant part of the Bethe-Salpeter kernel. We made

separate calculations for singlet and triplet excitations (although the latter is not

expected to make a significant impact on the experimental results). The triplet

excitations were calculated in an identical fashion to the singlet calculations, ex-

cept that the exchange term in the Bethe-Salpeter Kernel was neglected in the

triplet case.

The resulting calculated spectra for both the single and bilayer H-GNRs are

shown in Figure 5.7 (A Lorentzian broadening with a full width at half maxi-

mum of 0.02 eV was used to facilitate comparison with the experiment). Imme-

diately, it is clear that there is a significant difference between the electronic and

optical band gaps of the system. The 1.0 eV difference is due to the Coulom-

bic interaction between the excited hole and electron, which is consistent for

calculations of other GNRs and makes sense for materials in small dimensions

[113, 111]. While the calculated optical band-gap is close to the experimental

value (0.88 eV), the features present do not match the experimental spectrum.
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One reasonable possibility is that the experimental spectrum is a combination

of both single layer and bilayer H-GNRs. However, the calculated value for that

case is too low (0.72 eV). The optical spectrum for MeO-GNRs was calculated to

investigate this further.
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Single H-GNRs

Bilayer H-GNRs

1.03 eV

1.14 eV

0.72 eV

0.64 eV

Figure 5.7: Simulated Spectra for Single (top) and Bilayer H-GNRs (bot-
tom).
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The optical spectrum for MeO-GNRs was calculated as shown in Figure 5.8

using both resonant and anti-resonant parts of the Bethe-Salpeter kernel. Unlike

the single H-GNR case, there are more features with the lowest energy excitation

at 1.15 eV. The differences are again due to the combination of adding an oxygen

atom on the sides, and causing the GNR to warp. Figure 5.9 shows a zoomed-in

image of the features in the spectrum in comparison to the experimental spec-

trum. The calculated peaks are shifted to higher energies and do not quite match

up with the experimental results. However, there are several reasons that might

explain these differences. As mentioned before, the energy thresholds are too

low, and the use of more k-points might change the features in the spectrum

[117]. In addition, the experimental spectrum was taken in dimethylformamide,

and that difference in solvent might well affect the shifting of the results [118].

Also, the fluorescence spectrum and the calculated spectrum do not represent

identical processes. Nevertheless, the calculated spectrum is promising; it sug-

gests that it is reasonable that the detailed features in the experimental spectrum

are due to the incorporation of side-chains, rather than defects or aggregation in

solution. Figure 5.10 shows a rendered representation of the calculated exciton

at 1.15 eV. The proximity of the electron around the hole is an indication of the

significant coulombic attraction between them This attraction is also the cause

of the significant difference between the electronic and optical band gaps.
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1.15 eV

Single MeO-GNRs

Figure 5.8: Simulated Spectrum for MeO-GNRs.
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NIR Photoemission Spectrum

1.15 eV

1.26 eV 1.37 eV

Single MeO-GNRs

Figure 5.9: Experimental fluorescence spectrum (top) and calculated spec-
trum for MeO-GNRs (bottom).
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Hole

Electron

Figure 5.10: A GW results-rendered image of the 1.15 eV exciton on MeO-
GNR, with the red dot representing a particular position of
a hole and the blue dots representing the places where the
likelihood of finding the electron is highest, given the location
of the hole. Cyan shows locations with a lower probability of
finding the electron.
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5.2 DFT Calculations using the HSE functional

G0W0 and BSE calculations are prohibitively computationally expensive. In-

stead, it would be desirable to calculate band gaps in a less computationally

expensive manner using DFT. While DFT is a method for calculating ground

state energies only, the HSE functional serendipitously calculates accurate op-

tical band gaps for GNRs [119]. In order to verify this, GNRs were simulated

using Gaussian 09 [81]. Unlike Quantum Espresso, Gaussian uses Gaussian

basis sets, and the periodic boundary conditions have to be treated differently

such as using the fast multipole method for long-range interactions [120]. All

calculations were made using the HSE functional, and the basis sets used were

the 6-31G(d) for geometry optimization and 6-311G(d,p) for the final energy

calculations. 80 k-points along the periodic direction in the irreducible Brillouin

zone were used (a feat made possible using a Gaussian basis set). The result-

ing bands are shown in Figure 5.11. The shape of the bands are qualitatively

similar to those in Figure 5.5. However, the most important fact is the similar-

ity between the optical band gaps as calculated by BSE, and the DFT HSE band

gaps, with differences of 0.02 eV and 0.00 eV for single and bilayer H-GNRs re-

spectively. In order to study the sensitivity of the optical band gap to shifting

their relative positions and the effects of wrapping the GNRs, we used the HSE

functional in what follows, and, unless otherwise specified, the band gaps are

calculated by DFT using the HSE functional.
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Single H-GNR
Bilayer H-GNR 

(Bernal Stacked)

Figure 5.11: DFT HSE band diagrams of single and bilayer H-GNRs. a is
the lattice parameter, and the energy is set to 0 at the maxi-
mum value of the valence band.
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It is already clear that the band gap is greatly affected by aggregation. In

fact, stacking additional H-GNRs decreases the band-gap further, to 0.58 eV for

trilayer GNRs. In addition, the band gap changed substantially with respect to

how the GNRs are oriented with respect to each other. Figure 5.12 shows how

laterally shifting H-GNRs, as well as changing their separation distance, can

greatly alter the band gap. Shifting the GNRs in the x- direction alone causes

the band gap to cover a range of values over 0.5 eV wide. Bernal stacking for

bilayer GNRs was an assumption, and since the band gap is very sensitive with

respect to the relative positioning of the GNRs, it is likely that the actual band

gap of the bilayer GNRs is quite different from that previously calculated. Also,

if aggregation occurred imperfectly, it can reasonably be expected that there was

some ensemble of band gaps present in the bulk material.

One thing the hexa(ethylene oxide) side-chains can do that the methoxy side-

chains cannot is wrap around the GNR. In Chapters 3 and 4, it was shown that

the PEG chains rarely adsorb on the GNR to which it is attached in solution.

However, this is not true in air or vacuum. For comparison to an unwrapped

structure, the band structure of the MeO-GNRs was calculated with the HSE

functional. 40 k-points were used, and the HSE band gap was calculated to be

1.06 eV. This is close to the calculated optical band-gap (1.15 eV), but it shows

that the HSE functional band gap does not perfectly match BSE results.
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Figure 5.12: Band gaps calculated by shifting H-GNRs relative to each
other in each of the x-, y- and z- directions shown schemat-
ically on the top row and the band gaps as a function of offset
shown in the bottom row. An offset of 0.0 indicates the Bernal
stacking used in the main text.
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Simulating the full side-chain would be computationally expensive, so a

small PEG oligomer was used instead. To calculate the separation distance

between MeO-GNR and a PEG chain, we first optimized the geometry of the

PEG chain adsorbed on MeOH using Avogadro with the MMFF94 force field

[121, 122]. The average distance between the centers of mass of the PEG and

GNR carbon atoms was used to determine the separation distance (3.67 Å). We

then optimized the structure of the PEG chain without periodic boundary con-

ditions, and finally placed the optimized structure 3.67 Å above the optimized

MeO-GNR structure used for Figure 5.13. This final structure was used as input

to calculate the electronic structure via DFT, and this structure and the resulting

bands are shown in Figure 5.14. The band gap is identical to the MeO-GNR that

did not have a PEG chain adsorbed. The bands are almost identical as well, with

the exception of the lowest energy valence bands. The HOMO of the PEG chain

is 2.58 eV below that of the maximum energy of the valence band in MeO-GNR,

and the LUMO is 5.14 eV above the minimum energy of the conduction band in

MeO-GNR. Therefore, wrapping is not expected to significantly alter the band

gap of the material.
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Figure 5.13: DFT HSE band diagrams of a single MeO-GNR. a is the lattice
parameter, and the energy is set to 0 at the maximum value of
the valence band.
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Side

Top

Figure 5.14: DFT HSE band diagram of a single MeO-GNR with an ad-
sorbed PEG chain. a is the lattice parameter, and the energy is
set to 0 at the maximum value of the valence band.
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5.3 Discussion

A major conclusion in the studies in this Chapter is that stacking the GNRs

causes significant changes in the band gap. In contrast, the effect on the band

gap due to the side-chains is small. In addition, if the GNRs are irregularly

stacked, the band gap itself might also be irregular along the channel between

source and drain contacts. This, and the possibility that no single GNR connects

the source and drain electrodes, explains the Arrhenius behavior of the elec-

tronic mobility in the work by Gao et al. [1]. While other studies have performed

DFT calculations to a more limited extent with different functionals [123, 124],

the correlation of the HSE functional results to the BSE results provides a indi-

rect method to estimate quantitative differences in the optical band gap.

Previous studies comparing BSE results with experimental results involving

GNRs have shown that BSE calculations can provide very accurate optical band

gaps. While the results produced here for MeO-GNRs are close to those calcu-

lated by experiment, there are some significant differences. This could be due to

the fact that there are differences in the process of fluorescence and the spectrum

that the calculations describe or that the solvent is expected to shift the peaks.

In addition, the calculations had to be made at a lower precision than ideal due

to limitations in the computational power available. In the future, more precise

calculations could be made if considerably more expansive computational re-

sources were made available to ensure that the later problem is not the source

of the difference between the experimental and calculated spectra.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

With the interest in producing GNRs and other large polyaromatic

molecules, the goal of the work within this dissertation was to build a atomic-

level picture describing how various edge-configurations act to disperse these

molecules. Ideally, molecular modeling methods could be used to test various

edge configurations prior to synthesis to speed the fabrication process along.

To achieve these goals, this dissertation has offered a multistage process that

studied a large number of possible edge-configurations in a first (fast) triage of

candidate configurations, and then examined more promising configurations in

greater detail with costlier free-energy calculations.

First, many edge configurations were quickly simulated in order to calculate

binding enthalpies as well as the disposition of the side-chains. This provided

qualitative information that describes how different side-chains and grafting

densities would affect aggregation. It was found that bulky side-groups caused

the GNRs to contort when they aggregate, making binding enthalpically unfa-

vorable. In addition, not all side-chains were effective. Linear n-alkoxy side-

chains with grafting density values of DG of 2 or greater effectively increased

the surface area of the GNRs. This greatly increased the binding enthalpy as the

chains increased in length.

Second, more computationally expensive free energy calculations were con-

ducted on three GNR variants: hydrogen-terminated GNRs, PEG-terminated

GNRs, and n-alkoxy-terminated GNRs (both side-chain terminated GNRs had

a DG value of 1). While finding the correct aggregation path was determined to

be infeasible, choosing two completely different, but plausible, paths (face-to-
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face and sliding) showed that similar trends existed for both side-chain types

for both paths. It was determined that the PEG chains performed the best in

terms of increasing the energy barrier to aggregation, while the n-alkoxy chains

were the worst. In fact, the n-alkoxy chains completely removed the barrier to

aggregation in the sliding aggregation path.

Finally, following the work of experimental collaborators, we investigated

the effects of aggregation and side-chains on the electronic properties of GNRs.

While the chains play little role in changing the band gap, aggregation can

have large and unpredictable effects, further supporting the fact that more work

needs to be done to disperse the GNRs.

The free energy calculations were prohibitively expensive, and improve-

ments need to be made to use them as a screening method. One possibility is to

examine only the range of separation distances where the maximum barrier is

likely to be found, greatly reducing the number of simulations that are required

to be made. Second, if there is some intuition about how long a system needs

to be run in order for it to fully equilibrate, this can be used in order to avoid

having to do TI calculations with simulations initialized both from GNR being

brought together and pulled apart. As an alternative to more quickly screen-

ing the GNRs, better aggregation paths can be found by slowly increasing the

number of degrees of freedom of the GNRs. In addition, rare event sampling

such as forward flux sampling could be attempted to provide a better estimate

of the rates. However, it is expected that using a method like this would be very

computationally expensive because all degrees of freedom for the GNR would

have to be allowed to be free to manipulate.
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The greatest improvement that can be made with the electronic structure cal-

culations would be to obtain additional computational resources to make expen-

sive G0W0 and BSE calculations more feasible. If the features of the fluorescence

spectrum can be matched to results from the BSE calculations, a “fingerprint”

for different levels of aggregation could be devised to determine the relative

population of the different aggregate structures could be determined from ex-

perimentally produced fluorescence spectra.
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APPENDIX A

ALL SINGLE GNR HEAT MAPS

The following figures show all the single-ribbon heat maps that were generated

for each GNR configuration in the same way that those in Figures 3.3 and 3.4 in

the main text.

144



Figure A.1: Heat maps for single GNRs with OC5H11 side-chains.
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Figure A.2: Heat maps for single GNRs with OC11H23 side-chains.
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Figure A.3: Heat maps for single GNRs with OC17H35 side-chains.
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Figure A.4: Heat maps for single GNRs with PEG2 side-chains.
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Figure A.5: Heat maps for single GNRs with PEG4 side-chains.
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Figure A.6: Heat maps for single GNRs with PEG6 side-chains.
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APPENDIX B

G0W0/BSE CALCULATIONS

Here, the input scripts for the various steps in calculating G0W0 quasiparticle

energies and BSE derived spectra are given for the H-GNR system.

B.1 Geometry Optimization

This is the first step, and Quantum Espresso is used to optimize the the geome-

try of the GNR:

&control

calculation = ’vc-relax’

verbosity = ’high’

restart_mode=’from_scratch’,

prefix=’6GNR’,

pseudo_dir = ’../Pseudo’,

outdir=’./Backup’,

forc_conv_thr=7.8d-3

/

&system

ibrav= 14, a=37.81, b=4.26, c=21.16, cosAB=0.0, cosAC=0.0, cosBC=0.0, nat= 30, ntyp= 2,

ecutwfc=30.0, ecutrho=150.0

/

&electrons

electron_maxstep=200

diagonalization=’cg’

mixing_mode = ’plain’

mixing_beta = 0.7

conv_thr = 7.4d-7

/

/

&ions

ion_dynamics= ’bfgs’
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/

&cell

cell_dofree= ’y’

/

ATOMIC_SPECIES

H 1.008 H.pbe-mt_fhi.UPF

C 12.011 C.pbe-mt_fhi.UPF

ATOMIC_POSITIONS ANGSTROM

C 0.94396769 0.71 0

C 3.403479837 0.71 0

C 5.862991984 0.71 0

C 8.32250413 0.71 0

C 10.78201628 0.71 0

C 13.24152842 0.71 0

C 15.70104057 0.71 0

C 0.94396769 2.13 0

C 3.403479837 2.13 0

C 5.862991984 2.13 0

C 8.32250413 2.13 0

C 10.78201628 2.13 0

C 13.24152842 2.13 0

C 15.70104057 2.13 0

C 2.173723763 0 0

C 4.63323591 0 0

C 7.092748057 0 0

C 9.552260204 0 0

C 12.01177235 0 0

C 14.4712845 0 0

C 2.173723763 2.84 0

C 4.63323591 2.84 0

C 7.092748057 2.84 0

C 9.552260204 2.84 0

C 12.01177235 2.84 0

C 14.4712845 2.84 0

H 0 0.165 0

H 0 2.675 0

H 16.64500826 0.165 0

H 16.64500826 2.675 0

K_POINTS AUTOMATIC

152



1 32 1 0 0 0

END

B.2 SCF Calculation

On this step, and SCF calculation is done on the output geometry from the pre-
vious one to obtain LDA energies using Quantum Espresso:

&control

calculation = ’scf’

verbosity = ’high’

restart_mode=’from_scratch’,

prefix=’6GNR’,

pseudo_dir = ’../Pseudo’,

outdir=’./Backup’,

wf_collect=.true.

/

&system

ibrav= 14, a=37.81, b=4.134, c=21.16, cosAB=0.0, cosAC=0.0, cosBC=0.0, nat= 30, ntyp= 2,

ecutwfc=30.0, ecutrho=120.0

/

&electrons

electron_maxstep=200

diagonalization=’cg’

mixing_mode = ’plain’

mixing_beta = 0.7

conv_thr = 7.4d-7

/

ATOMIC_SPECIES

H 1.008 H.pw-mt_fhi.UPF

C 12.011 C.pw-mt_fhi.UPF

ATOMIC_POSITIONS ANGSTROM

C 0.944447741 0.701569002 0.000000000

C 3.388068927 0.680912078 0.000000000

C 5.857542625 0.681556381 0.000000000
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C 8.322621995 0.683833112 0.000000000

C 10.787381025 0.681730800 0.000000000

C 13.256957258 0.681404844 0.000000000

C 15.700359904 0.702110203 0.000000000

C 0.944349585 2.047233485 0.000000000

C 3.388158285 2.068123136 0.000000000

C 5.857566519 2.068312188 0.000000000

C 8.322585604 2.066398259 0.000000000

C 10.787262283 2.068438617 0.000000000

C 13.257151929 2.068521010 0.000000000

C 15.700673988 2.047699947 0.000000000

C 2.158912476 0.009388503 0.000000000

C 4.625088479 0.002454055 0.000000000

C 7.087837124 0.005931319 0.000000000

C 9.557227816 0.005932661 0.000000000

C 12.019942472 0.002842846 0.000000000

C 14.486041418 0.009818706 0.000000000

C 2.159032158 2.739489172 0.000000000

C 4.625200687 2.746904450 0.000000000

C 7.087859459 2.744229783 0.000000000

C 9.557206123 2.744242683 0.000000000

C 12.019824630 2.747216972 0.000000000

C 14.485988460 2.739997462 0.000000000

H -0.007309611 0.178560438 0.000000000

H -0.007369633 2.570517522 0.000000000

H 16.652129115 0.179090464 0.000000000

H 16.652385070 2.570864716 0.000000000

K_POINTS AUTOMATIC

1 32 1 0 0 0

END

B.3 NSCF Calculations

Non-SCF calculations are made based on the SCF electronic density to format
the data in an appropriate way for Yambo and to create empty bands:
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&control

calculation = ’nscf’

verbosity = ’high’

restart_mode=’restart’,

prefix=’6GNR’,

pseudo_dir = ’../Pseudo’,

outdir=’./Backup’,

wf_collect=.true.

/

&system

ibrav= 14, a=37.81, b=4.134, c=21.16, cosAB=0.0, cosAC=0.0, cosBC=0.0, nat= 30, ntyp= 2, nbnd= 154,

ecutwfc=30.0, ecutrho=120.0, force_symmorphic=.true.

/

&electrons

electron_maxstep=200

diagonalization=’cg’

mixing_mode = ’plain’

mixing_beta = 0.7

conv_thr = 7.4d-7

/

ATOMIC_SPECIES

H 1.008 H.pw-mt_fhi.UPF

C 12.011 C.pw-mt_fhi.UPF

ATOMIC_POSITIONS ANGSTROM

C 0.944447741 0.701569002 0.000000000

C 3.388068927 0.680912078 0.000000000

C 5.857542625 0.681556381 0.000000000

C 8.322621995 0.683833112 0.000000000

C 10.787381025 0.681730800 0.000000000

C 13.256957258 0.681404844 0.000000000

C 15.700359904 0.702110203 0.000000000

C 0.944349585 2.047233485 0.000000000

C 3.388158285 2.068123136 0.000000000

C 5.857566519 2.068312188 0.000000000

C 8.322585604 2.066398259 0.000000000

C 10.787262283 2.068438617 0.000000000

C 13.257151929 2.068521010 0.000000000

C 15.700673988 2.047699947 0.000000000

C 2.158912476 0.009388503 0.000000000
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C 4.625088479 0.002454055 0.000000000

C 7.087837124 0.005931319 0.000000000

C 9.557227816 0.005932661 0.000000000

C 12.019942472 0.002842846 0.000000000

C 14.486041418 0.009818706 0.000000000

C 2.159032158 2.739489172 0.000000000

C 4.625200687 2.746904450 0.000000000

C 7.087859459 2.744229783 0.000000000

C 9.557206123 2.744242683 0.000000000

C 12.019824630 2.747216972 0.000000000

C 14.485988460 2.739997462 0.000000000

H -0.007309611 0.178560438 0.000000000

H -0.007369633 2.570517522 0.000000000

H 16.652129115 0.179090464 0.000000000

H 16.652385070 2.570864716 0.000000000

K_POINTS AUTOMATIC

1 32 1 0 0 0

END

B.4 G0W0 Calculations with RIM for Coulombic Cut-Off

Two steps for initializing the Quantum Espresso data were skipped because
they were trivial (two single commands, “p2y” and “yambo”, used in the ter-
minal). In this step, the RIM method is used and the G0W0 calculations are exe-
cuted:

# GPL Version 3.4.1 Revision 3187

# http://www.yambo-code.org

#

rim_cut # [R RIM CUT] Coulomb interaction

ppa # [R Xp] Plasmon Pole Approximation

gw0 # [R GW] GoWo Quasiparticle energy levels

HF_and_locXC # [R XX] Hartree-Fock Self-energy and Vxc

em1d # [R Xd] Dynamical Inverse Dielectric Matrix

RandQpts= 10000000 # [RIM] Number of random q-points in the BZ
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RandGvec= 203 RL # [RIM] Coulomb interaction RS components

CUTGeo= "box xz" # [CUT] Coulomb Cutoff geometry: box/cylinder/sphere

% CUTBox

71.47600 | 0.00000 | 40.00000 | # [CUT] [au] Box sides

%

CUTRadius= 0.000000 # [CUT] [au] Sphere/Cylinder radius

CUTCylLen= 0.000000 # [CUT] [au] Cylinder length

EXXRLvcs= 30 Ry # [XX] Exchange RL components

Chimod= "Hartree" # [X] IP/Hartree/ALDA/LRC/BSfxc

% BndsRnXp

1 | 104 | # [Xp] Polarization function bands

%

NGsBlkXp= 2 Ry # [Xp] Response block size

% LongDrXp

0.000000 | 1.000000 | 0.000000 | # [Xp] [cc] Electric Field

%

PPAPntXp= 27.21138 eV # [Xp] PPA imaginary energy

% GbndRnge

1 | 104 | # [GW] G[W] bands range

%

GDamping= 0.100000 eV # [GW] G[W] damping

dScStep= 0.100000 eV # [GW] Energy step to evalute Z factors

DysSolver= "n" # [GW] Dyson Equation solver (‘n‘,‘s‘,‘g‘)

%QPkrange # [GW] QP generalized Kpoint/Band indices

1| 17| 45| 64|

%

%QPerange # [GW] QP generalized Kpoint/Energy indices

1| 17| 0.0|-1.0|

%

B.5 Static Inverse Dielectric Matrix Calculation

This uses the NSCF results to produce the Static Inverse Dielectric Matrix used
as input for the BSE calculations in Yambo:

# GPL Version 3.4.1 Revision 3187
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# http://www.yambo-code.org

#

rim_cut # [R RIM CUT] Coulomb interaction

em1s # [R Xs] Static Inverse Dielectric Matrix

RandQpts= 10000000 # [RIM] Number of random q-points in the BZ

RandGvec= 203 RL # [RIM] Coulomb interaction RS components

CUTGeo= "box xz" # [CUT] Coulomb Cutoff geometry: box/cylinder/sphere

% CUTBox

71.47600 | 0.00000 | 40.00000 | # [CUT] [au] Box sides

%

Chimod= "hartree" # [X] IP/Hartree/ALDA/LRC/BSfxc

% BndsRnXs

1 | 104 | # [Xs] Polarization function bands

%

NGsBlkXs= 2 Ry # [Xs] Response block size

% LongDrXs

0.000000 | 1.000000 | 0.000000 | # [Xs] [cc] Electric Field

%

B.6 BSE Calculations

This uses the G0W0 and the Static Inverse Dielectric Matrix as input to the BSE
to produce absorption/fluoresence spectra. This script is for singlet excitations:

# GPL Version 3.4.1 Revision 3187

# http://www.yambo-code.org

#

rim_cut # [R RIM CUT] Coulomb interaction

optics # [R OPT] Optics

bse # [R BSE] Bethe Salpeter Equation.

bsk # [R BSK] Bethe Salpeter Equation kernel

em1s # [R Xs] Static Inverse Dielectric Matrix

bss # [R BSS] Bethe Salpeter Equation solver

RandQpts= 10000000 # [RIM] Number of random q-points in the BZ

RandGvec= 203 RL # [RIM] Coulomb interaction RS components

CUTGeo= "box xz" # [CUT] Coulomb Cutoff geometry: box/cylinder/sphere

% CUTBox
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71.47600 | 0.00000 | 40.00000 | # [CUT] [au] Box sides

%

Chimod= "hartree" # [X] IP/Hartree/ALDA/LRC/BSfxc

BSEmod= "resonant" # [BSE] resonant/causal/coupling

BSKmod= "SEX" # [BSE] IP/Hartree/HF/ALDA/SEX

BSSmod= "d" # [BSS] (h)aydock/(d)iagonalization/(i)nversion/(t)ddft‘

BSENGexx= 30 Ry # [BSK] Exchange components

BSENGBlk= 2 Ry # [BSK] Screened interaction block size

#WehCpl # [BSK] eh interaction included also in coupling

KfnQPdb= "E < ./SAVE/db.QP" # [EXTQP BSK BSS] Database

KfnQP_N= 1 # [EXTQP BSK BSS] Interpolation neighbours

KfnQP_Z= ( 1.000000 , 0.000000 ) # [EXTQP BSK BSS] Z factor (c/v)

% BEnRange

0.00000 | 2.00000 | eV # [BSS] Energy range

%

% BDmRange

0.020000 | 0.020000 | eV # [BSS] Damping range

%

BEnSteps= 1000 # [BSS] Energy steps

% BLongDir

0.000000 | 1.000000 | 0.000000 | # [BSS] [cc] Electric Field

%

% BSEBands

45 | 64 | # [BSK] Bands range

%

% BndsRnXs

1 | 104 | # [Xs] Polarization function bands

%

NGsBlkXs= 1081 RL # [Xs] Response block size

% LongDrXs

0.000 |0.1000E-4 | 0.000 | # [Xs] [cc] Electric Field

%

WRbsWF
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