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ABSTRACT

Carbon nanotubes (CNTs) are of considerable interest in the electronics in-

dustries specially for field-effect transistors and as conductive layers for the

touch screen market, to name just two applications. However, a major obsta-

cle in deploying CNTs in commercial applications is the current difficulty in

sorting semiconducting CNTs from amongst metallic ones from their polydis-

persed mixtures. There have been numerous efforts targeted to either control

their growth to a monodisperse type of CNT or to sort them. However, existing

methods, including using polymers or “nanotweezers,” have their drawbacks.

In addition, the mechanism by which even the existing methods act is not very

well characterized at the molecular-scale. With that aim in mind, we under-

took a fully atomistic Molecular Dynamics technique to understand the origin

of size-selectivity among CNTs by a small organic semiconductor molecule (a

contorted hexabenzocoronene called c-OBCB, [Octabenzocircumbiphenyl]) fea-

turing four alkyl side-chains. Research by Professor Lynn Loo’s group at Prince-

ton University discovered that this molecule was capable of selecting a (10,3)

CNT variant with 97% specificity from among a polydisperse CNT mixture, but

only in one specific solvent (toluene). In order to uncover the underlying prin-

ciples behind this dramatic sensitivity, we conducted a detailed computational

study of the enthalpic and entropic contributions that contribute to the bind-

ing of c-OBCB to four differently sized and different chirality CNTs. We also

studied the diffusional motion of the c-OBCB molecule over the surface of the

CNT to investigate whether transport considerations offset or enhance thermo-

dynamic driving forces operating on the system. We used Sandia’s LAMMPS



Molecular Dynamics code to model the equations of motion of the system and

OPLS parameters for the molecular interactions representing CNT and c-OBCB.

We found that the underlying molecular-scale causes of the experimentally

observed selectivity is not traceable to a single dominant effect; rather, is a

composite of effects that perhaps explains its extreme selectivity. The most

compelling finding was that it takes a combination of two key factors: (1) the

strength of the binding interactions between the core of the c-OBCB and the

curved surface of the CNT and (2) the relative preference of the side-chains on

the c-OBCB to stick to the carbon nanotubes (versus interacting with the sol-

vent). The best combination for selectivity appears to be one in which there is

strong binding of OBCB to the CNT in conjunction with a solvent that promotes

side-chains adhering to the CNT surface. The worst combination for selectivity

is where c-OBCB is weakly bound to the CNT variant and there is a good solvent

for the side-chains. We were also able to capture the specific solvent effect for

this system: Toluene allows significantly better binding than chloroform (which

was not observed experimentally to be CNT variant-selective). The results also

highlight that the diffusivities obtained in either solvent show no correlation

with CNT diameter or chirality and hence appear not to be important for selec-

tivity. This opens the door for future work to use all-atom Molecular Dynamics,

as here, to rationally design a molecule to select for a precise CNT variant.
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CHAPTER 1

INTRODUCTION

1.1 Semiconductor Industry Background Overview

As far back as 1965, Gordon Moore, co-founder of Intel Corporation, predicted

that the number of transistors that can be installed on an integrated circuit

would double every two years [1, 5]. This law continues to hold true even

after five decades and, accordingly, the scale of conventional device architec-

tures has shrunk to nanoscale dimensions. This has been possible due to the

continuous advancement in our ability to precisely architect the circuit compo-

nents and realize them through advanced technologies like lithography. Figure

1.1 shows the map of advancement of the chip manufacturing technology [1].

There has been tremendous improvement in terms of size, capacity, efficiency

and performance of the chips since their inception. Since the discovery of a

Si-based transistor at Bell Labs in 1947, the microelectronics industry has revo-

lutionized the way computers work today and the capabilities with which we

can communicate across the world. This motivation to produce smaller, faster,

higher performance chips that could pack a higher transistor density continues

to drive industrial and academic research today. For example, IBM unveiled

their latest wafer comprising of 7 nanometer (nm) chips in early July 2015 [6].

GlobalFoundries is working on its 7 nm and 10 nm fabrication technoloies with

help from IBM experts [7].

The general approach towards the improvement of semiconductor chip

manufacture that has been followed lately is called a “top down” fabrication

process. The basic idea behind it is to utilize inorganic materials like metals and
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Figure 1.1: Moore’s Law Timeline. [1]
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oxide. Although this approach was useful in the beginning of chip development

and has brought us to the situation we have today, but it is fast becoming sci-

entifically and economically obsolete as the size of chips continues to decrease.

Another reason is that controlling leakage currents at the nanoscale level that

we have achieved today is becoming all the more difficult. These two major

factors have compelled us to look beyond silicon dominated technology and ex-

plore novel materials-approach called “bottom up” and architect devices with

smaller size with greater speed. There has been a lot of research performed

specifically on III/V materials and organic substrates. Emerging technologies

like organic thin films and field effect transistors are a testimony to that.

1.2 Organic Semiconductors

In the last few decades, there has been a growing interest in studying Small-

Molecule Organic Semiconductors [8–12]. These semiconductors are referred

to as “small” because their mean molecular weight is typically less than 1000.

Small-molecule organic semiconductors are seen as potential candidate mate-

rials for solar energy production and thin films for applications in field effect

transistors, sensors, light-emitting diodes, etc. Recent studies have shown broad

applications of these molecules in application arenas like transistors [13–16] and

LEDs [17] and their application is gaining significant interest, and indeed com-

mercial implementation, for their use in flexible displays, [18] RFID tags, and

as components in photovoltaic systems. These materials offer potentially great

control over the design and achievement of unique properties through cus-

tomized design of the molecules involved. Self-assembled monolayers of these

organic molecules on both conducting and insulating solid substrates, like Au,
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Ag, and GaAs [19,20] provide an interesting pathway to form highly ordered or-

ganic/inorganic interfaces in what is known as a “bottom up” approach. Some

of these small-molecule organic semiconductors display excellent hole (cation)

transport properties making them a suitable fit for use in photovoltaic devices.

Current consumption rate of fossil fuel reserves and their consequent con-

tribution to climatic change has brought a lot of pressure on countries all over

the world to find sustainable ways of producing energy [21–23]. Solar energy

is one particularly prominent, sustainable and abundant energy source; its uti-

lization has been the subject of research for the past few decades. Since the

1950s, numerous efforts have been targeted towards making solar cells from

inorganic semiconductors [24–28]. These cells have found commercial usage

as renewable electric power sources in applications ranging from satellites to

residential roof-tops since the 1960s [29]. Recent interest has grown in making

solar cells based on organic materials, hinting towards the possibility of creating

cheaper solar cells in future [30, 31]. Indeed, it is possible that transparent ma-

terials could be used as window coverings with incorporated PV activity [32].

Greg et al. [33] have clearly delineated a contrast between organic and inorganic

photovoltaic materials. Typical efficiencies of recent organic solar cell materials

have approached the 10% value for power conversion efficiency that is gener-

ally deemed to meet economic viability [34]. While the standard set by sili-

con in terms of efficiency (12-30%) still remains unbeaten (with the exception

of exorbitantly expensive PV cells for satellites), there remains a very lucrative

and viable market for all-organic, as well as hybrid organic-inorganic solar cells,

due to their cheaper production cost (including the possibility of roll-to-roll pro-

cessing), abundant availability, tailorability, and the opportunity to use solution

processing (again, a cost-saving measure).
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Materials that have already been targeted for PV activity include acenes (es-

pecially pentacene) [35–37] thiophenes [38,39], perylene derivatives [40–42] and

many others. As mentioned in the preceding paragraph, these molecules offer

several key advantages, including great compatibility with flexible substrates

and their ability to modify offer custom-designed materials properties.

One of the most important characteristics that needs to be gauged for or-

ganic semiconductors is their charge carrier mobility, since this is a determining

factor in the performance of organic electronic devices such as field-effect tran-

sistors, solar cells, and light-emitting diodes [43]. Unlike inorganic semicon-

ductors, organic semiconductors rely on π-conjugation for the charge transport

mechanism between the individual conjugated molecules. In this case, the mo-

bility is mainly limited by trapping of charges in localized states. For a thin

film system, the choice of the semiconductor also depends on the choice of the

substrate being used. It has been found that the low-temperature processing

allows a lot of different substrates to be considered as the supporting layer for

these systems [44, 45]. Charge mobility of thin films is strongly influenced by

the degree of order that can be achieved: In general, the higher the degree of

crystallinity in the semiconductor, the higher the mobility of the material. How-

ever, crystalline order is not essential for high charge-carrier mobility. Hanna

et al. [46] have showed that liquid crystalline phases of oligothiophenes and

hexabenzocoronenes can serve as alternatives to thin films of organic semicon-

ductors. Charge hopping remains the most predominant form of charge trans-

port at room temperature as the charge carriers remain localized on individual

molecules.

Experimental observations can be complemented with molecular simulation
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studies to provide useful insight into the molecular mechanisms that govern

these processes,in ways that cannot be determined through experiments. For

example, side-chain interactions with graphene [47] or ligand binding [48] or

rare structural defects that cannot be imaged experimentally, can be investi-

gated via computational techniques. Furthermore, molecular simulation tech-

niques can predict the results of certain processes for situations which are ei-

ther not yet explored by the experiments or that cannot be explored because

of equipment limitations. Thus, through molecular simulations, we can under-

stand the underlying principles behind these experimental findings and relate

these molecular characteristics to predict the viability of new improved tech-

nique. A review of the applicability of atomic- and molecular- scale simulations

to study the phenomena associated with growing thin films of small organic

semiconductor materials has been provided by Clancy et al. [49]

In this thesis, we will discuss the unusual and, so far, unique ability for a

non-planar, small-molecule organic semiconducting molecule called contorted

octabenzocircumbiphenyl (c-OBCB) to selectively adsorb to (and hence sepa-

rate) some CNT chiralities (especially the (10,3) variant). As shown in fig-

ure 1.2, c-OCBC is composed of a non-planar central sticky patch of graphene

with four side-chains consisting of OC12H25. It is part of the contorted class

of molecules originally created by Prof. Colin Nuckolls of Columbia Univer-

sity [2]. As discovered experimentally by Dr. Jia Gao and Prof. Yuen-Lin (Lynn)

Loo, the c-OBCB molecule shows specific selectivity towards semiconducting

single walled carbon nanotubes, but only in one solvent, toluene. This selectiv-

ity is not seen experimentally, even in another good solvent for c-OBCB such as

chloroform. We investigate the enthalpic and entropic attributes, transport char-

acteristics and solvent dynamics of the system which we propose might play a

6



Figure 1.2: Schematic of highly contorted Octabenzocircumbiphenyl
(OBCB) molecule [2]. Side-chain R1 was considered for this re-
search work.
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role towards this stimulating behavior.

1.3 Carbon nanotube selectivity using contorted octabenzocir-

cumbiphenyl molecule

In this research work, we demonstrate the use of an aromatic compound, a

contorted octabenzocircumbiphenyl (c-OBCB) to sort semiconducting single-

walled carbon nanotubes (CNTs) by selectively picking out certain chiralities,

especially the so-called (10,3) variant, to be described below. Our experimen-

tal collaborators at Princeton (Prof. Lynn Loo’s group) discovered this selec-

tivity, providing evidence from absorption, photoluminescence excitation and

Raman spectroscopies that confirm that c-OBCB preferentially selects a few spe-

cific kinds of semiconducting carbon nanotubes.

The role of this thesis is to confirm this selectivity phenomenon computa-

tionally and uncover the origin (at a molecular level) of this phenomenon. We

shall show that the reason for this selectivity is a subtle balance of interactions

between the c-OBCB, the CNT, and a specific choice of solvent. No single factor

defines this phenomenon; instead, it results from the combined effect of bind-

ing interactions between the core of c-OBCB and CNTs, as well as the relative

preference of the side-chains on the c-OBCB to interact with the surface of the

carbon nanotubes versus interacting with the solvent. The curvature match be-

tween the contorted OBCB molecule and the CNT also plays a role. It has been

observed by Prof. Loo’s group that field-effect transistors (FETs) based on c-

OBCB-sorted semiconducting carbon nanotube networks show hole mobilities

>1 cm2/V s with current on/off ratios >4 × 103. Fluctuation-induced tunneling
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model describes thermally activated hole transport in these FETs.

Single-walled carbon nanotubes (CNTs) are seen as promising candidates

for applications in logic circuits, but their drawback is that both semiconduct-

ing and metallic species coexist when prepared from any conventional meth-

ods, like chemical vapor deposition, arc discharge and laser ablation [50–52],

etc. A considerable amount of research work has been conducted to solve this

problem- either by controlling the growth of carbon nanotubes [53], or by sep-

arating and purifying CNTs into semiconducting and metallic types [54]. In

the last decade, we have witnessed a tremendous success in the ability to sort

CNTs. Today, it is possible to obtain high purity semiconducting CNTs disper-

sions which are seen to be promising alternatives for electronic and optoelec-

tronic devices in the post-silicon era [55–60]. The most popular approach so far

is to use materials such as a polymer [61–63] or an aromatic substance [64],to

assist in sorting of these single-walled CNTs. For example, macromolecule-

based dispersants, such as π-conjugated polymers and single-stranded DNA

with specific sequences, have also been utilized to disperse CNTs and several

of them have shown selectivity towards them [61–63, 65–69]. Recent studies

have shown a number of applications of polymer-sorted semiconducting single-

walled CNTs in electronic devices, including field-effect transistors (FETs), light-

emitting transistors, photodetectors and photovoltaics [70–78].

Methods to selectively sort CNTs in organic solvents achieved some promi-

nence in the early 21st century using large aromatic molecules including pyrene,

porphyrin, phthalocyanine or perylenediimide that exhibit strong π interactions

with the surfaces of carbon nanotubes. Unfortunately, these dispersants are

not very effective for selectivity towards CNTs with specific electrical proper-
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ties [79–85]. More recent articles have explored the use of a family of so-called

“nanotweezers,” obtained by binding two aromatic components, such as por-

phyrin or pyrene, onto a rigid spacer, which have been shown to be capa-

ble of selecting for semiconducting CNTs [86, 87]. However, “nanotweezers”

do not obtain the same level of purity and specificity of the resulting single-

walled CNTs compared to polymer-sorted systems [68, 86]. Small-molecule or-

ganics are gaining popularity as dispersants for selecting CNTs. The synthesis

of these molecules is highly scalable. In addition, there is less batch-to-batch

variation compared to conjugated polymers, providing a boost to the develop-

ment of methods employing solution-processed carbon nanotube-based for use

in the electronics industries. Knowing that polymeric dispersants select CNTs

by wrapping around their exterior wall, we anticipate that these contorted aro-

matic molecules, which are the focus of this thesis, will be promising candidates

for dispersing CNTs with perhaps improved selectivity (relative to planar poly-

mers) due to their much better curvature match to CNTs. Side-chains attached

to these non-planar molecules will also facilitate in their selective interaction

with CNTs.

Our experimental collaborators have shown that selective interactions be-

tween single-walled CNTs and the small-molecule semiconductor, contorted

octabenzocircumbiphenyl (c-OBCB), leads to a 97% semiconducting CNTs dis-

persion. They conducted extensive spectroscopic characterization, including

absorption, photoluminescence excitation and Raman spectroscopies, and ob-

served that c-OBCB selectively sorts for (6,5), (7,6), (10,3), (10,5), (8,7), (11,7),

(12,7) and (13,5) species from a Hipco carbon nanotube mixture, and for only

(6,5), (7,6) and (10,3) species from a Comocat CNT mixture. To validate their

experimental results, we carried out Molecular Dynamics (MD) simulations to
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explore the atomic-level interactions between c-OBCB and (6,5) and (10,3) tubes.

As negative controls, we also simulated the interactions between c-OBCB and

(7,5) and (8,6) tubes. Electrical characteristics of FETs based on c-OBCB-sorted

carbon nanotube networks were also measured and qualified by the Princeton

team. These networks exhibit charge transport that is described by fluctuation-

induced tunneling.

CNTS are allotropes of carbon with a cylindrical nanostructure and are mem-

bers of the fullerene structural family. Nanotubes have been known to be syn-

thesized with length-to-diameter ratio of up to 132, 000, 000 : 1 [88] which is sig-

nificantly larger than for any other material synthesized until now. Nanotubes

are viewed as valuable materials for nanotechnology, electronics, optics and

other fields of materials science and technology because they posses extraor-

dinary thermal conductivity and mechanical and electrical properties [89–91].

They are constructed by rolling one-atom-thick sheets of carbon, i.e., graphene.

These sheets are rolled at specific and discrete (“chiral”) angles (figure 1.4. Chi-

rality is defined by two indices (n,m), where the integers n and m are the num-

ber of unit vectors along two directions in the honeycomb crystal lattice of

graphene. Schematic of four different chiralities of CNTs considered for this

study are shown in figure 1.3. If m = 0, the nanotubes are known as “zigzag,”

and, if n = m, the nanotubes are of type armchair. Otherwise, they are called

chiral. The diameter, d, of an ideal nanotube can be calculated from its (n,m)

indices as follows:

d = 78.3
√

((n + m)2 − nm) pm (1.1)

The electrical properties are defined by the combination of rolling angle and ra-

dius. For example, whether a particular nanotube is a metal or semiconductor

is decided by the chiral parameters n and m. For a given (n,m) nanotube, if n
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Figure 1.3: Schematic of four different chiralities od CNTs considered
for this study.(10,3) and (6,5) were found to be preferentially
selected by c-OBCB molecule in toluene solvent while (7,5)
and(8,6) were not.
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= m, the nanotube is metallic; if n − m is a multiple of 3, then the nanotube is

semiconducting with a very small band gap, otherwise the nanotube is a mod-

erate semiconductor. Thus, all armchair (n = m) nanotubes are metallic, and

nanotubes (6,4), (9,1), etc. are semiconducting [92]. Nanotubes are also catego-

rized as single-walled nanotubes versus multi-walled nanotubes. In our study,

we have used single-walled semiconducting carbon nanotubes with chiralities

(10,3), (6,5), (8,6) and (7,5).

Individual nanotubes naturally align themselves into “ropes” held together

by van der Waals forces originating from strong π-π stacking. This alignment

manifested itself in our simulations too. All the bonds in CNTs are sp2 hy-

bridized. These bonds are stronger than sp3 bonds in alkanes and provide nan-

otubes with their unique and unusual strength.

The contorted octabenzocircumbiphenyl (c-OBCB) molecule used in this re-

search work has a very highly contorted exterior with six 4-helicenes and two

5-helicenes around their central aromatic core. c-OBCB is soluble in common or-

ganic solvents and forms thin films when it is modified with appropriate side-

chains. Tetradodecycloxy-substituted OBCB self-assembles to form an active

layer that can be used in organic field effect transistors. It also self-assembles

into a heterojunction from solution with PC70BM. Its synthesis and electronic de-

vice characterization has been explained in detail by Xiao et al. [2]. A schematic

map of the c-OBCB and chiralities of the CNTs dispersed with with from optical

measurements is depicted in Figure 1.4. Here, the angle α is the angle between

the chiral vector and the zigzag direction of a graphene sheet and is specific to

each chiral CNT. Figure 1.4 also provides the molecular structure of c-OBCB.

Figure 1.5 shows the spectroscopic characterization of c-OBCB-sorted Hipco
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Figure 1.4: Schematic of c-OBCB and the graphene sheet map of CNTs
sorted by c-OBCB in toluene. [3]

14



CNTs in toluene performed by Professor Lynn Loo’s group at Princeton. Fig-

ure 1.5a compares the absorption spectrum of c-OBCB-sorted Hipco CNTs and

those dispersed by another common surfactant, sodium dodecyl sulfate (SDS).

Several key observations can be drawn from this figure. First of all, the ab-

sorption spectrum of the c-OBCB-sorted CNT dispersion (red) shows lower

background intensity and better-resolved features compared to that of the SDS-

dispersed SWNTs. This indicates that c-OBCB is more effective at isolating

and dispersing individual tubes. More importantly, comparison of the spec-

tra shows that c-OBCB selects only for a few semiconducting CNTs species.

While SDS has been used to disperse CNTs, no preference for selectivity was

observed (black) [93]. The photoluminescence excitation (PLE) map in Fig-

ure 1.5b shows (6,5), (7,6), (10,3), (8,7) CNTs are preferentially selected by c-

OBCB [85, 94]. When the absorption intensities associated with CNTs sorted

with c-OBCB in toluene were compared against those sorted with SDS it was

found that c-OBCB shows the strongest selectivity for (10,3) tubes. For example,

(6,5) and (10,3) tubes, comprise 5.9% and 15% in SDS-dispersed Hipco CNTs, re-

spectively. In c-OBCB-sorted Hipco CNTs, the content of (6,5) and (10,3) tubes is

7.0% and as high as 38%, respectively. A remarkably noticeable absorption was

observed in the spectral range between 1450 to 1600 nm, indicating the absorp-

tion of large-diameter (1.2-1.3 nm) CNTS, including (11,7), (12,7) and (13,5) [95].

By analyzing the absorption intensity of each carbon nanotube species extracted

from the absorption spectrum of c-OBCB-sorted Hipco SWNTs dispersion, it is

estimated that the large-diameter tubes comprise 49% of the dispersion.

Raman characterization [96] of c-OBCB-sorted carbon nanotubes acts to ex-

cite the systems at different energies to identify the various electronic types of

CNTs. Figure 1.5c shows the radial breathing mode (RBM) region of Raman
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Figure 1.5: (a) Absorption spectra of Hipco CNTs sorted with c-OBCB
(red) and with SDS (black). (b) 2D photoluminescence excita-
tion (PLE) contour plot of c-OBCB/Hipco CNTs dispersion dis-
playing strong selectivity for (10,3) CNT. (c) Radial breathing
mode (RBM) regions of Raman spectra of Hipco CNTs sorted
with c-OBCB (red) and with SDS (black), excited at 633 nm.
Red and blue shaded areas correspond to metallic and semi-
conducting CNTs regions, respectively. (d) Absorption spec-
tra of Comocat CNTs sorted with c-OBCB (red) and with SDS
(black). [3]
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spectra of networks of c-OBCB-sorted (red) and SDS-dispersed (black) CNTs at

633 nm. This excitation wavelength is in resonance with both metallic CNTs

that show RBM peaks in the range from 180 to 230 cm-1 and with semiconduct-

ing CNTs having RBM peaks in the range from 230 to 320 cm-1. While the Raman

spectrum of SDS-dispersed CNTs reveals the presence of metallic CNTs, we do

not observe any such peaks in the radial breathing mode region in the Raman

spectrum of c-OBCB-sorted Hipco SWNTs. The single Raman peak at 251 cm-1

in the spectrum of the c-OBCB-sorted CNTs correspond to (10,3) CNTs. This

observation is consistent with photo luminescence excitation measurements in

Figure 1.5b. The purity of CNTs is estimated to be approximately 97% from

the Raman spectra excited at 532 nm by comparing the integrated area of the

Raman peaks that correspond to semiconducting single-walled CNTs to that of

the metallic tubes. While the purity of CNTs is lower than those sorted by poly-

mer dispersants, it is superior to that of CNT dispersions sorted with molecu-

lar“nanotweezers” based on dipyrene and diporphyrin.

c-OBCB’s selectivity of Comocat CNTs was also investigated. Comocat CNTs

only comprise tubes with diameters less than 1.1 nm. Figure 1.5d shows that

peak absorption spectra were observed only for three kinds of small-diameter

semiconducting CNTs, namely (6,5), (7,6) and (10,3), in the final dispersion.

The observation further confirms that c-OBCB only interacts with a few CNTs

species and indicates c-OBCB’s selectivity across CNTs from different sources.

The purity of semiconducting CNTs is estimated to also be approximately 97%,

identical to that of c-OBCB-sorted Hipco SWNTs.
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CHAPTER 2

CONTORTED OCTABENZOCIRCUMBIPHENYL (C-OBCB) MOLECULE

SHOWS DIAMETER SELECTIVITY WITH SEMICONDUCTING

SINGLE-WALLED CARBON NANOTUBES

2.1 Past computing work

Several papers have used molecular simulation approaches to study the adsorp-

tion of molecules, mainly polymers (discussed below), on single-walled carbon

nanotubes (CNTs). Closest to our study here, Nish et al. [64] studied the inter-

action of single-walled CNTs with aromatic fluorinated polymers. Their study

showed that the polymers form an ordered structure around the CNTs and that

the binding energy increased with increases in the nanotube’s diameter. They

showed that relatively small changes in the polymer structures led to selection

on the basis of both chiral angle and nanotube diameter. Their fluorine-based

polymers showed that the selectivity is not only sensitive to slight alterations in

the polymer structures, but also to changes in the solvent chosen. As our results

will confirm, they also observed selectivity in a toluene solvent. Selectivity was

reduced in solvents like THF and chloroform.

More recently, Maatta et al. [97] studied the influence of the length of poly-

ethylene glycol (PEG) chains and phospholipid(PL)-PEG chains on the assem-

bly on CNT in terms of dispersion efficiency. Sacchetti et al. [98] found that the

selectivity observed in PEG-grafted and phospholipid-coated CNTs depends

more on PEG chain length than on any other property. Li et al. [99] studied the

hydration and water-induced interaction between carbon-based nanoparticles,

single-walled carbon nanotubes and graphene sheets. Functionalizing CNTs
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using diazonium salts alters their optical and electronic properties [99]. This

property can be utilized in applications ranging from drug delivery vehicles to

molecular sensors.

Shanchao et al. [100] studied the extent of diazonium fucntionalization of

CNTs coated with various surfactants, like SDS, sodium cholate and cetyl

trimethylammonium bromide. Their free energy calculations showed that it is

possible to sort the surfactants in terms of the functionalization attained follow-

ing their selective adsorption on the nanotube surface. Jia et al. [61] evaluated

the energetics of fluorine-based polymers on CNTs in a toluene solvent. They

found that the side-chains also play an important role in selecting the CNTs.

In addition, they observed that there exists combination involving a diameter

and chirality that provides the best contact and interaction with the core and

side-chains of that polymer, the best being the (8,6) CNT.

Jain et al. [101] developed a model that provided some insight into the sep-

aration order and binding kinetics of CNTs based on the surfactant-induced

(6,5) CNT. They found that the CNT separation efficiency is driven by morpho-

logical changes of the SDS surfactant wrapping around the surface of the nan-

otube with different chirality and ionic strength of the surrounding medium.

Tummala et al. [102] investigated the morphology of sodium dodecyl surfac-

tant (SDS) aggregates adsorbed on (6,6), (12,12) and (20,20) CNTs. Their results

showed that the nanotube diameter is the primary factor that affects the mor-

phology of the aggregates. In contrast, our experimental collaborators observed

a different trend: Two CNTs of very similar diameter, (10,3) and (8,6), behave

quite differently in terms of the ability of c-OBCB to select them (the former

shows this selectivity; the latter does not). The diameters of these nanotubes
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is given in Table 2.1. Uncovering the reasons why this selectivity occurs is the

main motivation for this research effort.

2.2 Computational Strategy

A detailed computational study, using molecular-scale models and simulations,

of the enthalpic and entropic contributions to the binding of c-OBCB to a vari-

ety of differently sized and different chirality CNTs is presented here. We also

study the motion of the OBCB molecule on the surface of the CNT and a care-

ful examination of the balance of interactions between solvent and side-chain

versus side-chain binding to the CNT [47, 48] Since the reason for the selectiv-

ity of c-OBCB for (10,3) CNTs shown here and, to a lesser extent, (6,5) CNTs is

clearly not a function of either CNT diameter or chirality, we conducted molec-

ular simulations to uncover the atomic-level mechanism(s) that might explain

this phenomenon.

To accomplish this goal, we investigated several possible explanations, look-

ing specifically at molecular-scale characteristics of OBCB/CNT configurations

in two solvents, one that displayed the observed selectivity (toluene) and one

that did not (chloroform), looking for energetically or entropically driven rea-

sons for the selectivity. The questions we posited to explore the underlying

cause of selectivity were: (1) Is this selectivity caused by differences in the

strength of the OBCB binding to the CNT? (2) Since this binding is an ener-

getic, thermodynamic property, might this be offset, or enhanced, by dynamic,

transport characteristics such as the diffusion of OBCB molecules on the vari-

ous (n,m) CNT surfaces? At this point, it was unknown whether the diffusion
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n,m (CNT) Diameter (Å)

6,5 7.6

7,5 8.3

10,3 9.3

8,6 9.7

Table 2.1: Diameters of single-walled semiconducting carbon nanotubes
studied in this work. Green shaded areas denote the chiralities
of nanotubes that are selected in toluene, while red ones denote
the nanotubes that are not selected.
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of c-OBCB on CNT surfaces is the same for any (n,m) pair. (3) Is the selectiv-

ity simply a matter of fit in curvature of the OBCB to the CNT? Is there a “ball

and socket”-type explanation? [2] (4) What drives the selectivity to be solvent-

specific? This last question implies that the nature of the OBCB/solvent interac-

tion is important (most likely manifested as the “quality” of the solvent for the

OBCB side-chains).

2.3 Simulation Details

To answer the questions raised above, we employed Molecular Dynamics sim-

ulations to study the binding of OBCB to CNT, traditional calculations of the

diffusion coefficients [4], and Potentials of Mean Force (PMFs) [103]. The latter

determined the free energy of the binding process as the OBCB is pulled away

from the CNT surface, capturing both energetic and entropic considerations.

We also looked into the shape-matching of the c-OBCB molecule with the CNT,

and the preferred orientation that c-OBCB likes to take when it moves across the

surface of the CNTs.

2.3.1 Molecular Dynamics

We used All-Atom (A-A) models within the framework of a Molecular Dynam-

ics simulation (MD) to simulate the system. Atomistic modeling offers better

accuracy compared to coarse-grained (C-G) models, but there exists a delicate

balance between the accuracy and computational cost associated with A-A ver-

sus C-G methods, and hence the time and length scales that can be accessed.
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Figure 2.1 relates the accuracy and computational costs of various modeling

methods that are widely used to model molecular systems. In the current the-

sis, we have used Molecular Dynamics (MD), since we found it to work best for

the time and length scales that were required by our system. The theory behind

the method is explained below.

MD is a computational technique to simulate the motion of atoms and

molecules in time and space giving a representation of the dynamical evolution

of the system. MD solves Newton’s laws of motion to numerically calculate the

trajectories of particles as they traverse space and time. The forces of attraction

or repulsion acting on the particles and their potential energy is determined by

molecular mechanics force field parameters. This technique was originally de-

veloped in theoretical physics in the late 1950s [104, 105], but has since become

ubiquitous in fields like materials science, chemical physics and biological engi-

neering.

Simulations conducted by MD help us to calculate the thermodynamic prop-

erties of the system based on the ergodic hypothesis, namely that: “Statistical

ensemble averages are equal to time averages of the system collected over a

period of time.”

MD is a classical mechanics code that solves Newton’s second law of motion

to calculate the trajectories of the particles in the system:

Fi = miai (2.1)

where mi is the mass of the ith particle in a system of N particles, ai is the parti-

cle’s acceleration ai = ∂2ri
∂t2 and Fi is the force acting on that particle due to the in-
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Figure 2.1: Relationship between the accuracy of various molecular mod-
eling methods with their computational cost. The more accu-
rate the approach, the more computationally expensive it is.
Note that the computational expense axis is not linear; for in-
stance, ab initio simulations are orders of magnitude more ex-
pensive than fully atomistic Molecular Dynamics simulations.
Experiment and simulation length- and time- scales generally
overlap only at KMC and continuum levels of modeling.

24



teraction with other particles. MD is different from Monte Carlo simulations in

that it is a deterministic way of calculating the trajectories of the particles given an

initial set of positions and velocities, whereas Monte Carlo is stochastic. How-

ever, MD is similar to Monte Carlo in that it produces a set of configurations

according to some statistical distribution. For example, in the microcanonical

ensemble, MD calculates and ultimately picks out the state of the system which

has a constant energy in time.

A physical quantity can be represented by taking averages over many states

defined by a specific ensemble and governed by the rules of statistical me-

chanics [106]. Trajectories calculated by MD also provide such configurations.

Hence, for a simulation that has been conducted for sufficiently long to cap-

ture the phenomenon under investigation, we could expect the phase space to

be well- sampled and good estimates of the thermodynamic properties can be

calculated. However, care must be taken to ensure that the sampling is good

enough or that system is approaching equilibrium.

The only input required of a Molecular Dynamics simulation is the need to

choose a suitable model that defines the potential energy (and hence the forces)

between particles. This potential depends on the relative positions of the atoms

with respect to each other. Forces are calculated as gradients of the potential

with respect to atomic displacements:

Fi = −∇riV(r1, ....., rN) (2.2)

where the total energy, E, is the sum of the instantaneous kinetic energy, K, and

the potential energy, V, which can be written as:

V(r1, ...., rN) =
∑

i

∑
j>i

φ(|ri − r j|) (2.3)
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where j>i indicates that each atom pair is calculated once.

In our MD simulations, we used the Velocity-Verlet algorithm. This is one

of the simplest alogorithm used to integrate the Newton’s equation of mo-

tion [107]. The Velocity-Verlet algorithm writes the backward and forward ex-

pansions of equations for the position of the particle at time t, r(t), and adds

them to calculate the position at time t = t + ∆t.

r(t + δt) = r(t) + v(t)∆t + (1/2)a(t)∆t2 + (1/6)s(t)∆t3 + O(∆t4) (2.4)

r(t − δt) = r(t) − v(t)∆t + (1/2)a(t)∆t2 − (1/6)s(t)∆t3 + O(∆t4) (2.5)

When equations 2.4 and 2.5 are added, we get:

r(t + ∆t) = 2r(t) − r(t − ∆t) + a(t)∆t2 + O(∆t4) (2.6)

In the above equation, a stands for acceleration, v stands for velocity and

s the third derivative of r with respect to time, t. Using the above equation,

acceleration can be defined as:

a(t) = −
∆V(r(t))

m
(2.7)

Several types of interactions make up the potential between atoms in the sys-

tem. Bond interactions represent (a) the bonding between the atoms, (b) angle-

bending interactions, (c) torsional (dihedral) interactions and (d) out-of-plane

interactions. The other set of interactions, and one of the most important ones,

is the van der Waals interaction. There are many formulations to describe these

interactions but, in our system, we implemented the widely used Lennard-Jones

potential (12-6):

φLJ(r) = 4ε[(
σ

r
)
12
− (

σ

r
)
6
] (2.8)
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where ε is the depth of the potential well and σ is the inter-atomic distance

where the potential between the particles is zero. The total potential is given by

summing over all the interatomic interactions.

These interactions have an infinite range in an MD simulation. As the num-

ber of atomic pairs separated by a distance of r grows by r2 it becomes practically

impossible to track them all. Hence, to cut down on computational resources

and speed up the simulations, a distance cut-off of 10 Å was used. However,

abruptly cutting the potential after this value causes an impulse in the force

when the pair distance between the atoms exceeds the cut-off distance. To solve

this problem, the potential at the cut-off distance is added to make the potential

at the cut-off to be zero. This allows the potential, V(r), to be written as:

V(r) =


φLJ(r) − φLJ(Rc) if r ≤ Rc

0 if r>Rc

In essence, the system is treated as a continuum beyond Rc.

The potential model also provides interactions that describe the Coulombic

interactions. Short-range Coulombic interactions between a pair of particles are

calculated by the formula below:

V(r) =
Cq1q2

r
(2.9)

where C is the Coulombic constant, q1, q2 are partial charges on the parti-

cles in a pair and r is the separation distance. A cut-off of 10Å is also used for

short-range Coulombic interactions. This cut-off was employed to speed up the

calculations, just as was done for van der Waals interactions.
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In order to account, accurately, for the Coulombic forces of interaction, we

used an approach called particle-particle particle mesh [108]. The particle-

particle method is conceptually and computationally the simplest and most

efficient way to take care of the short-range of Coulombic interactions. Typi-

cally, it calculates the force of the jth particle on the ith particle, which are then

used to integrate the equations of motion. However, this method is viable only

for systems of up to approximately a thousand particles and fails to accurately

take into account long-ranged forces. Even if the inter-particle forces are short-

ranged, it becomes computationally very expensive and inefficient as the sys-

tem size increases. This is due to the fact that the operations count depends on

the number of particles multiplied by the number of neighbors which are close

enough to that particle to contribute significantly to the force it experiences. The

particle mesh method treats the force and potential as field parameters. These

quantities, although they arise from particle characteristics, are not treated as

particle entities. The force and potential are spread throughout all space and

are represented by values on an array of mesh points.

The force field and potential are given by the equations below:

F = −∇V (2.10)

Fi = F(x)|x=xi (2.11)

∇2φ = −
ρ

ε0
(2.12)

Vi = qiφ|x=xi (2.13)

The force, Fi, and potential energy, Vi, of particle i are given by equations 2.11

and 2.13. This particle mesh algorithm provides an enormous speed gain over

particle-particle method is typically about 1,00 to 10,000 times better (depending
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on the system size) in terms of calculation speed, but this is achieved only at the

expense of loss of resolution in the potential and force fields. This method can

accurately represent only those fields which have wavelengths longer than the

spacing of the mesh. The potential and force fields of a single point charge are

inaccurately represented on the mesh for distances less than mesh spacing. In

order to resolve this problem there needs to be a very fine mesh or an array, but

that makes the calculations very slow as the CPU time needed to solve for the

potential would exceed the time step cycle time for the particle-particle method.

In summary, the particle-particle method can be applied only to small systems

with long-range forces, or for large systems where the force of interaction are

non-zero only for a few interparticle distances. The particle mesh method, while

computationally faster, can only handle smoothly varying forces and cannot

handle single point charges effectively.

As a result, we adopted the particle-particle particle mesh method. This

approach was developed by Hockney and Eastwood in the 1970s [108]. It com-

bines the advantages of particle-particle and particle mesh methods. The algo-

rithm allows users to simulate large, correlated systems with the consideration

of long-range Coulombic forces. The total Coulombic force of the particle is di-

vided into the sum of two component parts: a short-range part, Fsr
i j , which is

goes to zero for particle separations greater than a user-defined cutoff distance,

and a smoothly varying part, Fm
i j. The short-range forces acting on a particle are

calculated by a particle-particle pair force summation and the smoothly varying

part is approximated by the particle-mesh force calculation. This is expressed

as

Fi j = Fsr
i j + Fm

i j (2.14)
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The resulting particle-particle particle mesh scheme combines particle-

particle and particle mesh method in order to accurately calculate forces due

to close encounters with other particles while simultaneously approximate the

smoothly varying part as rapidly as the particle-mesh method.

Emulating the experimental system in simulations becomes harder when we

consider long periodic systems (in our case, the consideration of single-walled

carbon nanotubes). One way to mitigate this problem is to use periodic bound-

ary conditions (PBC). This can be thought of as a single original box whose im-

age is replicated and translated across three Cartesian coordinates. In this way,

even though there exist multiple images of a single particle, we can record the

properties of just one. This method also helps to remove any surface effects that

are present.

2.3.2 Statistical Errors

Results obtained from the simulations always have some statistical errors asso-

ciated with them. Ideally, the only way we can obtain exact results from the sim-

ulations is by running them for infinite time. As this is not feasible in practise, it

is considered a good practice to calculate errors associated with the properties

of interest and hence gauge the accuracy of the simulations [107].

During a Molecular Dynamics simulation of total time, T, the time-average

of some physical quantity, A, can be written as:

Aτ =
1
τ

∫ τ

0
A(t)dt (2.15)

where the subscript on Aτ denotes that the time-average is calculated on a finite

time interval. According to the Ergodic hypothesis, explained above, if τ → ∞,
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then Aτ → 〈A〉, where 〈A〉 denotes the ensemble average of A. Now, the variance

in Aτ can be estimated as:

σ2(A) = 〈A2
τ〉 − 〈Aτ〉

2

=
1
τ2

∫ τ

0

∫ τ

0
dt dt′〈[A(t) − 〈A〉][A(t′) − 〈A〉]〉

(2.16)

〈[A(t) − 〈A〉][A(t′) − 〈A〉]〉 in equation 2.16 is simply the time correlation function

of fluctuations in the physical quantity A. This is denoted as CA(t). If τ is a very

large quantity, then the equation 2.16 can be rewritten as:

σ2(A) ≈
1
τ

∫ ∞

−∞

dt〈[A(t) − 〈A〉][A(t′) − 〈A〉]〉 (2.17)

σ2(A) ≈
2tc

A

τ
CA(0) (2.18)

Here, tc
A is considered as half the integral from −∞ to∞ of the normalized corre-

lation function CA(t)
CA(0) .

This shows that we can estimate the statistical errors in the time correlation

function by knowing time correlation function itself. However, it takes much

more computational effort to compute the correlation function than its static

average. Hence, in this thesis, the statistical errors were calculated by studying

the behavior of so-called “block averages.” A block average can be defined as

simply a time average of any quantity over a finite time tB:

AB =
1
tB

∫ tB

0
dtA(t) (2.19)

where AB is the block average of a quantity A. Similarly, block averages for

blocks of length n× tB can be computed by simply averaging the block averages

of n adjacent blocks of length tB. Variance in the block averages for a given value
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Figure 2.2: A typical representation of the correlation between 1/tb and
1/P. For small values of 1/tb, the data are highly correlated and
hence, the variance is greater. The plateau reached at higher
values of 1/tb provides an estimate of the value of variance
that we are interested in calculating.
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of tB is given by:

σ2(AB) =
1
nB

nB∑
b=1

(AB − 〈A〉)2 (2.20)

If tB is much larger than the correlation time, tc
A, then we know that:

σ2(AB) ≈ (〈A2〉 − 〈A〉2)
tc
A

tB
(2.21)

Since, tc
A is unknown we can compute the product:

P(tB) = tB ×
σ2(AB)
〈A2〉 − 〈A〉2

(2.22)

We know that when tB � tc
A, P(tB) approaches tc

A. Hence, a plot of 1
P(tB) versus

1
tB

provides an estimate of the limit of B(tB) for tP → ∞. This gives an estimate

for tc
A and, in turn, an estimate of the error in the quantity A. This also provides

guidance regarding whether a simulation has been run long enough to yield a

reliable estimate for a given quantity. For example, if P(tB) is strongly dependent

on tb in the limit of tB = τ, then we know that the simulation run is too short. In

Figure 2.2, we provide a typical plot that provides an estimate of the variance as

a function of block size. The plateau in this plot allows us to determine a good

estimate of the value of σ2(A).

2.3.3 System Details

Molecular Dynamics simulations were used to study the adsorption and diffu-

sion of contorted octabenzocircumbiphenyl molecules (c-OBCB) molecules on

carbon nanotubes (CNTs) of four different diameters and chirality in two differ-

ent solvents, chloroform (non-discriminatory with respect to CNT variant) and

toluene (discriminatory) using the LAMMPS software package [109]. LAMMPS
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is a well known and well used classical Molecular Dynamics code developed

by Sandia researchers; its acronym stands for Large Scale Atomic/Molecular

Massively Parallel Simulator. We studied four (n,m) CNTs designed as (10,3),

(6,5), (8,6), and (7,5), where the indices (n,m) refer to the number of unit vectors

along two directions of the crystal lattice of graphene. The first two of these

four CNTs, (10,3) and (6,5) are considered “positive” controls in that c-OBCB

molecules are shown by the experiment to be preferentially selected, whereas

(8, 6) and (7,5) CNTs are considered to be “negative” controls that do not ex-

hibit this selection. Of the two positive controls, experimental observations by

our Princeton collaborators suggest that the (10,3) variant is considerably more

strongly selected than (6,5).

The Optimized Potentials for Liquid Simulations-All Atoms (OPLS-AA)

force-field model developed originally by Jorgensen et al. [110, 111] was used

to describe the inter- and intra-molecular forces between all the molecules in

the system. This is the most critical input to the MD code. The OPLS-AA force

field parameters were developed especially for aromatic liquids. They were op-

timized to fit experimental properties such as density and heat of vaporization,

in addition to fitting gas-phase torsional profiles. As a result, we considered

OPLS parameters to be an appropriate choice for our system since c-OBCB is a

small aromatic compound and the solvents used were toluene and chloroform.

In addition, we have a long and successful experience in using these models for

similar “small-molecule” organic semiconductors.

The OPLS-AA force field is composed of a number of component forces aris-

ing from bonding and non-bonding interactions. The bonded, angle-dependent,

and dihedral-dependent forces are described in this model by the following
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equations:

Ebond = Kb(r − r0)2 (2.23)

Eangle = Kθ(θ − θ0)2 (2.24)

Edihedral =
1
2
(
K1[1 + cos(φ)] + K2[1 − cos(2φ)] + K3[1 + cos(3φ)]

+ K4[1 − cos(4φ)]
) (2.25)

In these equations, OPLS-AA employs harmonic bonds, angles and a cosine

function to calculate the bond, angle and dihedral energies, respectively (equa-

tions 2.23, 2.24 and 2.25). Figure 2.3 represents these force-field short bonded

interactions. Constants like the spring constants, Kb, Kθ, K1, K2, K3, K4, and the

distances, r0, r0 and angles, φ0 and θ0 are given by OPLS parameter set. All the

carbon atoms in the CNTs were treated as Lennard-Jones spheres [102]. Since

we were only interested in interactions between the OBCB molecule and the

CNT, it was unnecessary to allow the CNT to move through the solvent.

Non-bonded interactions were calculated using the Lennard-Jones and

Coulombic potentials with a cut-off of 10 Å. These interactions were excluded

for nearest and next nearest neighbor pairs and reduced by a factor of two for

1-4 neighbor pairs. Tail corrections and particle-particle, particle-mesh approx-

imation (explained above) with an accuracy of 10−5 kcal/mole-Å were used to

take into account long-range van der Waals and Coulombic interactions, respec-

tively.

The isobaric, isothermal Nosé-Hoover NPT ensemble was employed in our

calculations. In this NPT ensemble, the number of molecules, N, the pressure,

P = 1 bar, and temperature, T = 298 K were kept constant. All the simula-

tions used a time step of 1 fs, which we had shown was sufficiently large to
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Figure 2.3: Force field equations used by OPLS to account for bond, an-
gle and dihedral interactions of bonded atoms. Green beads
represent individual atoms.
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ensure accurate calculations. Before data were collected, we performed an en-

ergy minimization run (equilibration) followed by a short simulation using the

constant-temperature, canonical (NVT) ensemble. We ran a minimization using

the LAMMPS style of “cg” (conjugate gradient) algorithm. We used a Polak-

Ribiere [112, 113] version of cg minimization as it is thought to be the most ef-

fective choice for problems such as ours. This algorithm uses information from

the gradient of the force from the current iteration and the previous iteration to

determine the new search direction perpendicular (or conjugate to) the previ-

ous search direction. The minimization run performs energy minimization by

iteratively adjusting the atomic coordinates in relation to these gradients. The

iterations are stopped if any one of the following criteria is met:

• the change in energy between the iterations is less than energy tolerance

(in our case = 1.0 × 10−10 kcal/mole)

• the 2-norm (length) of the global force vector is less than the force tolerance

(in our case = 1.0 × 10−10 Kcal/mole-Angstrom)

At that point, the configuration is expected to be located in a local potential

energy minimum. The objective function that is to be minimized is the total

energy of the system, given by equation 2.26:

E(r1, r2, ...., rN) =
(∑

i j

Epair(ri, r j) +
∑

i j

Ebond(ri, r j) +
∑
i jk

Eangle(ri, r j, rk) +

∑
i jkl

Edihedral(ri, r j, rk, rl) +
∑
i jkl

Eimproper(ri, r j, rk, rl)
) (2.26)

where the first term on the right-hand side is the sum of all non-bonded pairwise

interactions including long-range Coulombic interactions. The 2nd through 5th
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terms on the RHS refer to bond, angle, dihedral, and improper interactions,

respectively. The starting point for the minimization is the configuration of the

atoms given initially by the user.

After the initial minimization (equilibration) run, a relatively short NVT sim-

ulation was run in which the number of molecules N, volume V, and tempera-

ture, T = 298 K were kept constant). The runtime for the NVT simulation was

typically 100,000 fs (i.e., 100 ps). NVT performs a time integration on Nosé-

Hoover style non-Hamiltonian equations of motion which are designed to gen-

erate positions and velocities sampled from the Canonical (NVT) ensemble sim-

ulation. This updates the positions and velocities for atoms in the group each

time step. The purpose of undertaking an NVT simulation prior to the long

production run under NPT conditions was to allow the system to relax and any

excess energy can be released before the constant pressure condition was ap-

plied. Finally, each simulation was allowed to equilibrate for a further 2 ns (2

million time steps) under NPT ensemble conditions, with production data col-

lected over the next 12 ns.

PBCs were used in all three Cartesian directions. The size of the simulation

box is (30Å × 30Å × 100Å) in the x-, y-, and z- directions, respectively. A single

(single-walled) CNT was placed in the center of the simulation box with its axis

aligned along the z-direction (where z corresponds to the long axis of the CNT).

To emulate the scale of experimental studies, the CNT was made infinitely long

[114, 115] by connecting it to its images across the ends of the box (using PBCs).

The z-dimension of the simulation box was kept fixed to keep the CNTs from

deforming; x- and y- dimensions were allowed to deform in response to the NPT

barostat. This arrangement of making CNT to be infinitely long was enforced
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Figure 2.4: Typical simulation set-up consisting of an individual single-
walled CNT (cyan) and c-OBCB molecule (core in red, side-
chains in bright blue) in a toluene solution (grey). (a) and (b)
show side- and cross-sectional views, respectively, of the sim-
ulation box. The CNT spans the length of the simulation box
along the z-direction. The c-OBCB molecule can move freely
both along the long axis of the CNT or roll around the circum-
ference of the CNT.
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to avoid end effects that c-OBCB might face in moving along the surface of the

nanotube. After equilibration, the CNT was maintained as a rigid component

throughout the length of the simulation. A typical simulation set-up is shown

in Figure 2.4.

2.4 Potential of Mean Force (PMF)

Several methods have been developed to calculate free energies in molecular

simulations [116,117]. In this work, we have used the popular Thermodynamic

Integration technique (TI) [103], explained in the next paragraph, to evaluate

the Potential of Mean Force (PMF), a term used interchangeably with the free

energy. Here, the Potential of Mean Force refers to the effective interaction be-

tween the c-OBCB molecule and the CNT averaged over the conformations of

all other components of the system. Use of TI was particularly relevant and

helpful in our system because it allowed us to explored almost all of the acces-

sible phase space of the system, which otherwise would not have been possible

using traditional Molecular Dynamics techniques. From a practical standpoint,

TI is easy to implement in regular Molecular Dynamics algorithms.

The Thermodynamic integration (TI) algorithm measures the change in the

free energy of a system resulting from a reversible transformation. For exam-

ple, the Gibbs-Helmholtz equation which evaluates the free energy difference of

a system between two temperatures, is the result of thermodynamic integration

where the property that has been changed is the temperature. In simulations,

properties like interaction energies and geometries can be changed and meth-

ods like TI allow the free energy to be evaluated in response to these changes.
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TI relies on calculating and integrating the derivatives of the free energy with

respect to a pre-specified order parameter (or several order parameters) along

a transformation path. This order parameter can be either a function of atomic

coordinates in that transformation path or just some parameter in the classical

Hamiltonian. In this research study, we have used the reaction coordinate as

the order parameter. This reaction coordinate gives a sense of a time evolution

of a trajectory from an initial to a final point, described by Newton’s equations

of motion. Figure 2.5 represents a typical free energy, or PMF, profile along a

chosen reaction coordinate. The choice of reaction coordinate is up to the user

to define and its choice is extremely important. The reaction coordinate might

typically be thought of as the distance between two molecules; but it is just as

acceptable to use the degree of ligand transformation in protein [118] or the ox-

idation state change in ions [119], etc.

Free energy is related to the probability density P(λ) of the reaction coordi-

nate through the equation:

A(λ) = −kBTlnP(λ) (2.27)

P(λ) = exp(−
H(λ)
kBT

)/Q (2.28)

Q(λ) =

∫
exp

(
−

H(λ)
kBT

)
dR (2.29)

where R is the configurational phase space, Q is the partition function and H is

the classical Hamiltonian. kB is the Boltzmann constant and T the temperature.

Through equation 2.27, it can be observed that conformations with large val-

ues of A(λ) are sampled very rarely. For example, very few sample points are

obtained at the transition region where the free energy is the highest. This re-
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Figure 2.5: Schematic of a typical free energy profile, or potential of mean
force (PMF), along a chosen reaction coordinate. The x-axis
represents the reaction coordinate through which the PMF is
calculated. This reaction coordinate could be the distance be-
tween two molecules, the relative orientation between them or
a torsional angle within a molecule.
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sults in very large sampling errors. There are two ways to solve this problem.

One is to run the simulation for extremely long times, sometimes beyond what

is computationally possible from a resource point of view. The other way is

to divide the total interval between the initial and final reaction coordinates, λ,

into a set of “windows,” in a process called stratification. A biasing potential is

applied in each window which has to be guessed a priori to further improve the

sampling. Though this method seems, in principle, to be very promising, but it

fails to capture thermodynamics for complex systems because it is not always

easy to make an educated initial guess for the biasing potential. Hence, for our

system we decided to implement a traditional form of the TI algorithm.

The free energy difference for a sufficiently smooth function along a reaction

path λ can be written as:

A(λ1) − A(λ0) =

∫ λ1

λ0

dA
dλ

dλ (2.30)

Equation 2.29 can be written as:

Q =

"
drNdpN exp(

−H(rN , pN)
kBT

) (2.31)

where:

drN = dr1, dr2, ...., drN (2.32)

dpN = dp1, dp2, ...., dpN (2.33)

H is the classical Hamiltonian:

H(rN , pN) = K(pN) + V(rN) =
∑

N

p2
i

2m
+ V(rN) (2.34)

Here, K and V are the Kinetic and Potential energies, respectively. Hence, sub-

stituting equations 2.28 and 2.31 into equation 2.27 gives the free energy as:

A = −kBTln(
"

drNdpN exp(
−H(rN , pN)

kBT
)) (2.35)
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The partial derivative of the previous equation in terms of λ is given by

dA
dλ

= −kBT
dln(
!

drN dpN exp(−H(rN ,pN )
kBT ))

dλ
(2.36)

dA
dλ

=

(!
drNdpN

∂H
∂λ

exp(−H(rN ,pN )
kBT )

)(!
drNdpN exp(−H(rN ,pN )

kBT )
)

=
1
Q

("
drNdpN

∂H
∂λ

exp(
−H(rN , pN)

kBT
)
)

=
〈∂H
∂λ

〉
λ

=
∂A
∂λ

(2.37)

As λ refers to the reaction coordinate, equation 2.37 solves down to an en-

semble average of the force. The major advantage of this technique is that it

allows us to obtain as many sample points as needed at each location, λ, along

the (reaction coordinate) interval of interest. It allows us to sample points even

in transition state regions which are rarely ever visited otherwise. This approach

leads to small statistical errors in the final estimation of the free energy. How-

ever, although this method seems to be very promising, it does have some draw-

backs. The most important one is that the system needs to be prepared such that

λ has the desired value at which dA
dλ needs to be computed, and an equilibration

run needs to be performed at this value of λ. Secondly, it is not always obvious

how to determine how many points are needed to calculate the integral:∫ λ1

λ0

〈∂H
∂λ

〉
dλ (2.38)

where H is again the classical Hamiltonian.
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Figure 2.6: Schematic of the configuration of the system as a function of
the reaction coordinate. This figure explains why it can be-
come difficult to sample all the relevant configurations of the
system at a fixed reaction coordinate using constraint simula-
tions. There can be multiple paths between the initial and final
points with different energy barriers separating them. The rate-
limiting step becomes the transition between the paths with λ
constant.
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It can also be difficult to sample all relevant conformations of the system at

a fixed value of λ, as there can be several distinct pathways between the initial

and final points, as shown in Figure 2.6. Molecules can enter different pathways

nearer to points A and B in Figure 2.6, but it can be very difficult to switch to

another pathway midway. This means that, if we start a simulation with λ fixed

inside one of the pathways, the probability of it crossing to other pathway is

extremely low. Even if it does, this procedure will likely lead to large statistical

errors as the rate-limiting step becomes the transition rate between pathways

inside the set λ = constant.

Fortunately, in our system, we are interested in observing the nature of the

binding between c-OBCB molecule and CNTs of different diameter and chiral-

ity. Free energies calculations allow us to take the entropy in consideration and

we are far less concerned with the trajectories taken by those molecules to reach

each other. Hence, Thermodynamic Integration seemed to be an appropriate

choice for our system and capable of producing accurate estimates of the free

energy.

The terms “Potential of Mean Force” and free energy are used interchange-

ably in methods that use constraints dynamics to calculate free energies, in-

cluding TI and Adaptive Biasing Force (ABF) calculations developed by Darve,

Pohorille, and co-workers [120–122].

The Hamiltonian in equation 2.37 can be simplified in terms of the Potential

and Kinetic energies. In terms of the generalized reaction coordinate equation

2.37 can be further evaluated as:

∂A
∂λ

=
〈∂U(x)
∂λ

+ kBT
∂ln|J|
∂λ

〉
λ

=
〈
Fλ

〉
λ

(2.39)

where |J| is the determinant of the Jacobian obtained by transforming Cartesian
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coordinates to generalized coordinates, U(x) is the potential energy function and

Fλ is the instantaneous force. The first term in equation 2.39 evaluates the Carte-

sian forces acting on the system derived from U(x), and the second term is the

geometric correction arising from the change in the volume element of the phase

space because of the use of generalized coordinates. In each TI window of size

∂λ, Fλ is accumulated integration which gives rise to the PMF. The force accu-

mulated to keep the reaction coordinate λ fixed is defined by:

∇λA = −〈Fλ〉λ∇λ (2.40)

2.4.1 PMF for CNT and c-OBCB System

We calculated the PMF (using TI) to determine the role of the free energy when

c-OBCB binds to the CNT. The interactions between the c-OBCB molecule and

the CNT were evaluated as a function of the distance between them. The c-

OBCB molecule was pulled slowly from its equilibrium position with respect

to the location of the CNT at a rate of 0.125Å per ns for the first 14Å of separa-

tion, and then at a higher rate of 0.25Å per ns for the next 8Å. At 14Å c-OBCB

molecule is fully detached from the CNT with multiple layers of solvent present

in between. This two-tier pulling rate was adopted to conserve computational

time without affecting the results. The distance between the c-OBCB and CNT

is measured as that between the center of masses of CNT and c-OBCB shown

in figure 2.7. A separation of 22Å, obtained by sampling the system at 74 small

windows, was found to be sufficient to capture the salient aspects of the PMF.

Having this many windows ensured that unwanted noise and oscillations in the

data were damped out.
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Figure 2.7: Distance between c-OBCB and CNT is measured as that be-
tween the center of masses of CNT and c-OBCB
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Figure 2.8: A typical PMF curve.

49



Figure 2.9: Potential of mean force as a function of the distance between
the center of mass of c-OBCB and CNT in two solvents: (a)
toluene and (b) chloroform.
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As a separate test of the PMF, we also sampled two windows in which the c-

OBCB molecule lay 0.5Å closer to the CNT than its equilibrium position (0.25Å

in each window) to see the behavior of the energy profile. The OBCB side-chains

were allowed to move freely as the intermolecular forces dictated, while the core

of the OBCB (the coronene-like central portion) and the CNT were kept rigid.

All these simulations were allowed to equilibrate for 1 ns and then data were

collected over the next 2 ns (for a total run time of 3 ns). Increasing data collec-

tion to 5 ns for a test case simulation of one CNT in toluene made no significant

difference ( 0.3 kcal/mole difference in the value of the PMF). The errors ob-

tained from running the simulations for a shorter time, especially at the point of

the first minimum in the PMF (see Figure 2.9) which (we shall later show) hints

at selectivity in terms of chirality, are about 4 − 5 kcal/mole. These are typically

small in comparison to the magnitudes of the PMF relevant to this study; see

Tables 2.3 and 2.2. The errors were calculated using the method explained in

section 2.3.2. These two factors suggest that running each window for 3 ns is

sufficiently long.

PMF (free energy) data describing the strength of binding of a single c-OBCB

molecule to four different CNTs in toluene and chloroform solvents are shown

in Figure 2.9. The more negative the minimum PMF value, the greater the ten-

dency of the OBCB to bind to the CNT. Similarly, the higher the value of the

first maximum, the lower the stability of the system, marking the point where

the OBCB is far from the CNT but without an intervening solvent layer. A typi-

cal PMF curve is shown in Figure 2.8 with salient points depicted through letters

A,B,C and D. A corresponds to the point where the c-OBCB molecule is perfectly

adsorbed on the surface of the nanotube. The curve rises as the distance of sep-

aration is increased from point A. This is because the c-OBCB molecule is being
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pulled away from the CNT surface, but the space between them is insufficient

for even a single layer of solvent molecules to enter, creating a vacuum of sorts.

B denotes the point where the spacing between the c-OBCB and CNT surface

is just enough for one solvent layer to intervene between CNT and c-OBCB. As

the distance of separation is further increased, the system of c-OBCB and CNT

with a solvent layer in-between them reaches equilibrium, denoted by point C.

A similar trend is observed for the case where a second solvent layer tries to

squeeze its way between the two molecules - C-OBCB and CNTs. A small bulge

indicated by point D corresponds to a point where a second solvent layer is able

to enter the space.

Several key observations can be made about these results. The first min-

imum in the PMF occurs at the equilibrium separation distance between the

c-OBCB and CNT, but there is no correlation between this position and the ob-

served selectivity. The c-OBCB sits closer to the (6,5) and (7,5) CNTs (a positive

and negative control, respectively), because they are smaller in diameter than

the (10,3) and (8,6) variants. Hence the position of the first minimum alone of-

fers no relevant insight into selectivity. The depth of the first minimum, on the

other hand, offers some interesting information (see Tables 2.3 and 2.2). This

marks the extent to which the OBCB binds to the CNT: The positive controls

(10,3 and 6,5) bind considerably more strongly than the (7,5) negative control,

by about 10 − 20 kcal/mole. However, the other negative control (8,6) binds

more strongly than either of the positive controls, which defies making a sim-

ple and unambiguous correlation between the strength of the binding and the

tendency to selectively adsorb c-OBCB to a given CNT variant.

Tables 2.3 and 2.2 also provide values for the energy corresponding to the
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n,m (CNT) PMF at first
minimum in toluene

(kcal/mol)

PMF at first
minimum in
chloroform
(kcal/mol)

10,3 -46.6 -27.5

6,5 -38.4 -26.2

8,6 -57.5 -47.9

7,5 -23.1 -36.5

Table 2.2: Values for the PMF (free energy), in kcal/mol, at the first min-
imum in Figure 2.9 for toluene and chloroform. The green
shaded areas denote the chiralities of nanotubes that are selected
by c-OBCB in toluene, while the red shaded areas denote the
nanotubes that are not selected. A negative sign for the PMF
denotes a (favorable) attractive force.
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n,m (CNT) PMF at first
maximum in toluene

(kcal/mol)

PMF at first
maximum in
chloroform
(kcal/mol)

10,3 25.6 17.9

6,5 22.7 18.8

8,6 27.7 29.2

7,5 13.7 25.3

Table 2.3: Values for the PMF (free energy) at the first maximum in Fig-
ure 2.9 for binding in toluene (middle column) and chloroform
(rightmost column). Color key as in Table. 2.2 A positive sign
for the PMF denotes a repulsive force.
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first maximum; this corresponds to the energy barrier experienced by solvent

molecules to enter the space between the c-OBCB molecule and the CNT giving

room to vacuum. The greater the value of this maximum, the lower the thermo-

dynamic stability of the system. As the distance between the OBCB and CNT

increases, the PMF decreases once the solvent starts to enter this space. The

results mirror those for the PMF value at the first minimum: the binding de-

creases from (10,3) to (6,5) to (7,5), which is in line with experimental findings

of the selectivity; but the results for (8,6) do not fit the trend. Taken together,

these results suggest that the strength of the binding between OBCB and CNT

type is indicative of selectivity in terms of CNT chirality in toluene; but other

factors must also be at play that prevent the (8, 6) variant from being selected

by c-OBCB.

The computational results mirror the solvent effect found experimentally

that the selectivity was only observed in a toluene solvent, and not in chloro-

form which should also be a good solvent for the OBCB side-chains. The PMF

results in chloroform show that there is no selectivity for (10,3), and not even

the correlation shown in toluene. The binding of c-OBCB to CNT in chloroform

at the first minimum location is typically considerably weaker than in toluene

by about 14 kcal/mole for (10,3), (6,5) and (8,6) CNTs. But the binding is higher

by 13 kcal/mole for (7,5). Interestingly then, the negative controls in toluene,

namely (8,6) and (7,5), behave as positive controls in chloroform. But, as ex-

plained for the toluene results, the free energy of binding in chloroform is not an

unambiguously defining characteristic of positive/negative control delineation.

Since our experimental observations see no size-selectivity in chloroform, it is

again clear that the side-chain interaction with the solvent (discussed below)

must provide the key to uncovering the origin of selectivity.
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2.5 Side-chain Disposition

To determine the role that side-chains play in size selectivity, we examined their

disposition with respect to tendencies to either stick to the surface of the CNT

versus waving around (solubilized) in the solvent. This clearly relates to the

“quality” of the solvent (good to poor) for the side-chains in a given solvent. In

order to do so, we looked at the locations of the atoms of the four side-chains of

the c-OBCB molecule. We plotted the relative probability of finding a side-chain

atom in the (x,y) plane for the entire length of the simulation. In this case, data

were collected over the course of 12 ns (12 million configurations), following a 2

ns equilibration. We plotted only the locations of the carbon atoms in the side-

chain (-OC12H25). The positions of the oxygen atoms linking the first carbon in

the side-chain and the core of the c-OBCB molecule were not plotted as they did

not move significantly.

In the MD simulation, the c-OBCB molecule was allowed to roll freely

around the circumference of the CNT, and indeed to diffuse laterally along the

long axis of the CNT. However, in order to visualize and interpret the data more

easily, we have rotated all the resulting configurations occurring at individual

snapshots in time to one particular configuration in order to assist viewing the

results. A pictorial representation of this approach is given in Figure 2.10. Fig-

ures 2.11 and 2.12 depict the relative probability of finding a side-chain atom in

the (x,y) cross-section in toluene and chloroform. The CNTs are centered at the

origin and the c-OBCB molecule is rotated such that, at all times, the center of

mass of the core is located at x = 0.0 and above the CNT (i.e., y>0). In these two

Figures, a blue color indicates that the side-chain spends little time adsorbed to

the CNT (a low probability, less than 20%), whereas yellow and red spots indi-

56



cate a high probability (70% for yellow and around 90% for red) that the c-OBCB

side-chains are stuck to the CNT.

In chloroform (Figure 2.12), the heat maps are very similar, regardless of

CNT variant. The side-chains are roughly equally likely to be dispersed into the

solvent or to stick to the surface of the CNT. In contrast, in toluene (Figure 2.11),

we see that the positive controls (10,3 and 6,5) have a higher probability of find-

ing an OBCB side-chain on the surface of the CNT, compared to the probability

of being dispersed in the solvent. The side-chains do spend some fraction of

the time dispersed in the solvent, but the presence of the red spots in the heat

map (visible for positive controls only) indicate that these CNTs show a stronger

affinity of the side-chains to wrap around the CNTs. In contrast, the negative

controls show a much lower probability of adhering to the CNTs. In the neg-

ative control CNTs, there is a more even probability of side-chains adhering to

the CNT versus waving around in the solvent.

The heat map for the (8,6) CNT, which we identified as an outlier that mir-

rored the behavior of the positive control (10,3) variant using the PMF binding

energy (described above), shows a significantly different heat map behavior to

the positive controls: the c-OBCB’s side-chains like to splay around in the sol-

vent as much as they like to stick on the (8,6) surface with no particular pref-

erence for either. Overall, in the positive controls, the c-OBCB side-chains like

to hug the CNTs (10,3 and 6,5), whereas, for the negative controls (8,6 and 7,5),

the side-chains are dispersed in the solvent and also stick onto the CNT surface

with less probability. Thus, we now have an unambiguous way of differentiat-

ing between positive and negative controls.

We also examined the distance of side-chain carbon atoms from the surface
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Figure 2.10: A representative heat map is shown in the lower frame. The
color key is shown on the right-hand side of the heat map;
blue denotes a low probability of observing the side-chain at
a given location, red denotes a high probability of this eventu-
ality. The top three frames illustrate the “frame of reference”
of the data, which is determined by following the c-OBCB
molecule such that the c-OBCB molecule always appears to
be adsorbed to the CNT at the bottom of the frame, akin to a
camera following the motion. The data from the orange box
was taken in order to construct the heat maps.
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Figure 2.11: Heat maps (spatial distribution maps) showing the relative
probability of finding the carbon atoms of the c-OBCB side-
chains in the (x,y) plane in a toluene solvent. These configu-
rations were obtained by rotating the c-OBCB molecule such
that its center of mass is at x = 0 and y>0, as illustrated in Fig-
ure 2.7. A dark blue color represents zero probability of find-
ing the side-chain at that (x,y) location, and red represents a
probability of 1. Color bars denote the relation to the prob-
abilities. Red and yellow (high probability dots) are seen for
the positive controls (10,3) and (6,5) CNTs. In contrast, lower
probabilities (yellow and orange) are observed for the nega-
tive controls. The single-walled carbon nanotube in each heat
map (SWNTs) is not shown .
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Figure 2.12: Heat maps (spatial distribution maps) showing the relative
probability of finding the carbon atoms of the c-OBCB side-
chains in the (x,y) plane in a non-discriminatory chloroform
solvent. Key as in Figure 2.11.
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Figure 2.13: (a), (b) and (c) represent MD simulation snapshots of
SWNT/c-OBCB configurations depicting the key features
shown in Figures 2.14 and 2.15. (a) reflects the tight adsorp-
tion of side-chains to the CNT surface corresponding to the
first maximum 0.45 nm in plots 2.14 and 2.15; (c) shows the
beginnings of solvent incursion between OBCB and CNT (see
grey dots between the side-chains and CNT; this is the situa-
tion that gives rise to the small minimum at 0.6 nm in plots
2.14 and 2.15 where desorption of the side-chains is begin-
ning; (d) shows complete desorption of the side-chain from
the CNT surface, reflecting the zero probability of adsorption
of side-chains at 2.0 nm.
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Figure 2.14: Relative probability of finding the carbon atoms of the side-
chains on the c-OBCB molecule at a distance away from the
surface of the CNTs (shown in nm in the x-axis) in a toluene
solvent. The probability of finding side-chains stuck to the
CNT is markedly highest for the (10,3) variant (around 100 at
a distance of around 0.4 nm). The height of the first maximum,
for the other three CNTs is roughly comparable at about 50-70.
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Figure 2.15: Relative probability of finding the carbon atoms in side-chains
of a c-OBCB molecule from the surface of the CNTs in a chlo-
roform solvent. The structure of the graph is the same as that
in Figure 2.14.
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of the CNTs (Figures 2.14 and 2.15) averaged over time in both toluene and

chloroform solvents. The relative probability of finding the carbon atoms com-

prising the side-chains of the c-OBCB molecule at a given distance from the

surface of the CNTs, shown in nm. There is an exclusion zone from 0.0-0.3 nm

away from the CNT’s surface, due to the van der Waals radius of the CNT.

There is a strong peak at 0.4-0.5 nm. This peak corresponds to the location of

side-chains adhered strongly to the CNT. The location of the first minimum at

around 0.6 nm occurs because, at that distance between the side-chain atoms

and the surface of the CNT, there is not enough space for solvent molecules to

enter between them. Hence, side-chain atoms prefer to lie on the surface rather

than stay at these intermediate distances and create room for a “void” of sorts.

As the solvent rushes in, the probability rises, as depicted by the small second

maximum in the curves occurring at around 0.8 nm.

The probability of finding side-chains stuck to the CNT is markedly highest

for the (10,3) variant, with the height of the first maxima for the other three

CNT variants being roughly comparable. Figures 2.13(b), (c) and (d) represent

the simulation snapshots of CNT/c-OBCB configurations in a toluene solvent,

with the maxima and minimum points as explained above.

In summary, our calculations of the disposition of the side-chains showed an

interesting solvent effect, as explained above: The selectivity of c-OBCB towards

(10,3)/(6,5) tubes was only achieved when toluene was used as the solvent. In

the case of chloroform, no selective sorting of CNTs was observed; the results

show that the wrapping probability of the side- chains of c-OBCB on CNTs is

comparable for all four kinds of CNTs when chloroform is used as the solvent.
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2.6 Mean Squared Displacement

In order to investigate whether the motion of c-OBCB molecule offsets or en-

hances the binding behavior of core and side-chains to the nanotube surface,

we studied its transport characteristics. Diffusion can be described by Fick’s

law, which states that the flux, j, of the diffusing species is proportional to the

negative gradient in the concentration of that species c [107]:

j = −D∇c (2.41)

where D is the constant of proportionality and is called the diffusion coefficient

or diffusivity. In this research study, we calculated the diffusivity of a c-OBCB

molecule moving laterally along the long axis of CNT and its diffusivity to roll

around the CNT’s circumference.

In order to compute the diffusion coefficient, the concentration profile of the

species must be calculated. Assuming the species to be at the origin of the coor-

dinate frame at t = 0, the time evolution of the concentration profile according to

Fick’s law with an equation that expresses conservation of mass can be written

as:
∂c(r, t)
∂t

+ ∇. j(r, t) = 0 (2.42)

Combining equation 2.41 with equation 2.42 gives:

∂c(r, t)
∂t

− D∇2c(r, t) = 0 (2.43)

with the boundary condition

c(r, 0) = δ(r)

where δ(r) is the Dirac delta . Solving equation 2.43 we get:

c(r, t) =
1

(4πDt)d/2 exp
(
−

r2

4Dt

)
(2.44)
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here d is the dimensionality of the system. In fact, we do not need to know c(r, t),

but just the time dependence of its second moment:

〈r2(t)〉 =

∫
dr c(r, t) r2 (2.45)

where the imposed condition is: ∫
dr c(r, t) = 1

The time evolution of 〈r2(t)〉 can be obtained by multiplying equation 2.43 by r2

and integrating over all space, which gives:

∂

∂t

∫
dr r2 c(r, t) = D

∫
dr r2 ∇2c(r, t) (2.46)

The left-hand side of the above equation is simply

∂〈r2(t)〉
∂t

Applying partial integration to the right-hand side, we obtain

∂〈r2(t)〉
∂t

= D
∫

dr r2 ∇2c(r, t)

= D
∫

dr ∇ .(r2∇c(r, t)) − D
∫

dr ∇ r2 .∇c(r, t)

= D
∫

dS (r2 ∇c(r, t)) − 2D
∫

dr r.∇c(r, t)

= 0 − 2D
∫

dr (∇.r c(r, t)) + 2D
∫

dr (∇ .r) c(r, t)

= 0 + 2dD
∫

dr c(r, t)

= 2dD

(2.47)

The simple elegant form of Equation 2.47 was first derived by Einstein [123]. In

the above equation, D is a macroscopic property, while 〈r2(t)〉 has microscopic

interpretation. This quantity is known as the mean squared displacement which

the species has traveled over the course of time, t. This relationship allows the

diffusion coefficient to be calculated from molecular simulation data.
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For every particle i, we measure the distance traveled in time t, ∇ ri(t), and

we plot the mean square of these displacements as a function of time t:

〈∇r(t)2〉 =
1
N

N∑
i=1

∇ri(t)2 (2.48)

The slope of the best fit curve to the linear region of the mean squared displace-

ment curve gives us an estimate of the diffusion coefficient.

In order to observe the motion of the c-OBCB molecule over the surface of

the CNTs, we calculated the diffusion coefficient, DT , of its trajectory (as a dis-

placement, r) as a function of time, r(t), using Einstein’s relation:

DT =
1

2nN
lim
t→∞

d
dt
〈

N∑
i

[
ri(t + t0) − ri(t0)

]2
〉 (2.49)

We also calculated the rotational diffusion coefficient, DR, to determine the ten-

dency of the c-OBCB to roll around the CNT using Einstein’s relation:

DR =
1

2nN
lim
t→∞

d
dt
〈

N∑
i

[
φi(t + t0) − φi(t0)

]2
〉 (2.50)

In equations 2.49 and 2.50, DT is the translational diffusion coefficient, DR is

the rotational diffusion coefficient, n is the dimensionality of the system, and N

is the number of particles. ∆r(t) = r(t + t0) − r(t0) defines the translational dis-

placement of the particle from time t0 to time t. ∆φ(t) = φ(t + t0)− φ(t0) represents

the analogous angular displacement traced by the particle over a time incre-

ment. The angle brackets in equations 2.49 and 2.50 indicate a thermodynamic

average over many starting times, t , constituting an ensemble of information.

In our case, r(t) and φ(t) use the center of mass position and angular vectors of

the core (the central part, excluding the side-chains) of the c-OBCB molecule.
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2.6.1 MSD of c-OBCB on CNTs

The motion of c-OBCB molecule can be highly correlated specially at the begin-

ning of the simulation when the system has not reached an equilibrium state

or is perhaps in a metastable state. Time correlation functions were mentioned

above in section 2.3.2. A more detailed description is given below [4]. Time

correlation functions measure how the value of a dynamic quantity, A(t), may

be related to another quantity, B(t). If A(t) and B(t) represent two different time-

independent quantities, the time correlation function C(t) can be defined as:

C(t) = lim
τ
→ ∞

1
τ

∫ τ

0
A(t0)B(t0 + t) dt0 (2.51)

The integral represents an average accumulated over many time origins t0, with

each origin taken from a system at equilibrium. The quantity A is sampled at

the time origin, while B is sampled after a delay time t. Thus, the correlation

function depends on the length of the delay. However, as it is an equilibrium

quantity, it is independent of the time origin. The time average can then be

written as:

C(t) = 〈A(t0)B(t0 + t)〉 (2.52)

If A and B are unrelated, then they are uncorrelated, and then C can be written

as:

C → 〈A〉〈B〉 (2.53)

A and B are said to be correlated if A(t0) causes, or contributes to, B(t0 + t). When

A and B are different quantities, then C is called a “cross-correlation function.”

Finally, if A and B denote the same quantity, then C is called an auto-correlation

function. C measures how the value of A at t0 + t is correlated with its value at

t0.
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Auto-correlation functions can generally be divided into two types:

• A one-particle function where any dynamic quantity A(t) is a property of

the individual molecules, for example, the velocity auto-correlation func-

tion is this type of function.

• A collective function in which A(t) depends on the accumulated contribu-

tions from all the molecules in a system.

The OBCB molecule moves very slowly over the surface of the CNT, which gives

rise to a lot of noise in the data (Figure 2.16. Hence, as is indeed good prac-

tise, the approach of sampling multiple time origins was used [4]. This method

samples the quantity at thousands of different origins, combines the samples

algebraically and averages them over many sample times. Data from multiple

overlapping time origins are averaged and fitted using linear regression to find

the diffusivity. Any time point can be considered as the time origin of the calcu-

lation. Center of mass (COM) positions of the molecules are saved as a function

of time and the mean squared displacement (MSD) for a given time origin is cal-

culated [xave = 1/n
∑

xi (summed over x = 1 to n)](n is the number of windows

with the same time delay). The solid lines in Figures 2.18, 2.20, 2.19, 2.21 indi-

cate the displacements of a single c-OBCB molecule on each type of CNT (10,3 ;

6,5 ; 7,5 and 8,6) as calculated using the multiple time origins method, while the

dashed lines indicate a linear regression fit used to calculate their diffusivities.

A schematic representation of the algorithm used is shown in Figure 2.17.

Diffusion coefficients were obtained from collecting data over a time span of

24 ns for the mean squared angular and translational displacements are shown

in Table 2.4 and in Figures 2.18, 2.19, 2.20, 2.21. Table 2.4 shows that rotational
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Figure 2.16: Mean squared displacement of a single c-OBCB molecule
moving laterally over the surface of various CNTs (along the
long axis) as a function of time. a) Denotes the curve obtained
by considering the starting point of c-OBCB molecule as the
origin. The data until 6ns is highly correlated. b) To remedy
this problem, the method of multiple time origin was under-
taken. The blue line indicates the displacement of c-OBCB
calculated using multiple time origin method. The black dot-
ted line indicates a linear regression fit used to calculate the
diffusivity.
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Figure 2.17: Representation of a data set storing values at a total number
of L times, ti → {i = 0, L − 1}. The method of multiple time
origins loops over all available time origins, tk → {k = 1,M} to
calculate the time correlation function. This case only repre-
sents the schematic of one time delay of t = 3 ∆t. However, in
practise, the method averages data for multiple values of time
delay ranging from ∆t = {1, L − 1} [4].
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Figure 2.18: Mean squared displacement of a single c-OBCB molecule
moving laterally over the surface of various CNTs (along the
long axis) in toluene as a function of time for (10,3) (red), (6,5)
(green), (7,5) (magenta), and (8,6) (blue). All the curves show
characteristic induction periods at shorter times before a lin-
ear relationship is established, starting around 15 ns. The (7,5)
CNT does not show the establishment of a linear period until
after 25 ns. The dashed lines are a fit to the long-time linear
region of the data.
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Figure 2.19: Mean squared displacement as a function of time for a sin-
gle c-OBCB molecule laterally over the CNT surface in chlo-
roform. Dashed lines are best linear fits to the data. These data
correspond to the translational diffusion coefficients shown in
Table 2.4. The decrease in the mean squared displacement af-
ter about 15 ns reflects the fact that the c-OBCB molecule has
diffused to the end of the CNT and has reversed direction, i.e.,
it is now returning closer to its initial position.
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Figure 2.20: Mean squared angular displacement as a function of time for a
single c-OBCB molecule rolling around the exterior surface of
the CNT in a toluene solvent. These data lead to the rotational
diffusion data in toluene shown in Table 2.4.

74



Figure 2.21: Mean squared angular displacement as a function of time for a
single c-OBCB molecule rolling around the exterior surface of
CNT in a chloroform solvent. These data lead to the rotational
diffusion data in chloroform shown in Table 2.4.
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n,m
(CNT)

DT(cm2/s
(toluene)

DT(cm2/s)
(chloro-
form)

DR(rad2/ns
(toluene)

DR(rad2/ns)
(chloro-
form)

10,3 2 × 10−5 9 × 10−6 2 × 10−8 2 × 10−8

6,5 2 × 10−5 3 × 10−7 1 × 10−8 1 × 10−8

8,6 6 × 10−5 4 × 10−6 2 × 10−9 2 × 10−8

7,5 1 × 10−6 2 × 10−6 5 × 10−8 2 × 10−9

Table 2.4: Values for the translational and rotational diffusion coefficients
for adsorbed c-OBCB molecule on four different kinds of CNTs
in both toluene and chloroform.
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diffusivities are exceedingly low for any given (n, m) CNT. It is clear that the

c-OBCB molecule very slowly rolls around the circumference of the CNT and,

instead, prefers to move laterally on the surface along the long axis of the CNTs.

The translational diffusivities of OBCB on CNT compare quite well with the

self-diffusivity of other organic liquids [124–126]. Interestingly, we found that

diffusion of the OBCB molecule started slowly in a toluene solvent; it took 1̃5

ns to establish a linear regime. However, no such behavior was observed in a

chloroform solvent.

In general, OBCB diffusivities on the CNT surface show no correlation with

CNT size or chirality in either solvent, suggesting that OBCB diffusivity is not

relevant for selectivity. We found that errors in the diffusivity are typically 10%.

Errors were calculated using the method discussed in section 2.3.2.

2.7 Preferred orientation of c-OBCB molecule on CNT

In this study, a single c-OBCB molecule was initially placed quite near to (within

5 to 6 Å of) a CNT of chosen type (m,n) in the presence and absence of solvent.

The close initial location ensured that we did not waste computational time

waiting for the CNT and c-OBCB molecule to find each other. Whether solvent

was present or not, the c-OBCB molecule prefers to lie with its long axis aligned

with the long axis of the CNT as shown in Figure 2.22. This was confirmed

by running several simulations in which the initial orientation of the c-OBCB

molecule was altered with respect to the long axis of the CNT, for instance, hav-

ing its long axis aligned perpendicular to the CNT’s long axis. We observed

many cases in which we placed the c-OBCB to be adsorbed onto the CNT in a
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Figure 2.22: (a) Parallel and (b) perpendicular orientations of a c-OBCB
molecule with respect to the CNT. The parallel orientation is
almost invariably found as the preferred orientation. If placed
in a perpendicular orientation the OBCB molecule will reori-
ent to adopt a parallel one. Color key: CNT (cyan) and c-
OBCB molecule (core in red, side-chains in blue).
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non-parallel initial orientation and then observed that the OBCB molecule re-

aligned itself so that its long axis regained a preferred alignment with the long

axis of CNT. Sometimes it diffused away from the CNT and later returned close

enough to the CNT to adsorb in a (preferred) parallel fashion.

2.8 Curvature fit between OBCB and CNTs:

We examined the simple concept that matching the curvature of the CNTs to the

c-OBCB molecule might play a role in determining the observed selectivity. The

core of the c-OBCB molecule has six 4-helicenes and two 5-helicenes around

an aromatic core, producing a very contorted exterior structure. The c-OBCB

is shape-complementary to the roughly spherically-shaped PC70BM [2]. In this

conformation, the molecule is chiral. Curvature, κ, was calculated using κ = 1
R ,

where R is the radius. For c-OBCB, the circumradius was calculated to compute

curvature. Figure 2.23 shows the fragment of the OBCB molecule used to calcu-

late the curvature. This axis was chosen because the c-OBCB molecule prefers to

lie with its long axis parallel to the axis of CNT and the section shown with red

arrows is the portion of the molecule that “cups” onto the CNT. As shown in

Table 2.5, the curvature of c-OBCB is essentially identical to that of (10,3) which

suggests that a simple shape-matching may contribute to size selectivity. The

(6,5) and (7,5) CNTs are a relatively poor shape-match, but the (8,6) CNT is al-

most as close a match as (10,3), but this is expected since the (10,3) and (8,6)

variants have almost the same diameter.
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Figure 2.23: Central core of the c-OBCB molecule (a) with red lines show-
ing the axis used to determine the curvature of the molecule
and (b) side view of the central core.
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n,m (CNT) Diameter (Å)

6,5 0.264

7,5 0.241

10,3 0.214

8,6 0.207

c-OBCB 0.217

Table 2.5: Curvature, κ, of four different kinds of CNTs in comparison to
that of the c-OBCB molecule itself, showing the near-perfect fit
of c-OBCB’s curvature to the (10,3) CNT. The close match of the
(8.6) is expected since its diameter is close to that of the (10,3)
variant.
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CHAPTER 3

CONCLUSIONS AND FUTURE WORK

The objective of this research work was to understand the structure-property

relationship between CNTs and c-OBCB molecules and study their variation in

different solvents - toluene and chloroform. We tried several interesting ap-

proaches to balance the computational limitation of efficient and faster calcula-

tions with sufficiently acceptable accuracy to understand systems over different

length and time scales. We were successful in uncovering the link between the

underlying principles of free energy binding contributions, side-chain solvent

interaction, and shape-matching. We also found that transport characteristics,

through the diffusion of a single c-OBCB molecule over the surface of the CNT

does not play any decisive role in determining the reason behind the selectivity.

In this chapter, an abridgment of the insight gained and future possibilities have

been presented.

3.1 Conclusions

We can now say that the underlying molecular-scale cause(s) of the experimen-

tally observed selectivity of c-OBCB for (10,3) and (6,5) CNTs is not likely to be

traceable to a single dominant effect; rather, there appears to be a composite

of effects. However, we did identify one root discriminatory cause that is able

to explain why (i.e., discriminate unambiguously between) certain (n,m) CNT

variants that exhibit positive selection from others which constitute negative

controls.

We find that details related to OBCB-CNT binding, and the Potential of Mean
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Force that captures entropic as well as energetic factors, and even a simple cur-

vature match can appropriately rank (10,3) and (6,5) as positive for selectivity

and (7,5) as a negative control. Strong binding (and free energy) is associated

with the positive controls, and the excellent curvature match between (10,3) and

c-OBCB probably explains why this is, by far, the most readily selected experi-

mentally. There is also support for the solvent effect seen here: Toluene allows

significantly better binding than does chloroform. However, the “spoiler” in

this scenario is that these metrics would predict that (8,6) should also be a posi-

tive control, at odds with the experimental observations.

The discriminatory factor that explains why (8,6) is, in fact, not selective can

be traced to the role played by OBCB side-chain/solvent interactions. Chloro-

form is known to be a “good” solvent for OBCB’s alkyl chains in comparison to

toluene. This is manifested in our simulations, as in experiments, by a greater

probability for the alkyl side-chains on the c-OCBC to extend into the chloro-

form solvent rather than to hug the CNT. The energetic balance between the

advantage of side-chain/CNT binding versus side-chain/solvent interactions

plays the key role in this phenomenon. Given that chloroform and toluene are

both good solvents for the alkyl side-chains, our results suggest that this is a

subtle force- balancing act between solvent, side-chains and type of CNT. Our

hypothesis is that if experiments were undertaken in a worse quality solvent

for c-OBCB’s side-chains, like water, the discrimination between (10,3) and (8,6)

could decrease or disappear. In that case, we surmise that more side-chains

would hug the CNT no matter the (n,m) variety. Alternatively, a solvent that

was far better than chloroform and toluene for alkyl chains might be even more

discriminatory.
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The best combination for selectivity appears to be one in which there is

strong binding of c-OBCB to the CNT in conjunction with a solvent that pro-

motes side-chains adhering to the CNT surface, and (putatively) a CNT diame-

ter that allows the side-chains to interlace. The worst combination for selectivity

appears to be one in which c-OBCB is weakly bound to the CNT variant, there

is a good solvent for the side-chains, and the CNT diameter is large.

Hence, we have demonstrated the use of a contorted small organic molecule,

c-OBCB, for sorting semiconducting carbon nanotubes with specific chirality

and diameter. Both the binding between the core of the c-OBCB and SWNTs

and the tendency of c-OBCB’s side-chains to wrap around the carbon nanotubes

play a role in determining the selective interaction. The fact that this preference

of the side-chain to wrap the SWNT is solvent-dependent, demonstrates the

subtlety and precision of the effect.

3.2 Future work

Our studies clearly brought into light the relative importance of and competi-

tion between several interactions whose combined efforts help to select CNTs

of particular chiralities. It also brought into focus the relative importance of

curvature-matching of c-OBCB with CNTs of different chiralities. However,

there are several issues that could be addressed in the future.

To emulate the experiments, simulations could be set up with multiple c-

OBCB molecules present, rather than the single molecule used in these studies.

This would allow us to investigate the energetic aspects of these systems in

which multiple c-OBCBs sticking onto different chiralities of CNTs. This will
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be useful in a way that it more closely emulates the experimental situation. It

is not clear how multiple c-OBCB molecules would pack around the CNT and

how this would affect the binding to the CNT versus disperse its side-chains in

the proximal solvent. Binding and free energies calculated of system with mul-

tiple c-OBCBs could provide a more quantitative answer. We did make some

preliminary calculations of systems with up to 16 c-OBCBs. But these were only

simulated for a few chiralities of CNTs and in a non-discriminatory solvent. Im-

portantly, they were undertaken before we understood the origin of the selec-

tivity. Fresh eyes on this problem would be worth investigating; however, they

were very computationally intensive. A typical run with 16 c-OBCB molecules

adsorbed on a single CNT in solvent can be expected to take 140 CPU-hrs per

ns of simulation time.

Primarily, these simulations with multiple c-OBCB molecules were run to

investigate the binding morphology of the c-OBCB and CNT system. Impor-

tantly, we found that the c-OBCB molecules prefer to bind to the surface of

CNTs, rather than aggregate with other c-OBCB molecules. Thus it tends to

completely cover the bare surface of the nanotubes rather than aggregate in the

solvent. This is actually an important observation, since this will aid in large-

scale selectivity, rather than unwanted aggregation in solution.

We also found the the motion of the c-OBCB molecules on the CNTs was

extremely slow, whether going up and down on the nanotube or rolling around

the exterior of the tube. This can be attributed to the fact that with multiple

c-OBCBs trying to fit onto the surface of the nanotube, the amount of steric

congestion would prevent them from moving. A sample curve is shown in Fig-

ure 3.1. From Figure 3.1, we see that these molecules basically just oscillate
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around their mean position. However, none of these simulations were run suf-

ficiently long to equilibrate completely. The length and time scales of the system

that could be simulated were dictated by the computational resources available.

Hence, we feel that TI runs performed on these types of systems might give us

some helpful insight. In the longer term, it would be valuable to add multiple

CNTs into the system. It would be worthwhile to see the interplay and competi-

tion between the interactions of CNT-CNT, c-OBCB-c-OBCB and c-OBCB-CNT.

In the shorter term, an enhancement can be made to the force field represen-

tation of the CNTs. The OPLS-AA force field was originally designed to rep-

resent small aromatic molecules, such as benzene. However, a few alterations

could be made to the force field to better describe interlayer distances, interlayer

attractions, and rigidity of the CNTs. In this thesis, the carbon atoms of CNTs

were considered as rigid Lennard-Jones particles [102]. This worked well for

our system as we made CNTs atoms connected across the periodic boundaries

in turn making them infinitely long.

Finally, we hope that some additional experimental work will be undertaken

to strengthen our hypothesis related to the solvent effect in uncovering the se-

lectivity phenomenon. The discriminatory factor that explains why (8,6) is, in

fact, not selective can be traced to the role played by OBCB side-chain/solvent

interactions. Xiao et al. [2] have shown that side-chains, particularly the one

used in this thesis (-OC12H25), drastically increases the solubility of c-OBCB in

chloroform. Chloroform is also known to be a “good” solvent for c-OBCB’s

alkyl chains in comparison to toluene. This is manifested in our simulations, as

in experiments, by a greater probability for the alkyl side-chains on the OCBC to

extend into the chloroform solvent rather than to adhere to the CNT. Given that
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Figure 3.1: 3D curve depicting the motion of sixteen c-OBCB molecules on
the exterior of (10,3) single-walled CNT in chloroform.
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chloroform and toluene are both good solvents for the alkyl side-chains, our

results suggest that this is a subtle force-balancing act between solvent, side-

chains and the specific type of CNT. Hence, if the experiments were done in a

worse quality solvent for OBCB’s side-chains, like water, the discrimination be-

tween (10,3) and (8,6) could decrease or disappear. In that case, we surmise that

more side-chains would hug the CNT no matter the n,m variety. Alternatively,

a solvent that was far better than chloroform and toluene for alkyl chains might

be even more discriminatory.
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