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ABSTRACT

Over the decades, researchers have studied the small-molecule organic semi-

conductor materials and they have been widely commercialized in applications

from cell phone displays to solar cells because of their electronic properties,

flexibility and low manufacturing cost. Different from traditional silicon-based

semiconductor, charge transport in these organic materials is highly anisotropic

because the electron movement is normally localized among π-conjugated car-

bon atoms. This phenomenon results higher charge transport rate occurring

in the plane of π − π bonds. As a result, a slight difference in π − π stacking

induced by the molecular packing can significantly change the electron trans-

port in organic materials. Researchers are interested in understanding how to

manipulate the synthesis and processing of organic semiconductor crystals and

how to control the formation of specific polymorphs with the optimal charge

transport properties.

One category of organic semiconductor material that has drawn many atten-

tions recently is naphthalene diimide (NDI) and its derivative, core-substituted

naphthalene diimide (c-NDI) because of their ability to form n-type field ef-

fect transistor. In this thesis, we studied core-chlorinated naphthalene tetracar-

boxylic diimide (NTCDI). In NTCDI, the hydrogen on naphthalene core is sub-

stituted with chlorine atom which have an electron-withdrawing effect to de-

crease the lowest unoccupied molecular orbital (LUMO) energy level and im-

prove the chemical stability of the crystal by discouraging the interactions with

oxidants. In 2016, Loo group at Princeton University successfully synthesized

α-phase and β-phase of NTCDI thin film transistor. Most importantly, they



found out that using post-deposition solvent-vapor annealing technique with

different solvents and concentrations can reversibly access both polymorphs. In

this work, we used ab initio and molecular dynamics calculations to study how

solvent choice (acetone, chloroform, dichloromethane and toluene) affects the

NTCDI processing from a microscopic aspect.

We found “boat” and “chair” like conformations of NTCDI molecules in sol-

vents that are not yet observed experimentally and used Nudged Elastic Band

method to show the high energy barrier which prevents this conformational

interchange. Force field paramterization was necessary for the molecular dy-

namics simulation, largely for the missing dihedrals. We calculated the binding

energy between two NTCDI molecules in solvent and determined the tendency

of NTCDI aggregation was low in chloroform and dichloromethane, intermedi-

ate in acetone and high in toluene. We conducted free energy calculation of the

affinity between two NTCDI molecules in solvent to better undertand solvent-

NTCDI behaviors from an enthalpic aspect. We also characterized these be-

haviors in a statistical mechanics manner by calculating the radial distribution

functions of NTCDI core to core as well as NTCDI core to solvent. By the end

of this thesis, we were able to determine the dominating effects that solvents

have on NTCDI moleculess. NTCDI molecules are more likely to aggregate

in polar solvents than in non-polar solvents. Although in the binding energy

calculation, NTCDI molecules are most likely to aggregate in aromatic solvent

such as toluene, our work indicates a more intrigue interaction. Toluene and

NTCDI tend to form a sandwich-like complex due to the π stacking from their

aromatic cores, which disturbs the aggregation of NTCDI molecules. To sum

up, we successfully validated our experimental collaborator’s findings and of-

fered computational insights on how solvent choice controls the NTCDI thin



film transistor processing.
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CHAPTER 1

INTRODUCTION

1.1 Background to Semiconductor Materials

A semiconductor material can be any kind of solid that has electron transfer

characteristics that lie between the high electron transfer of a conductor and

the poor electron conduction of a resistor. The first transistor was made of ger-

manium;1 however, today, the vast majority of semiconductor devices in con-

sumer products and solar cells are silicon-based. Germanium and its oxide were

proven to be less thermodynamically stable compared to silicon and silicon ox-

ide, especially under high temperature, because germanium has more easily ac-

cessible free electrons.2,3 Moreover, silicon based semiconductor materials have

better electronic performance. For example, silicon’s band gap is 1.17 eV at 0K

which is higher than germanium’s band gap of 0.74 eV; similarly, silicon p-n

junction has higher avalanche breakdown voltage at 0.7V than germanium p-n

junction at 0.3V.4,5 More importantly, silicon is second most abundant element

in earth crust and its stable oxide form such as sand are very accessible as raw

material, which contributed to the swift shift to silicon-based devices in indus-

try.2,6

The conductivity of a semiconductor can be altered by changing the concen-

tration of impurities added to the silicon-based device through a process known

as doping.7 For regions in the device that are doped with elements containing

five outer electrons (richer in electrons than silicon), such as arsenic, this is called

an n-type semiconductor. Similarly, if the region is doped with an element con-

taining just three outer electrons (deficient in electrons compared to silicon),

1



Figure 1.1: A visualization of Moore’s Law obtained by plotting the number of
transistors versus year from 1971 to 2016.10

such as boron, this is called a p-type semiconductor. A simple p− n junction can

thus be created with the n-type semiconductor acting as an electron donor and

the p-type semiconductor acting as an electron acceptor.

After the invention of the first bipolar transistor by Bell Laboratories in 1947,

the existence of commercial semiconductor devices became pervasive every-

where, in applications ranging from computer microchips to cell phones to so-

lar cells.8 In 1965, Dr. Moore stated that the number of transistors per integrated

circuit was doubling every year because of the increase of the number of com-

ponents for minimum cost.9 This increase, known as “Moore’s Law”, has been

the case for decades, as illustrated in Figure 1.1.
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Since the first integrated circuit was constructed using only one transistor,

three capacitors and a resistor, the science and technology of semiconductor de-

vices has advanced at an incredible rate. The current state-of-the-art for semi-

conductor manufacturing has already moved towards what is called 7 nm node

fabrication, which is capable of producing chips with a transistor density of 83

million/mm2, an almost unimaginable number.11 However, silicon-based de-

vices are not the only semiconductor material that has been commercially ex-

ploited; scientists have long used III-V materials like GaAs, for satellite and

military applications, where their high cost can be offset by their performance.12

More recently, new semiconductor materials are being studied and, indeed,

used in consumer products. This includes a broad variety of organic semicon-

ductor materials,13 ternary III-V materials like InGaAs,14 and hybrid organic-

inorganic materials such as perovskite materials.15 Each of these different mate-

rials have their own advantages to exploit, from high-frequency performance,

manufacturing cost, and mechanical flexibility, which has led them to replace

silicon in many niche applications.16

1.2 Organic Semiconductor Materials

Organic semiconductors are the materials made from π − π bonded small

molecules or polymers. Compared to silicon-based semiconductors, organic

semiconductors have a few distinct features. Firstly, organic materials have

a low dielectric constant, which leads to a stronger bonding of the electron-

hole pair called an exciton, and unspontaneous dissociation at room tempera-

ture.17 Secondly, charge transport in organic materials is normally localized to

the sp2 hybridization carbon atoms. This also makes the charge transport highly
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anisotropic, in which there is a significantly higher electron (or hole) transport

rate in the plane of the conjugated π− π bonding than in the, often low conduct-

ing, side groups. Thirdly, organic semiconductor materials can lead to more me-

chanically flexible thin films, and to easier deposition processes. Compared to

the high energy consumption of crystal silicon, we can process organic semicon-

ductors using deposition at relatively low temperature, or even from solution.

Its mechanical flexibility also allows versatile applications as plastic electronics

of display,18 window coatings,19 wearable devices,20 artificial skin,21 biocompat-

ible devices,22 and so on.

The π − π bonding characteristic of organic semiconductors is caused by the

sp2 hybridization of carbon atoms in the organic materials. π bonding and π∗

anti-bonding are weaker than direct σ bonding and anti-bonding. As a re-

sult, the energy difference, Eg, between the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO) also decreases

relative to σ only bonding, which is similar to the band gap in a crystalline

semiconductor. The spatial geometry of π − π bonding also allows electrons to

be delocalized over a plane containing many carbon atoms, a process which

we call conjugation. For example, the degree of polymerization can change the

energy gap in ethylene: ethylene has a high band gap, Eg, of 6.7 eV, whereas

stretch-oriented polyacetylene has an Eg value of only 1.5 eV.23 The inclusion of

aromatic rings in polymers reduces the band gap and large permittivities.24

Organic semiconductors have been used as organic light-emitting diodes

(OLEDs), organic field effect transistors (OFETs), and organic photovoltaics

(OPVs).25,26 OLEDs have been widely used in display technologies in devices

such as mobile phones and televisions;18 OFETs and OPVs can be used for

4



“green” building solutions as sensors and solar cells for efficient window de-

signs.19

1.2.1 Naphthalene Tetracarboxylic Diimide

Researchers have become interested in naphthalene diimide (NDI) because of

its tendency to form n-type semiconductor materials.27 NDI is a planar com-

pound with an aromatic “core” which facilitates the π − π intermolecular stack-

ing in crystal structure. Moreover, substitutions on the diimide nitrogen atoms

form side chains that can act as π-electron acceptors to further stabilize the

supramolecular structure.28 In recent years, more attention has been drawn to

the core-substituted NDI molecules (c-NDI), in which the hydrogen atoms on

the naphthalene core are substituted with functional groups. The applications

of c-NDI materials range from synthetic biological systems to energy storage

and transfer due to its π stacking properties.29 In this thesis, the material we are

interested in studying is core-chlorinated naphthalene tetracarboxylic diimide

(NTCDI).

As shown in Figure 1.2, the naphthalene core positions of 2 and 6 have

been substituted with chlorine atoms; the side-chain contains the tetracarboxylic

functional group of −CH2C3F7.

The synthesis of NTCDI is well studied: pyrene is used as the precursor,

and a strong base and chlorine gas are used for the core substitution reactions.30

Although unsubstituted NDI already has an air-stable charge transport ability

as an n-type semiconductor material,27,31 the substitution of hydrogen atoms on

the NDI cores has an electron-withdrawing effect on the π-electron stack. This

5



Figure 1.2: Molecular structures of NTCDI in its α-phase (top) and β-phase (bot-
tom). The angles between the side chain and NTCDI aromatic cores
of the α-phase (top) and β-phase (bottom) polymorphs are close,
130.99◦and 133.45◦, respectively. Color key: grey denotes carbon
atoms, red for oxygen, blue for nitrogen, green for chlorine, yellow
for fluorine, and white for hydrogen atoms.

phenomenon makes NTCDI a better n-type semiconductor material than NDI

because it lowers the LUMO energy level to promote electron excitation and dis-

courages the interaction with the oxide to increase chemical stability.32,33 There

are a few methods that have been successfully employed to create single crys-

tal growth. Besides conventional vacuum deposition,34 solvent evaporation35

and simple sublimation36 have also been used because NTCDI has excellent air

stability in ambient conditions.37

There are two known polymorphs of NTCDI’s single crystal structure.

The α-phase has a monoclinic structure with unit cell parameters of a =

6



Figure 1.3: The crystal packing structure of α-phase (top), and β-phase (bottom).
The point of view is from the c- axis of the unit cell. The side chains
are hidden to show the structure more clearly. The α-phase has a
herringbone packing mode with a core distance of 3.27Å, and the
β-phase has a two-dimensional brick-wall packing mode with core
distances of 3.29Å and 3.32Å.37

11.882(2)Å, b = 16.712(4)Å, c = 6.0197(17)Å, α = 90◦, β = 104.633(9)◦, and γ = 90◦;

β-phase has triclinic structure with a = 5.25520(10)Å, b = 6.3296(2)Å, c =

18.7265(5)Å, α = 99.5940(10)◦, β = 91.3940(10)◦, and γ = 109.3590(10)◦.37 Both

polymorphs are low symmetry systems. Their packing is illustrated in Fig-

ure 1.3.

As a promising n-type organic semiconductor material, the charge transport

properties of NTCDI are the main interest of researchers. For the single-crystal

7



field-effect transistor, the electron mobility of the α-phase is 8.6 cm2V−1s−1 and

that of the β-phase is 3.5 cm2V−1s−1.37 It is easy to tell that a small change in the

polymorphs of NTCDI single-crystal significantly alters its electronic properties.

He et al. reported the α-phase single crystal growth using a CH3OH/CHCl3

solvent evaporation method.36 Moreover, only the α-phase will be obtained dur-

ing the evaporation process regardless of conditions such as temperature, pres-

sure and solvents. However, when the crystal is heated up to 160◦C, the α-phase

starts shifting to the β-phase and the packing motif is completely transformed

to the β-phase around 180◦C.37 The single crystal transistors made of both poly-

morphs have excellent electron transport capability, as mentioned above, but

their different π−π overlap results in different performance. He et al. concluded

that when the temperature rises above 160◦, the α-phase become metastable and

the β-phase is the more thermodynamically favorable polymorph in this tem-

perature range. More importantly, the transition between α − β polymorphs is

reversible: the β-phase transitions back to the α-phase after several months in

low temperature.37 Unsurprisingly, Purdum et al. confirmed this α − β phase

reversibility in polycrystalline thin film transistors made of NTCDI through an-

nealing.35

1.3 Purpose of This Thesis

For the past few decades, researchers have advanced synthesis methods to pro-

duce high-performing organic semiconductor materials and the characteriza-

tion of these transistors have shown promising research results. Of particu-

lar interest here, in recent years many groups have fabricated n-type organic

8



semiconductor materials with excellent charge transport properties.13 Organic

semiconductor materials have also been developed for commercialization in

a number of different areas. For instance, a number of electronic companies

have adopted organic light-emitting diodes (OLEDs) for screen displays.18 Sev-

eral start-up companies are developing contorted hexabenzocoronene (cHBC)

thin film solar cells for building window coatings: such molecules can generate

enough power to alter the color and light absorbance so that the coated win-

dows can exhibit more efficient energy consumption.19 However, there are still

many obstacles before scale-up and profitable commercialization. For example,

in 2012, Li et al. reported that n-type single crystal transistors (SCFET) based on

C60 have an excellent electron mobility up to 11 cm2V−1s−1, but it degenerates in

a short period in air.38

The material of interest in this thesis, NTCDI, has a strong advantage over

such devices due to its stability in air and its ability to be processed in ambient

conditions. In 2016, Purdum et al. confirmed the reversible access to the α-phase

and β-phase in thin film transistors (TFT) through solvent-vapor annealing af-

ter the TFT has been deposited.35 On contrast to the electron transport ability

found in NTCDI SCFETs, the β-phase TFT has surprisingly better transfer abil-

ity.35,37 The packing motif of π − π surfaces could play a major role in this case

because in-plane π stacking benefits the electron movement in the lateral direc-

tion in β-phase TFT. The goal of this thesis is to analyze the solvent effect on the

thermodynamic and kinetic properties of NTCDI to determine the microscopic

factors dominating phase reversibility during post-deposition processing.

9



CHAPTER 2

METHODS EMPLOYED

2.1 Molecular Dynamics

There are many computational approaches available to study materials systems,

ranging from continuum models, Kinetic Monte Carlo, Molecular Dynamics,

and Density Functional Theory (an ab initio approach). Our goal is to find the

most suitable method for our system of interest based on computational cost

and accuracy. For example, although Kinetic Monte Carlo is invariably lim-

ited to systems with a pre-chosen lattice structure and pre-determined reaction

rates, it can readily model the growth of materials, even conformational changes

of polymers and over far longer time scales than are accessible to Molecular Dy-

namics or other molecular simulation techniques. Ab initio codes can model

the properties of many-body system at an electron density level, but its intense

computational expense limits its use to only small systems (considering only

hundreds of atoms). In addition, these techniques are inherently limited to 0K

results.

In this thesis, we use Molecular Dynamics as the main tool to study the ther-

modynamic properties of organic semiconductors in liquids. Molecular Dynam-

ics simulates numerical and time-dependant solutions of classical equations of

motion under a suitable model such as Newton’s Laws of motion. The basic

idea is straightforward: at each time step, the code calculates the forces on each

atom based on a semi-empirical force field. It then updates the position and ve-

locity of each atom for the next time step as a result of these forces. The motion
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of atoms is defined by Newton’s Second Law, as shown in the following:

Fi = mai (2.1)

where Fi is the force on an atom, m is the mass of the atom, and ai is the acceler-

ation of the atom. Also, the force executed on the atom is the negative gradient

of potential field defined as below:

F(x) = −∇U(x) (2.2)

where x contains the coordinates of all atoms, and U is the potential energy

surface function governed by the relative position and movement of each atom.

As a result, the numerical solution of the position and velocity of each atom is

defined as in Equations 2.3–2.4

xi+1 = xi + δtvi (2.3)

vi+1 = vi + δt
F(xi)

m
(2.4)

where δt is the time step. To solve the numerical solutions, different integration

methods can be used to calculate the trajectories of atoms.

We use the MD code, LAMMPS, develoed by Sandia National Laboratory39

for molecular dynamics simulations. LAMMPS implements the Velocity Ver-

let integration method due to its accuracy and efficiency. The Velocity Verlet

algorithm calculates the position and the velocity at the same time step from

the Taylor expansion of the position of the atom, as defined in the following

equations:

ri(t + δt) = 2ri(t) − ri(t − δt) + ai(t)δt2 + O(δt4) (2.5)

vi(t) =
ri(t + δt) − ri(t − δt)

2δt
+ O(δt2) (2.6)
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where δt is the time step of the system and ai(t) is the acceleration at current

time step. Noticeably, the error of the position is O(δt4) and O(δt2) for velocity

estimation.

There are a few ways to calculate the statistical errors of MD simulations. In

this thesis, we used block average method. A block average is a time average

over a finite time block tB as defined as:

AB =
1
tB

∫ tB

0
A(t)dt (2.7)

When tB is much larger than the correlation time, tC, we can write the variance

of block average as:

σ2(AB) ≈
tC
tB

(
〈A2〉 − 〈A〉2

)
(2.8)

where A is an array containing the static quantities of each time step, and 〈A〉 is

the ensemble average of quantities. To calculate the correlation time, we define

P(tB) as following:

P(tB) ≡ tB
σ2(AB)
〈A2〉 − 〈A〉2

(2.9)

As a result, if we extrapolate the value of P(tB) as tB → ∞, we get the value of tC

for the error estimation as defined in Equation 2.8.

2.1.1 Optimized Potential for Liquid Simulations Force Field -

All Atom (OPLS-AA)

As mentioned in Chapter 2.1, force field governs the interactions in the Molecu-

lar Dynamics simulations. In this thesis, we used optimized potentials for liquid

simulations all-atom force field (OPLS-AA), which was developed by Profes-

sor William L. Jorgensen’s group.40 Compared to the united atom model, so-
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called “all atom” models explicitly calculate the bonded and non-bonded inter-

actions of hydrogen atoms. Originally, OPLS non-bonded parameters were de-

veloped for organic liquid models such as alkanes, alkenes and alcohols. These

non-bonded interactions are represented by a combination of Coulombic and

Lennard-Jones interactions, defined in Equation 2.10:

Ei j =
qiq je2

ri j
+ 4εi j

[
(
σi j

ri j
)12 − (

σi j

ri j
)6
]

(2.10)

where ε is the depth of the potential well, σ is the distance where the potential

is zero.

A standard geometric combining rule is used for εi j and σi j such that εi j =

√
εiiε j j and σi j =

√
σiiσ j j. A previous study showed that an OPLS-AA force

field worked well with CHELPG charges derived at an MP2/aug-cc-pVDZ level

in terms of providing good agreement between experimental and computa-

tional results.41 As a result, we have derived appropriate charges for the NTCDI

molecule using this method.

Ebond = Kr(r − req)2 (2.11)

Eangle = Kθ(θ − θeq)2 (2.12)

Edihedral =
1
2

K1
[
1 + cos(θ)

]
+

1
2

K2
[
1 − cos(2θ)

]
+

1
2

K3
[
1 + cos(3θ)

]
(2.13)

The OPLS-AA force field also includes bonded interactions. Bond and an-

gle parameters were mostly adopted from the AMBER force field in Jorgensen’s

paper.40 Dihedral parameter was derived by fitting energy profile from ab ini-

tio calculations at HF/6-31G* level. Bond stretching and angle bending energy

profiles are defined in Equation 2.11 and Equation 2.12, where Kr and Kθ are
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the spring constants for the harmonic motion of bond and angle; req is equilib-

rium bond distance and θeq is the equilibrium value of the angle. All the bond

and angle parameters were obtained from a Tinker OPLS-AA force field pack-

age.42 The dihedral energy is defined in Equation 2.13, where K1, K2, and K3

are Fourier series coefficients. Most of the dihedral coefficients in the system

were obtained using the Tinker package.42 However, there were three sets of

parameters for the NTCDI molecule that were unknown, namely the CA-C-N-

CT, O-C-N-C and CA-C-N-C dihedrals. These parameters were parameterized

here, as addressed later on.

2.2 Ab Initio Calculations

In the development of this thesis, ab initio methods were also used because we

needed to approximate and calculate the electronic density and correlations of

different structures and states. Compared to Molecular Dynamics methods, the

focus of ab initio methods is very different. ab initio studies systems character-

ized by an even smaller scale than Molecular Dynamics, due to the intense na-

ture of the calculations on computing resources. Ab initio methods calculate the

atomic energy by approximating the time- independent Schrödinger equation:

ĤΨ = EΨ (2.14)

where Ĥ is the Hamiltonian, E is the total energy and Ψ is the wave function.

According to the Born-Oppenheimer approximation, the motions of nuclei and

electrons are independent and it approximates nuclei as stationary particles.

Thus, we have the electronic Schrödinger equation of an N-body system as:43,44

ĤΨ = [T̂ + V̂ + Û]Ψ =

[ N∑
i

−
h2

2mi
∇2

i −

N∑
i

V(~ri) +

N∑
i< j

U(~ri, ~r j)
]
Ψ = EΨ (2.15)
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where ~r is the position of electrons, T̂ is the kinetic energy, V̂ is the Coulom-

bic potential energy of electrons relative to the nuclei, and Û is the electron-

electron repulsion. There are two major methods to approximate this electronic

Schrödinger equation: Hartree-Fock and Density Functional Theory. Hartree-

Fock method is intensively used in this thesis and will be described in the fol-

lowing sub-sections.

2.2.1 Hartree-Fock

Hartree-Fock assumes that the wave function can be represented by a single

Slater determinant of N spin orbitals, χi, as:

Ψ =
1
√

N!

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

χ1(x1) χ2(x1) · · · χN(x1)

χ1(x2) χ2(x2) · · · χN(x2)
...

...
. . .

...

χ1(xN) χ2(xN) · · · χN(xN)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(2.16)

The Hartree-Fock energy of electrons can be defined as one-electron and two-

electron integrals:

E = 〈Ψ|Ĥ|Ψ〉 =
∑

i

Hi +
1
2

∑
i, j

(Ji j − Ki j) (2.17)

where Hi is a one-electron integral:

Hi =

∫ [
−

1
2
∇2

1 − V(~r1)
]
χ∗i (x1)χ j(x1)dx1 (2.18)

with −1
2∇

2
1 and −V(~r1) defined as kinetic and potential terms in Equation 2.15.

and the two-electron integral is given by:

(i j|kl) =

∫
1

r12
χ∗i (x1)χ j(x1)χ∗k(x2)χl(x2)dx1dx2 (2.19)
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Ji j and Ki j are the Coulombic and exchange terms defined by:

Ji j =

∫
Pi j (i j|kl) (2.20)

Ki j =
1
2

∫
Pi j (ik| jl) (2.21)

where P is the density matrix of occupied molecular orbitals, a product of

two molecular orbital coefficients and occupied molecular orbitals.

According to the Hartree-Fock approximation, all the electrons are indistin-

guishable. Also, each electron moves independently under a Coulumbic field

due to the average positions of all other electrons. Thus, Hartree-Fock does

not consider electron correlations. Hartree-Fock approximates the molecular

orbital as a linear combination of atomic orbital basis functions. It uses the self-

consistent field (SCF) process to obtain the lowest energy for the set of molecular

orbitals by iteratively solving the determinant with basis functions.
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CHAPTER 3

PARAMETERIZATION OF MISSING DIHEDRAL ANGLES IN THE OPLS

FORCE FIELD

As we discussed regarding Molecular Dynamics (MD) in Chapter 2.1, the in-

tramolecular and intermolecular interactions are fully determined by the force

field parameters. Thus, it is crucial to have at your disposal, all the appropriate

parameters you need for all the atomic species in the system of interest. How-

ever, the LAMMPS database and other similar databases do not list any existing

parameters for three dihedral angles that exist in the NTCDI structure, as shown

in Figure 3.1, so we will need to parameterize these dihedral angles before it will

be possible to perform any MD simulations for this system.

According to Equation 2.13, the dihedral energy is a function of the dihedral

angle, θ, which arises from the potential energy change produced by rotating

planes around the bond. In the OPLS-AA force field, the energy profile of a

given system consists of both non-bonded and bonded energies, as described in

Equations 2.10–2.13. Thus, in order to parameterize the dihedral parameters, we

need to isolate the energy caused by the dihedral angle change from the energies

associated with bond stretching, angle rotation, and non-bonded interactions.

The goal of parameterization is to find suitable parameters for the dihedrals

formed by CA-C-N-CT, CA-C-N-C and O-C-N-C. We used a segment of the

NTCDI molecule for parameterization, as shown in Figure 3.2. A geometry-

optimized structure was obtained through an ab initio calculation using ORCA45

at a HF/6-31G* level.46

Here, we will use the parameterization of CA-C-N-CT as an example. We

17



(a) (b) (c)

Figure 3.1: Three dihedral angles of NTCDI with no existing OPLS-AA param-
eters to define them: (a) CA-C-N-CT; (b) CA-C-N-C; (c) O-C-N-C.
Three dihedrals are marked using blue bubbles only once for clar-
ity in the figure, although they may appear more than once in the
NTCDI molecule.

Figure 3.2: The initial segment of NTCDI used for dihedral parametrization

rotated the dihedral consisting of CA-C-N-CT along the C-N bond, and per-

formed single-point calculations over a range of dihedral angles. We calculated
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other potential energies using the Molecular Dynamics simulation software,

LAMMPS,39 with known OPLS-AA parameters. We then determined the en-

ergy difference between an ab initio single-point calculation and the LAMMPS-

generated Molecular Dynamics calculation over a range of dihedral angles. We

fit the Fourier coefficient of the dihedral equation with a Nelder-Mead47 algo-

rithm to minimize the energy difference between ab initio and Molecular Dy-

namics values. We used the same procedure for the parameterization of the

other two missing dihedral angles, O-C-N-C and CA-C-N-C.

We obtained parameters for these dihedrals, as shown in Figure A.1 and

Table A.1. However, when we ran the simulation of one NTCDI with NVT

ensemble at 300 K in vacuum, the nitrogen atoms were “extruded” out of the

plane of the ring structures, as shown in Figure A.2. We hypothesized that it

was caused by the use of one methyl group in the segment as shown in Fig-

ure 3.2. The methyl group is relatively flexible and causes smaller non-bonded

interactions compared to the original fluorocarbon side-chains of the NTCDI

molecule, as shown in Figure 1.2. Thus, we decided to use different side-chains

and try to replicate the configurational property of NTCDI. We used three dif-

ferent side-chains: −CH2CH2CH3, −CH2CF2CH3 and −CH2CF2CF3. However,

we encountered problems where the DFT exhibited approximation errors when

it dealt with dispersion forces (van der Waals interactions, in this case).48 Mean-

while, we used the LAMMPS command special bonds 0 0 0.5 because the OPLS-

AA force field has a weighting factor of 0.5 for non-bonded interactions on 1-4

atom.40 This means that first- and second- nearest neighbors have no Coulombic

or van der Waals interactions with this atom because they are incorporated into

bond-stretching and angle-bending; meanwhile, the fourth atom (the furthest

atom in a dihedral) has half of the non-bonded interactions. These two factors
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caused an offset between DFT and MD single-point energy scans of different

structures. In essence, this means that they did not agree which dihedral an-

gle has the higher energy and we could not directly fit the asymmetrical energy

profile to Equation 2.10.

We tried three different methods to work around this. Firstly, we used dif-

ferent functionals which were previously used in the literature40,49,50 to param-

eterize the OPLS-AA force field. However, the results were very similar, as

shown in Figure A.3. Secondly, we manipulated the Lennard- Jones parame-

ters of the atoms on the side-chain to take the offset into account. However,

Lennard-Jones parameters were hard to perturb, especially without an appro-

priate system to correct the coefficients for a new system. Lastly, we set the

special bond parameter to all zeros; meanwhile, we also minimized the energy

of the NTCDI segment in MD, fixing the targeted dihedral angle. It turned out

that this minimization method produced the best fitting results. The fitted di-

hedral parameter curves and corresponding dihedral angles are illustrated in

Figure 3.3, and the final set of fitted parameters is shown in Table 3.1
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(a) dihedral angle of
CA-C-N-CT

(b) energy landscape of dihedral angle for parameter fitting

(c) dihedral angle of
CA-C-N-C

(d) energy landscape of dihedral angle for parameter fitting
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(e) dihedral angle of
O-C-N-C

(f) energy landscape of dihedral angle for parameter fitting

Figure 3.3: Three dihedral angles which needed to be parameterized are marked
here by blue bubbles. The corresponding segments are shown here:
(a) and (b) are the dihedral angle CA-C-N-CT and its energy land-
scape. (c) and (d) are the dihedral angle CA-C-N-C and its energy
landscape. (e) and (f) are the dihedral angle of O-C-N-C and its en-
ergy landscape.
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Table 3.1: Fitted Fourier parameters for the unknown dihedrals CA-C-N-CT, O-
C-N-C and CA-C-N-C. All units are given in kcal/mol

K1 K2 K3

CA-C-N-CT 1.25 6.69 -1.23
O-C-N-C -3.81 43.07 3.84

CA-C-N-C 26.89 -24.77 -26.89
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CHAPTER 4

EFFECTS OF SOLVENT ON THERMODYNAMIC AND KINETIC

PROPERTIES OF NAPHTHALENE TETRACARBOXYLIC DIIMIDE

As discussed in Chapter 1.2.1, the solvent plays an important role in the syn-

thesis of NTCDI. Our collaborators, the Loo group at Princeton University, dis-

covered a rare set of NTCDI-solvent interactions in their recent work.35 In low

polarity solvents, in this case chloroform and dichloromethane (DCM), NTCDI

molecules are soluble. In polar solvents such as acetone, NTCDI molecules ex-

hibit a roughly equal distribution of soluble monomers and aggregation. Here,

we define aggregation to mean the self-aggregation of NTCDI itself. In aromatic

solvents such as toluene, NTCDI exhibits a rare NTCDI-toluene interaction in

which NTCDI and toluene were posited by the Loo group to form a complex

due to their π bond-abundant surfaces. In this chapter, we investigate these

phenomena from different aspects in order to better understand the nature of

NTCDI-solvent interactions as we varied the solvent, mirroring those chosen

by the Loo group for study.

4.1 Sensitivity Test of OPLS Force Field for Solvents

We used already available OPLS-AA parameters from the Tinker force field

package to represent the interactions of most of the solvent molecules.42 For

chloroform, we used parameters developed in a paper by Acevedo and Jor-

gensen.51 We conducted sensitivity tests on chloroform and dichloromethane

parameters by comparing simulated physical results with reported data found

in the literature. For chloroform, the simulation showed a solvent density

around 1.49 g/mL. It was consistent with both experimental and simulation re-
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sults from referenced paper which is 1.49 g/mL in simulation and 1.473 g/mL in

experiment.51 For dichloromethane (DCM), our calculation predicted the den-

sity to be 1.19 g/mL at 298.15 K and 1 atm. While this is 0.13 g/mL lower than

experiments, it is consistent with a previous benchmark using the same OPLS-

AA force field for chlorinated hydrocarbons, which predicted a value of 1.20

g/mL. The experimental result was about 8% higher, at 1.32 g/mL.52 We decided

that these parameters were sufficiently accurate for us to use these OPLS models

in the simulations which follow for chloroform and DCM solvent systems.

4.2 Boat-Chair Conformations of NTCDI and the Energy Bar-

rier of Conformational Exchange

We analyzed the conformation of the NTCDI molecule in vacuum using the

ORCA code to perform a geometry optimization at the HF-3c level.48,53–55 We

found a previously unreported situation in which NTCDI was able to exhibit

two local energy minima, as shown in Figure 4.1, with conformational struc-

tures which we called “chair” and “boat” conformations, by analogy to the con-

formations of hexane. In the chair conformation, the two side-chains were lo-

cated on different sides of the aromatic ring. In the boat conformation, the two

side-chains were located on the same side of the aromatic ring. We found that

the energy difference between the two conformations was negligible (less than

1 kcal/mol).

In order to determine the energy barrier controlling the interchange between

these two conformations, we used Climbing Image Nudged Elastic Band (CI-

NEB)56 calculations to determine how the energy changed as we rotated one of
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Figure 4.1: Two conformations of the geometry-optimized NTCDI molecules
using Orca at an HF-3c level. The chair conformation is shown
above, the boat conformation is shown below.

the side-chains from below to above the aromatic ring by 180◦(thereby trans-

forming the chair conformation into the boat). ORCA does not contain NEB

natively, so we used a custom-built NEB implementation and force minimiza-

tion package developed by our group.57 We propagated the side-chain using

procruste method to obtain the reaction coordinate with only rigid rotation and

translation.. The resulting energy barrier produced by CI-NEB is shown in Fig-

ure 4.2. The energy barrier for this transition in vacuum was large, about 14

kcal/mol, suggesting that transformations between conformations will be rare at

room temperature in vacuum.
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In the experimental system, however, NTCDI was not studied in vacuum,

but in several different solvent systems. Thus, we mirrored the solvent effect

in this CI-NEB study. The continuum solvation model based on charge density

(SMD) is implemented with ORCA’s solvation model library.58 The energy bar-

rier results obtained when implicit solvents were included in the calculations

are shown in Figure 4.2. Use of an implicit solvation model had no effect; the

energy barrier remained around 14 kcal/mol. Such a high energy barrier indi-

cated that the conformational change from chair to boat of an NTCDI molecule

in solution will be virtually impossible without heating the system.
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Figure 4.2: Climbing Image Nudged Elastic Band calculations of the energy bar-
rier associated with changing from a chair to a boat conformation.
Results are shown for ten discrete points connected by solid lines for
the vacuum (upper graph) and SMD58 implicit solvent model cases
for three solvents (lower graph)
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4.3 Binding Energy of NTCDI in Solvents

Binding energy is equivalent to the enthalpic properties of the system and it can

provide information on the how NTCDI molecules aggregate in solvents. We

calculated the binding energy between two NTCDI molecules from the thermo-

dynamic output of the total energy of each system, as defined by Equation 4.159:

Ebinding energy = E2 − Es − 2E1 (4.1)

where E2 is the total energy of two aggregated NTCDI molecules in solvent, Es

is the total energy of the box of solvent molecules, and E1 is the total energy

of one NTCDI molecule in that box of solvent. The scheme is shown in Fig-

ure 4.3. In this project, we considered solvents of acetone, toluene, chloroform

and dichloromethane (DCM) to match the experimental studies.

Figure 4.3: The scheme to describe the binding energy calculation. Box A is the
solvent box with two NTCDI. Box B is an empty solvent box. Box
C is the solvent box with one NTCDI. The dark line represents the
NTCDI molecule and the light blue box represents the simulation
box with solvents

An isobaric-isothermal (NPT) ensemble was used for the total energy calcu-

lations, set to match experimental conditions of 298.15 K and atmospheric pres-

sure. We ran all the simulations for at least 10 ns with a 2 fs time step or until the

statistical errors were acceptable. In this case, acceptable statistical error means

that the standard deviation of conjugated ensemble variable is within 10% of

the average value. We used a 10 Å cutoff and a tail correction for the van der
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Waals interactions. The simulation box was set to 60 Å x 60 Å x 60 Å to ensure

that the box was at least twice the length of the NTCDI molecule to avoid self-

interaction with images across the periodic boundaries. We also calculated the

number of solvent molecules needed to match the experimental density at room

temperature and atmospheric pressure given the volume of the simulation box.

The OPLS-AA force field was originally developed for alkane systems.40

Hence it is reasonable that it might underestimate, or otherwise poorly repre-

sent, the π−π interactions in aromatic systems. This appears to be the case for the

NTCDI molecule, where we found that it was necessary to use parameters that

we had previously developed for Covalent Organic Framework molecules60 in

order to adequately represent the aromatic carbon and hydrogen atoms in this

system, as shown in Table 4.1. We decided to adopt these modified parame-

ters, which were used only for π − π interactions between NTCDI molecules.

Non-bonded interactions between carbon and hydrogen atoms with the solvent

molecules were governed by the original OPLS-AA parameters. We specified

these pair interactions manually in the LAMMPS input scripts using a geomet-

ric mixing rule, as defined in Equation 2.10.

Table 4.1: Modified Lennard-Jones parameters for aromatic carbon and hydro-
gen atoms. All units are given in kcal/mol

Atom σ ε

Carbon 3.2734 0.1234
Hydrogen 0 0

Both boat and chair conformations of NTCDI were used, independently, in

Molecular Dynamics simulations in a variety of solvents. We also estimated

the inherent statistical errors using the block average method, as discussed in

Chapter 2.1. Results of the binding energy are shown in Table 4.2, showing that
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the boat and chair conformations differ in energy from 1-5 kcal/mol, depending

on the solvent. Toluene showed the least variation (1 kcal/mol) and chloroform

the most (5 kcal/mol). This energetic difference between chair and boat is suffi-

ciently large (more than 3 kcal/mol) that it is important to know how readily one

conformation can transform into the other during the simulation runs.

Table 4.2: Binding energy of two NTCDI molecules in different solvent systems
for both the chair and boat starting conformations. All units are given
in kcal/mol.

Solvent - conformation Binding Energy Error

Toluene - chair -16 < 0.1%
Toluene - boat -15 < 0.1%
Acetone - chair -9 0.1%
Acetone - boat -6 0.1%

Chloroform - chair -2 < 0.1%
Chloroform - boat -7 < 0.1%

DCM - chair -2 < 0.1%
DCM - boat -5 < 0.1%

To answer that question, we sampled the frequency with which the boat and

chair conformations were present during the MD simulations in a given solvent

at 298.15 K and 1 atmospheric pressure. This implies that we can identify boats

from chairs in the simulation. We accomplished that by using the carbon atoms

at the end of each side-chain as identifiers and the aromatic ring structure as a

plane. This allowed us to determine the relative locations of the two side-chains

and determined how many times each conformation (boat or chair) was present

in the MD simulations.

The result of this sampling is given in Table 4.3; it showed that NTCDI

was likely to remain in its starting conformation no matter which conforma-

tion (chair or boat) it started in initially, and irrespective of the choice of solvent.

Only 1-5 percent of conformers changed conformation during the MD simu-
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lations. This result was consistent with the relatively large energy barrier (14

kcal/mol) predicted here using Nudged Elastic Band calculations.

Table 4.3: Percentage (Pct.) of chair versus boat conformers sampled after 10
ns of MD simulation of one NTCDI molecule in different solvent sys-
tems.

Solvent - starting conformation Pct. of chair Pct. of boat Chair : Boat

Toluene - chair 97% 3% 1:1
Toluene - boat 4% 96%
Acetone - chair 95% 5% 1:1
Acetone - boat 5% 95%

Chloroform - chair 98% 2% 1:1.01
Chloroform - boat 1% 99%

DCM - chair 94% 6% 1:1.01
DCM - boat 5% 95%

Returning to the binding energies reported in Table 4.2, this study essen-

tially provided a quantitative comparison of the π − π stacking of two NTCDI

molecules in different solvents. A larger (more negative) binding energy im-

plied that two NTCDI molecules will tend to aggregate as a result of a more

thermodynamically favorable situation. Based on the results in Table 4.2, the

binding energy between NTCDI molecules increased in the order toluene < ace-

tone < chloroform and DCM. This is partially consistent with the experimen-

tal results that (a) NTCDI showed mixed aggregated and solvated molecules

in acetone; (b) whereas, in chloroform and DCM, the NTCDI molecules were

mainly solvated. However, the binding energy indicates that self-aggregation

of NTCDI in toluene is most favorable and it was not the case of experimen-

tal result. We decided to look at other aspects of the NTCDI and took entropic

property into consideration which is discussed in Chapter 4.4.
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4.4 Free Energy Calculation of the Affinity of NTCDI in Sol-

vents

Free energy, also known as the Potential of Mean Force (PMF), is crucial to deter-

mine the behavior of different phases of a given system since it will include en-

tropic effects that are ignored in the more common enthalpic calculations given

by MD simulations. It can be related to many qualities such as bonding free

energy, solvation energy and conformational energy. In this work, we stud-

ied the free energy and the different states adopted by two NTCDI molecules

as they are pulled apart in order to better understand how solvent affects the

tendency for aggregation or solvation of NTCDI. We chose acetone, chloroform

and toluene as our solvents of interest since they span the three different types

of aggregational properties seen experimentally.

In classical statistical mechanics, thermal properties such as free energy and

entropy are directly related to the partition function, Q, itself. On the other hand,

mechanical properties such as internal energy, force and pressure are related

to the derivative of the partition function, Q. For example, in the isothermal-

isobaric, constant NPT ensemble, the Gibbs free energy, F, is defined as:61

F = −kBT ln Q (4.2)

QNPT =
∑

Γ

∑
V

exp
(
−(H(Γ) + PV)

kBT

)
(4.3)

where kB is the Boltzmann constant, Γ represents the phase space (i.e., position

and momentum) of atoms and Ĥ(Γ) is the Hamiltonian. From Equation 4.3, we

know that high energy states are significant contributors to the partition func-

tion but, at the same time, it is hard to sample these regions. Thus, it is impossi-
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ble to measure the free energy directly in the simulation. Researchers have put

considerable effort into developing methods to sample the free energy such as

Thermodynamic Integration,62–64 Free Energy Perturbation,65,66 umbrella sam-

pling67 and so on. In this work, we used a Thermodynamic Integration method.

The Thermodynamic Integration (TI) method assumes that the Hamiltonian

Ĥ depends linearly on a coupling parameter, λ,63 where λ represents the differ-

ent states of the system. As a result, the derivative of the free energy F defined

in Equation 4.2 will become:

dF(λ)
dλ

=

〈
∂H(λ)
∂λ

〉
λ

(4.4)

where <>λ denotes the ensemble average of a system which can be calculated

directly in the simulation. The coupling parameter, λ, can be either the reaction

coordinate of a physical path or a variable in the Hamiltonian function.

The free energy difference between two states of a system can be integrated

by:

∆F = F(λ1) − F(λ0) =

∫ λ1

λ0

dλ
〈
∂H(λ)
∂λ

〉
λ

(4.5)

In this work, we are interested in the free energy difference between the aggre-

gation and the solvation of NTCDI molecules. We modelled this phase change

so that the system resembled how “hard” or “easy” it is to pull apart two NTCDI

molecules immersed in different solvents. In other words, we could calculate

the external work, W, required to complete this phase change. Jarzynski 64

proved that
〈
exp( −W

kBT )
〉

= exp(−∆F
kBT ). This equality shows that the ensemble of

finite time measurements of non-equilibrium work executed on the system can

be equated to the equilibrium free energy difference between state 1 and state 0,

as shown below:
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W = ∆F (4.6)

As we know, the work is the integral of force along the reaction pathway and

this allows us to evaluate Equation 4.5:

∆F =

∫ λ1

λ0

dλ
〈
∂H(λ)
∂λ

〉
λ

=

∫ λ1

λ0

< f (λ) >λ dλ (4.7)

where f (λ) is the force on the system at phase λ and the physical meaning of λ

is the distance between two NTCDI molecules. Now, we just need to determine

the reaction pathway, λn, and calculate the force on the NTCDI molecules.

We used a Steered Molecular Dynamics (SMD) method,68 as implemented

within LAMMPS, to find the reaction coordinate needed for subseequent Ther-

modynamic Integration. The reason for combining the two methods is that we

need to know the lowest energy reaction pathway for the more accurate TI cal-

culations, and a relatively unbiased SMD simulation can provide that pathway.

But SMD results are typically not sufficiently accurate enough to be used to es-

timate free energy barriers, as compared to TI.

The conformation of two NTCDI molecules was geometry-optimized in the

ab initio Orca code to serve as the initial state of the system. Solvents were

packed around the NTCDI using Packmol package.69 We coupled together their

centers of mass with a spring and then gently pulled them apart with a rela-

tive speed of 1 Å/ns. We chose 1 Å/ns as the pulling speed to make sure that

NTCDI molecules could slowly drift apart in solvents. If it is too fast, we will

not sample certain phase which contains important information about the parti-

tion function of the system; if the speed is too slow, it is hard to see any changes

of NTCDI molecules in a reasonable amount of the time which is computation-
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ally expensive. The spring constant of the spring was 100 kcal/(mol · Å), and the

direction of the spring was set to “auto” within LAMMPS so that the external

force could explore the available phase space in the most unbiased way possible

and find the best reaction pathway).

We used an isobaric-isothermal (NPT) ensemble with the temperature fixed

at 298.15 K and the pressure at 1 atmosphere. We ran each NPT simulation for

20 ns and output the forces executed on each NTCDI molecule. We used the

exact same simulation settings across all three solvent systems (acetone, chloro-

form and toluene). Although LAMMPS can output the change in the potential

of mean force in order for aggregated NTCDI to be pulled apart, such calcula-

tions tend to be rather inaccurate because the force sampled at each time step

is simply not long enough for an ensemble average to be explored. Thus, we

separated the trajectories of NTCDI molecules into 24 “windows” and ran in-

dividual simulations on each “window.” We were mainly interested in the be-

havior of any π − π stacking between the aromatic carbon atoms, which we will

refer to as the NTCDI “core” in what follows. In each simulation, we fixed the

position of the NTCDI cores and output the forces required to maintain such a

conformation. We ran each simulation for at least 5 ns in order to allow both

the solvent molecules and the side-chains on NTCDI to fully relax and, conse-

quently,to sampled enough data to provide an accurate value for the ensemble

average that we need for the PMF. The difference between the force on NTCDI

molecule 1 and the force on NTCDI molecule 2 contributed to the ensemble

force average at each reaction coordinate. The distance of NTCDI molecules

was calculated based on the center of mass of NTCDI cores. These calculations

are defined as follows:

f (λn) = f (λn)NTCDIA − f (λn)NTCDIB (4.8)
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Figure 4.4: Potential of mean force of two NTCDI molecules being pulled apart
at a speed of 1 Å/ns in acetone. Errors are integrated along the path-
way. The energy at the furthest distance is set to zero. All energies
are shown in kcal/mol, and the distance is given in Å.

where λn is the reaction coordinate and defined as the difference between the

centers of mass of two NTCDI molecules, and n represents each “window” of

Thermodynamic Integration. We used the trapezoid rule to integrate the force

along the reaction pathway to calculate the free energy. Equation 4.7 can be

defined by:

Fn =

∫ λn

λ0

< f (λ) >λ dλ ≈
n∑

i=1

1
2

(
f (λi−1) + f (λi)

)
∆λi (4.9)

where i = 1, 2, ..., n, and < ... >λ denotes an ensemble average. The results of

the Thermodynamic Integration are shown and discussed along with the con-

formational behavior in the following paragraph.
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The potential of mean force (PMF) resulting from the free energy in acetone

is shown in Figure 4.4. We can see that there are two energy barriers to overcome

when the NTCDI molecules are being pulled apart. We also observe different

motion of the NTCDI cores, that can be thought of as reaction pathways: When

the inter-NTCDI separation distance was small, around 5-6 Å, the NTCDI cores

slid across one another. For separations between 7-8 Å, the two molecules piv-

oted away from each other (in a motion like opening a book), as shown in Fig-

ures B.1–B.2. These motions cause the increase of the PMF within this range of

distances. The first energy barrier is around 7.6 kcal/mol which is a very signifi-

cant barrier. If the distance between NTCDI molecules is allowed to continue to

keep increasing, the molecules were able to re-orient and fall into a local energy

minimum at 10 Å. We did not see any clear interactions between acetone and

NTCDI cores at this distance. When we continued to pull the NTCDI molecules

further apart, it introduced another small energy barrier, of around 2 kcal/mol,

to prevent NTCDI molecules from becoming fully solvated in acetone.

The PMF result in chloroform is shown in Figure 4.5. If we compare the

PMF from short inter-NTCDI distances (∼ 4-8 Å) to large distances ( > 12 Å), the

drop in PMF is very significant. Although the NTCDI molecules experience a

relatively small energy barrier at around 7 - 8 Å, further separation is strongly

favorable for NTCDI. The energy minimum occurs at 12 Å, which is larger than

the cut-off of the Coulumbic and van der Waals interactions that we employed.

The PMF result for NTCDI in toluene is shown in Figure 4.6. There is an

energy minimum of -11 kcal/mol when the two NTCDI molecules are around

7.6 Å apart. Similar to the situation in acetone, NTCDI molecules experienced

an in-plane rotation and then tilted away from each other during the separa-
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Figure 4.5: Potential of mean force of two NTCDI molecules being pulled apart
at a speed of 1 Å/ns in chloroform. Errors are integrated along the
pathway. The energy at the furthest distance is set to zero. All ener-
gies are given in kcal/mol, and distances in Å.

tion process. However, there was a distinctly different conformational path-

way with the NTCDI-toluene complex. Because of the presence of the aromatic

ring in toluene, solvent molecules tended to align with the π-conjugated NTCDI

core and maintained a relatively parallel position to one another as the NTCDI

molecules were pulled apart. For example, at a distance of 6-7 Å, the NTCDI

molecules would re-orient themselves and form a herringbone-like structure

with a 59◦ angle between the planes of NTCDI cores. More interestingly, we

observed that toluene preferred to adopt preferred location in which it came

to “sit” in-between the NTCDI molecules. The distance between the centers
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Figure 4.6: Potential of mean force of two NTCDI molecules being pulled apart
at a speed of 1 Å/ns in toluene. Errors are integrated along the path-
way. The energy at the furthest distance is set to zero. All energies
are given in kcal/mol, and distances in Å.

of mass of toluene and the adjacent NTCDI core was 3.72 Å. The conforma-

tion we are describing is shown in Figure B.3. Moreover, at the energy mini-

mum, we observed the formation of a NTCDI-toluene “complex” at a distance

of around 7.6 Å. As shown in Figure 4.7, two toluene molecules, marked in

red, and one NTCDI molecule formed a “hamburger” complex. Their distance

from the NTCDI core were 3.99 Å and 3.72 Å, respectively. A toluene molecule,

marked in blue, can also form a ring-to-ring complex with the other NTCDI

molecule and the distance between them was 3.87 Å.

We also calculated the angles, and lateral and vertical shifts between the two
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Figure 4.7: At the energy minimum, corresponding to a distance of 7.6 Å be-
tween two NTCDI molecules, a “hamburger” complex formed be-
tween NTCDI and toluene. The toluene molecules, in red, are asso-
ciated with the NTCDI at the back. The toluene molecule, in blue, is
associated with the NTCDI at the front. Other solvent molecules are
marked in white.

NTCDI cores. At the starting geometry, the horizontal shift between NTCDI

cores was 3.0 Å and the vertical shift was 3.3 Å. The NTCDI cores aligned them-

selves to become parallel to each other (the angle in-between the two planes was

just 2◦). We only observed herringbone structures of NTCDI cores if toluene was

the solvent. In toluene, the angle between the planes around 60 ◦, which is char-

acteristic of herringbone configurations. These structures only occurred at or

around the energy mininum and, indeed, probably drove the energy minimum

when that favorable configuration was achieved, as shown in Figure 4.6. We

did not observe similar herringbone structures in either acetone or chloroform.
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Figure 4.8: Another look at Figure 4.7 from a different point of view.

With the free energy calculations, we were able to look deeper into the ther-

modynamic properties of NTCDI in different solvents, and we found that they

were consistent with experimental findings. It was easy to tell directly from

differences in the potential of mean force that NTCDI does not prefer to aggre-

gate in chloroform. In acetone, we observed both local free energy minima and

maxima at different distances when the NTCDI molecules were being pulled

apart. This allowed some NTCDI molecules to stay aggregated and some to

stay solvated at the same time. As we discussed above, NTCDI and toluene

tend to form a π-conjugated complex, which concurs with the experimental sug-

gestions. In Chapter 4.3, we concluded that NTCDI has the lowest binding en-

ergy in toluene which leads to the most likely tendency for aggregation in the

solvent. However, the experimental result mainly observed the formation of

NTCDI-toluene complexes. This is because, in the binding energy calculations,

the initial geometries of NTCDI molecules were optimized in DFT which em-

phasized middle-range interactions between the π − π conjugated cores. On the
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other hand, in both the Steered Molecular Dynamics and Thermodynamic Inte-

gration, when we applied an external force to pull apart the NTCDI molecules,

toluene preferred to “sit” in a relatively parallel position relative to the NTCDI

cores and form a complex. Both results showed us that π − π interactions be-

tween aromatic carbon rings played a significant roles in both NTCDI-NTCDI

aggregation and NTCDI-toluene complex formation.

4.5 Radial Distribution Functions of NTCDI in Solvent

The radial distribution function, g(r), describes the probability of finding a par-

ticle at a distance, r, from a reference particle. It is an important measurement

with which to characterize microscopic properties, such as hydrogen-bonding

and packing characteristics. In a three-dimensional system, the function g(r) is

defined as follows:

n(dr) = ρg(r)4πr2dr (4.10)

where dr is the thickness of a hypothetical spherical shell inside the system

with a reference participle in the center, r is the distance between the shell and

the reference particle, ρ is the density of the system, and n(dr) is the number of

particles in the shell. Often, we refer to ρ as the bulk density and n(dr)/(4πr2dr)

as the local density of the shell. At large r, g(r) goes to unity and, at small r, g(r)

goes to zero due to intermolecular repulsion.70

In this work, we are interested in characterising the structural properties of

the NTCDI-solvent interactions. To do so, we calculated the radial distribution

43



functions, g(r), for both the NTCDI core-core and that of NTCDI-solvent inter-

actions, respectively. By doing so, we were able to sample the co-location of

molecules and to calculate the probability of finding a certain molecule with re-

spect to the NTCDI core. As a result, we can readily compare the intermolecular

interactions of different solvent systems from a statistical mechanics aspect.

Our solvent systems were, as earlier, acetone, chloroform, dichloromethane

(DCM) and toluene. Each large simulation box contained 50 NTCDI molecules

and 5500 solvent molecules. We ran each simulation for 4 ns with an isobaric-

isotropic ensemble at 298.15 K and 1 atmospheric pressure. We only used the

data after 2 ns to calculate the g(r). By definition, we treated the radial distribu-

tion function as a histogram which simply represented how frequently a type of

particle appeared in a given shell with respect to a reference particle and then

looped through all the objects in the set of reference particles. Throughout the

calculations, we used the center of mass of the NTCDI core and the center of

mass of the solvent molecule as a way to focus on the intermolecular interac-

tions, instead of the interactions among other atom types which were of less

interest.

For example, if we wanted to calculate the g(r) of NTCDI-toluene interac-

tions, we counted the number of green particles (the center of mass of toluene

molecules) in the purple sphere at a distance r and looped through all the blue

particles (representing the center of mass of the NTCDI core) in the system, as

shown in Figure 4.9.

In this work, we used 200 bins with a bin size of 0.1 Å at a cut-off distance

of 10 Å, which meant that we did not consider intermolecular interactions at

distances larger than 10 Å. We reordered the bins based on the distance r and
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Figure 4.9: An illustration of the calculation of the radial distribution function.
The blue circle represents the reference particle; green circles are the
particles to be identified. dr is the thickness of the spherical sphere
and r is the distance from the green spheres to the reference parti-
cle.71

then normalized g(r) by the number of blue particles in the system. The results

are shown in Figures 4.10–4.11.

The radial distribution function analysis definitely showed some interesting

results. In Chapter 4.3 which considered binding energy calculations, we had

shown that the aggregation between two NTCDI molecule in chloroform and

DCM is less likely than that in acetone and toluene, as shown by the values in

Table 4.2. The free energy calculation in Chapter 4.4 indicated that it was ther-

modynamically favorable to pull apart NTCDI molecules in chloroform. The

radial distribution function results validated such findings. In Figure 4.10, we

showed the radial distribution function of NTCDI core-core interactions as a

means to characterize the structural implications of the core interactions. It is

easy to tell that the value of g(r) of core-core interactions at the first maximum

is significantly smaller in toluene than in any of the other solvents. This result

means that there are more NTCDI molecules close to each other in all the sol-

vents, especially acetone, in this case, this corresponds to greater aggregation

of NTCDI molecules. Our collaborators at Princeton University, Purdum et al.
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Figure 4.10: The radial distribution function of NTCDI core-core interactions in
different solvents, acetone, chloroform, DCM and toluene. Each
simulation was equilibrated for 2 ns and the systems were sampled
after 1 ns.

found that a rare NTCDI-toluene complex formed in the solvent. This is consis-

tent with the small first peak in g(r) for NTCDI core-core interactions. It is also

completely consistent with the large first peak shown in g(r) for NTCDI-solvent

interactions. Our free energy calculation and snapshots in Chapter 4.4 indi-

cate the same findings in the toluene system. The radial distribution function

of NTCDI-toluene shown in Figure 4.11 exhibits a distinct and large peak just

below 4 Å, which does not appear in any of the other solvents, acetone, chloro-

form nor DCM. There is a much smaller first peak, shifted to a larger distance of

slightly more than 4 Å. At larger distances, g(r) for NTCDI-toluene interactions

shows a second peak occurring at around 9 Å, which again is higher than the

corresponding second peaks for NTCDI interacting with other solvents. As the

tendency of NTCDI to aggregate increases the second peak occurs at a smaller
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Figure 4.11: The radial distribution function of the NTCDI core with the solvent
in different solvents, acetone, chloroform, DCM and toluene. Each
simulation was equilibrated for 2 ns and the systems were sampled
after 1 ns.

distance and with less structure. These peaks suggest the formation of NTCDI-

toluene complex and it also explains the small g(r) value of NTCDI core-core in

toluene, as shown in Figure 4.10. All these simulated predictions are in line with

the Princeton group’s complementary experiments and provided an otherwise

impossible view of specific solvent-NTCDI interactions at an atomic-level.
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CHAPTER 5

DISCUSSION

The purpose of this thesis was to study solvent effects on the thermodynamic

properties of a promising small-molecule organic semiconductor known as

NTCDI. In this work, we analyzed the properties of NTCDI in four solvent

systems: acetone, chloroform, dichloromethane (DCM) and toluene. The mo-

tivation for this study arose from the experimental studies of a collaborator,

Professor Lynn Loo at Princeton University who found intriguingly different

propensities for NTCDI to self-aggregate in different solvents. Our goal was

to provide an atomic-level understanding of this behavior. We used different

computational approaches and methods to achieve this goal.

Several tasks were involved in this endeavour. The first was to successfully

parameterize three pairs of dihedral angle parameters within the OPLS-AA

force field that were previously unknown, as a means to fully realize a com-

plete model for the representation of NTCDI. Completing this force field model

for NTCDI laid the foundation for subsequent molecular dynamics simulations

of NTCDI in solution. Secondly, we used these MD simulations to calculate

the binding energy of two NTCDI molecules in order to compare the tendency

for self-aggregation of NTCDI molecules in solvent. As a result of this study,

we discovered previously unknown conformations of NTCDI that resembled

“boat” and “chair” structural motifs. We determined that, while these two con-

formations are close in energy (1-5 kcal/mol), there is a large energy barrier

for one conformation to transition into the other, making such transformations

unlikely, except at high temperatures. Thirdly, and most importantly, we com-

pleted extensive free energy calculations to include entropic as well as enthalpic
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contributions. We used a combination of Steered MD (SMD) and Thermody-

namic Integration (TI) free energy calculations for this purpose. The SMD runs

were important for providing a relatively unbiased route to the reaction coordi-

nate, which we then used for the TI calculations.

The net result was a clear picture of the aggregational versus solvation ten-

dencies in the different solvents, which will be discussed in more detail in the

following section. Finally, we calculated the radial distribution function of both

the NTCDI-NTCDI core-core interactions and the NTCDI-solvent interactions.

These calculations allowed us to determine the structural characteristics of these

interactions. We established results that were completely consistent with the

free energy calculations of the potential of mean force and with the Loo group’s

experimental data. The results we obtained are discussed in the “Conclusions”

section that follows.

5.1 Conclusions

Based on our binding energy calculation results, the tendency of self-

aggregation of two NTCDI molecules is highest (most pronounced) in toluene,

intermediate in acetone, and lowest in chloroform and dichloromethane. This

result is not surprising because in polar solvents, the solvent-solvent interaction

is stronger than that between the solvent and the aromatic carbon atoms which

makes the the π − π stacking more favorable. This relationship is the opposite

in non-polar solvents. In addition, the binding energy calculation indicates that

π − π stacking of the planes of NTCDI core is most favorable. Initially, we con-

cluded that this is caused by the aromatic nature of toluene where the solvent
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molecules act as a “bubble wrap” to stabilize the π− π stacking between NTCDI

cores. However, this behavior of NTCDI in toluene is not consistent with ex-

perimental findings. Thus, we turned to the free energy calculations to provide

us with more insights on the solvent-NTCDI behavior, and allow us to include

entropic effects which were omitted in the enthalpically driven binding energy

calculations.

In our free energy calculations, the tendency of NTCDI to self-aggregate re-

mained the same as the binding energy calculation had indicated in the cases of

acetone and chloroform. It is more energetic favorable to pull apart two NTCDI

molecules in chloroform than in acetone, which means it is less likely for them

to aggregate. In toluene, we noticed a significant free energy well at a distance

of around 8Å and our sampling showed a characteristic herringbone structure

at and around that distance. Most importantly, we were able to see a formation

of a sandwich-like complex formed between toluene and NTCDI. Furthermore,

the radial distribution function of toluene and NTCDI validates the existence

of this distinctive complex. There are two factors contributing to the difference

between the binding energy and free energy calculations in toluene. Firstly, we

obtained the initial configuration of two NTCDI molecules from geometry op-

timization calculations using an ab initio approach. The distance between the

NTCDI cores is small; thus two NTCDI molecules are tightly bonded through

π− π stacking of the aromatic carbon atoms, and the toluene molecules also pre-

fer to undergo π−π interactions with NTCDI. That is the reason why the binding

energy in toluene is the lowest. Secondly, we used Steered molecular dynam-

ics (SMD) to obtain the minimum energy pathway, in which both toluene and

NTCDI molecules could explore the global free energy minimum instead of be-

ing stuck at a local enthalpic minimum. As a result, we observed the formation

50



of a toluene-NTCDI complex which prevented the self-aggregation of NTCDI.

Our work successfully validated the experimental findings and offered

unique atomic-scale computationally derived insights into the aggregation of

NTCDI and its unique interaction with different solvents. In summary, NTCDI

is more likely to aggregate in polar solvents than in non-polar solvents; in aro-

matic solvents, solvent molecules will form solvent-NTCDI complexes due to π

interaction and disturb the π − π stacking of NTCDI cores.

5.2 Future Plans

As we discussed in Chapter 1, the π − π packing motif exerts a dominant influ-

ence on the macroscopic properties of small-molecule organic semiconductor

materials, in which one of the most important properties is charge transport

ability. The charge transport properties are related to the extent of the aromatic

cores and influenced by the nature of the side-chains. Future work, should in-

volve using the molecular conformations derived in this work as the founda-

tion for the charge transport calculations of NTCDI in different environments.

A workplan for such studies could be conducted as follows: Firstly, it would be

possible to calculate the charge transport rate of an NTCDI dimer using Marcus

Theory. Secondly, accurate ab initio molecular dynamics approaches like AIMD

to calculate the electron mobility in a unit cell. In Chapter 4.3, we discovered

“chair-” and “boat-” like conformations of the NTCDI molecule and calculated

the energy barrier of inter-conformer exchange. It would be interesting to in-

vestigate whether such conformational changes could affect the packing motif

of NTCDI lattices and the energy barrier associated within a close-packed crys-
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tal lattice. So far, we have mainly focused on the thermodynamic properties

of a NTCDI dimer in solvent systems. It should be possible to analyze the sol-

vent effect on the NTCDI polymorphs that are known to exist so that we can

potentially combine the studies of charge transport and crystal polymorphism

and shed some light regarding the ability of the post-synthesis processing to

directly alter the electron mobility characteristics.
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APPENDIX A

CHAPTER 3 OF APPENDIX

Figure A.1: When only a Methyl group was used, dihedral energy profile of CA-
C-N-CT and fitted curve to the OPLS dihedral equation

Table A.1: When only a Methyl group is used, fitted Fourier parameters for un-
known dihedral of CA-C-N-CT, O-C-N-C and CA-C-N-C. All units
are in kcal/mol

K1 K2 K3

CA-C-N-CT 1.18 0.23 -1.265
O-C-N-C -3.78 43.0 3.81

CA-C-N-C 19.96 -25.9 -20.0
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Figure A.2: Snapshot of MD simulation of NTCDI molecule in NVT ensemble at
300K and vacuum. Blue atom is nitrogen and they are “extruded”
out of the plane of the ring structure.

Figure A.3: Single point calculations of CA-C-N-CT dihedral angles with dif-
ferent functionals and basis sets. x-axis is the angle of the dihedral
with unit in degree, and y-axis is energy with unit in kcal/mol.
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APPENDIX B

CHAPTER 4 OF APPENDIX

Figure B.1: The conformation of NTCDI cores around 7.2 Å in Acetone when
they are being pulled apart. Molecules slips away and starts to pivot

Figure B.2: The conformation of NTCDI cores around 8.3 Å in Acetone when
they are being pulled apart. Molecules pivot along the edge of the
NTCDI core like a book opening behavior.
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Figure B.3: The conformation of NTCDI around 6.5 Å in Toluene when they are
being pulled apart. There is a Toluene (red) molecule sitting in be-
tween two cores while NTCDI molecules start pivoting.
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