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CHAPTER |
INTRODUCTION

Graphene is a crystalline allotrope of sp? bonded carbon atom in the form of
two-dimensional and honey-comb lattice that can be explained by a single atomic
layer of graphite Figure 1.1. It was discovered and characterized in 2004 by Andre
Geim and Konstantin Novoselov. [1] They pulled graphene layers from graphite and
transferred them onto thin SiO, (silicon wafer) using a process called micromechanical

cleavage or “the Scotch tape method”.

Figure 1.1 Model of graphene sheet.

Graphene has many unique properties such as good conductivities, extremely
high surface area, light weight and good thermal properties. Nowadays, it has attracted
much attentions due to its vast varieties of applications, such as memory device, [2]
solar cell, [3] transistor, and diode [4]. In this work, we are particularly interested in
the properties of graphene as electronic devices. By nature, graphene is a conductor
since it has zero band gap energy.

There are various techniques to induce band gaps in graphene. Firstly, classical
or atomic doping where graphene is doped by boron or nitrogen atoms. [5-9] The

disadvantage of this technique is that the doping could not be controlled and it would



demolish the band structure. Another method for altering graphene band gap is by
chemisorption. [10-13] In this technique, the surface of graphene form chemical bond
with the adsorbent. The covalent interaction will change the carbon hybridization of
graphene from sp” to sp® and hence the band gap is introduced. However, this
technique would modify or destruct the basic electronic properties of graphene. The
third method alters the electronic properties of graphene by noncovalent interactions
or physisorption. [14-21] The advantage of this technique is that electronic properties
of graphene can be protected, since the adsorption slightly affects the band structure
of graphene. In this research, the modification of the band gap energy of graphene by
physisorption with m-conjugated adsorbate is interested because the technique is easy

to be implemented and it has wide applicability.

1.1 LITERATURE REVIEW

Lee et al. [22] showed that they could tune reduced graphene oxide (rGO) by
physisorption with pyrene derivatives into n- and p-type semiconductors and made
the bottom-gated field-effect transistors from the materials. They choose pyrene and
pyrene derivatives for doping because graphene could stably bind to them. [23-25] In
addition, electron withdrawing and donating substituents could be easily attached to
pyrene through a simple reaction and the products could easily be purified. [26, 27]
The pyrene derivatives that used in their studies included 1-aminopyrene (PyNH,), 1-
nitropyrene (PyNO,), 1-pyrenecarboxylic acid (PyCOOH), and 1-pyrenesulfonic acid
(PySO3H).

Deng et al. [28] studied effects of edge-termination and core-modification of
hexagonal nanosheet graphene. They investigated electronic structures of hexagonal
graphene nanosheets (HGNSs) with two different edge types, armchair (n-A-HGNS, n =
3-11) and zigzag (n-Z-HGNS, n = 1-8). The HGNSs were terminated either by electron
withdrawing groups such as F-, Cl-, and CN- or electron donating groups such as OH-,
and SH-. Furthermore, the defect-containing HGNS could be paramagnetic (mono- and
tri-vacancy 6-A-HGNS as open shell structure) or diamagnetic (di-, tetra- and hexa-

vacancy 6-A-HGNS as closed shell structures). With GGA/PBE method and DZP basis



set, they found that for both A- and Z-HGNS the band gap energy decreases as the
size increases when the molecule was fully H-terminated. The band gap energy of Z-
HGNS was lower than A-HGN. Since A-HGNS contains more terminating H atoms than
Z-HGNS. These terminating H atoms shared electrons with graphene meaning that Z-
HGNS had stronger pr-conjugation than in A-HGNS. For the fully terminated 6-A-HGNS,
the band gap energy (E,) for both the electron-withdrawing (F, Cl, and CN 1.114, 0.985,
and 0.972 eV) and electron-donating terminations (OH and SH 0.873 and 0.825 eV) are
smaller than the H-terminated one (1.210 eV). Likewise, for the fully terminated 6-Z-
HGNS, the E, of electron-withdrawing (F, Cl and CN 0.655, 0.539, and 0.511 eV) and
electron-donating terminations (OH and SH 0.543 and 0.411 eV) are lower than the H-
terminated systems (0.710 eV). They suggested that graphene terminated with electron
donating moiety has smaller band gap energy than with electron withdrawing moiety.
In addition, they found that the E, of mono-vacancy, di-vacancy, tri-vacancy, and hexa-
vacancy 6-A-HGNS decrease to 0.707, 0.523, 0.231, 0.126 eV, respectively. In contrast,
the E, of tetra-vacancy 6-A-HGNS increases to 1.044 eV. Furthermore, optimized
structures of 6-A-HGNS containing vacancy defects is saddle-like not planar.

Zhou and Zhang [29] studied the physisorption of benzene derivatives on
graphene. They investigated the interaction between a series of benzene derivatives
adsorbed on graphene, by performing a density-functional tight-binding with a
dispersion correction calculations. In their work, substituents of benzene derivatives
were divided into electron donating and electron withdrawing groups. Three possible
adsorbed positions, i.e. hollow (H), bridge (B), and on-top (O) sites were considered.
Adsorption energies of benzene and benzene derivatives at three different positions
were shown to be within 1 kcal mol™ different. Benzene could strongly bound to
graphene through the strong m-m interaction. The adsorption energies of graphene
doped benzene derivatives are ranged from -13 to -21 kcal/mol. Furthermore, the
adsorption energies for all benzene derivatives are stronger than that of benzene.
Comparing benzene derivatives with —-COH, -COOH and -COOMe groups, the adsorption
energies for these groups are in the following order, COH < COOH < COOMe. Because
the -COOMe group has the largest size, it has the most orbital overlapping with

graphene, and hence the strongest binding. Moreover, they investigated the



relationship between the adsorption energies and Hammett sigma meta constant (0,,,),
which could be used to measure the inductive electron-withdrawal or donation by the

substituent. However, no significant relationship between E,4; and O, was observed.

1.2 RESEARCH OBJECTIVES

In this study, effects of size and shape on HOMO/LUMO energy and the
bandgap energy of the two shapes of the pristine graphene nanoflakes (GNFs), i.e.
rhomboidal (RGN) and hexagonal (HGN) were investigated. In addition, adsorption
energies and electronic properties of pyrene and pyrene derivatives adsorbed on HGN

and RGN were studied.



CHAPTER Il
THEORETICAL BACKGROUND

The fundamental of quantum chemistry was established by laws of Physics.
The principal of quantum chemistry is based on the solution to the Schrédinger
equation, which would help to understand movements and interactions between
electrons and nuclei. Thus, it can be used to describe electronic and molecular
properties of molecules. The computational quantum chemistry can be divided into
the wave function-based (semi-empirical and ab initio) and density-based (density

functional theory) methods.

2.1 THE SCHRODINGER EQUATION

The Schrodinger equation [30] is given by

HY =EY (2.1)

where H is the Hamiltonian operator, ¥ is the wave function and E is the energy

of the state.

The most general form of the Hamiltonian operator for molecular system is

H=T,+T,+V . *V.. tV\ (2.2)
where T, = nuclear kinetic term,
1
= Y —-—V2,
A 2M,

T, = electron kinetic term,



V. = electron-nuclear attraction term,

ORI

A i |§A—Fj|’

V,, = electron-electron repulsion term,

= > ri-ri[*

i<j

and V, = nuclear -nuclear repulsion term,

_ Z ZAZB

A<B|§A_§B|.

It is too complicated to solve the Schrédinger equation with the above
Hamiltonian. Using the Born-Oppenheimer approximation [31] , the complexity can be
reduced. The approximation is based on the fact that electrons move much faster
than nuclei due to their masses. Thus, the problem is reduced to solve the electronic
Schrédinger equation separately.

Hye =T, +V,, +V,, (2.3)

elec

and Huee P tee (1 R) = By e (13 R) (2.4).

elec elec

¥ (r;R) is the electronic wave function which is the function of electron

coordinates and parametrically depends on nuclei position (R). E,.is electronic

elec

energy and the total energy E, ., is

Elotal = Eelec +VNN (2'5)



2.2 HARTREE-FOCK (HF) APPROXIMATION

The exact solution for (2.4) is not possible due to the electron-electron
repulsion term. In the HF approximation, the electron-electron repulsion is modelled

by mean field. Based on variation principle, the Hartree-Fock energy (Eyp) can be

obtained from
Epe =(Y, | H,, |lPo> (2.6).

| %,) is the HF wave functions or the Slater determinant

PACPACY 2 (%)
1 X1 (%2) 1, (X2) In (X2)
= JN! B : B / ; 2.7
2O (n) oy (Xn)
where (xi) = molecular orbital = X (Fi,VVi)
Xi = spatial-spin coordinate
ri = spatial coordinate
Wi =spin coordinate
X (;(1) can be obtained from the fock equation
A
fri=eyx ,i=12.,N (2.8)
A
Here, fis the fock operater and & is the orbital energy.
In which,
A N
f=-lvioyZaiy () (2.9)

2 Ael YA



where V(i) = field potential

By introducing basis functions, (2.8) is then
Fc =scE (2.10)

The equation (2.10) is also called “Roothan-Hall” [32, 33] equation where F =
Fock matrix, $= overlap matrix, and C = matrix of MO coefficient.

In term of basis functions, the Hartree-Fock energy is

X

EHF:ZF"‘%ViZ—ZlRZf |a}+%22[aa|bb]—[ab|ba] 2.11)
a A A

r‘l a b

The first term in (2.11) is one-electron integral and the second term is two-
electron integral which is the Coulomb and Exchange integral, respectively

The HF approximation describes only the Fermi-hole correlation (between
electrons with same spin) between electron and not the Coulomb-hole correlation
(between electrons with opposite spin). Thus, it constitutes to an error of more than

10%.

2.3 DENSITY FUNCTIONAL THEORY

The HF cannot account for Coulomb-hole correlation. However, the scaling of
the method is already N*, N being number of basis functions. Thus, the method cannot
be applied to very large system. The density functional theory (DFT) is based on density
rather than orbitals like in HF. The applicability of the density functional theory (DFT)
is based on Hohenberg-Kohn theorems and Kohn-Sham equation. [34] The accuracy
of DFT is depended of how the exchange correlation functional is approximated. [35,

36]



Hohenberg-Kohn suggested that one can find the energy and properties of the
ground state electron density ( p) of the system which is the function of position: p
= pxy,z,).

The energy of DFT can be written to accommodate generalization as

Eoer =Ew +E +E, +E E

coulomb + XC (2.12)

. 1 r)p(r
Which E = —” %dl’ldr2

coulomb 2
12

E.(p)=E,(p)+E.(0)

where E,, is the nuclear-nuclear repulsion, E; is the kinetic energy of the
electrons, E, is the nuclear-electron attraction, E_, .. IS the classical electron-

electron Coulomb repulsion, E, is the non-classical electron-electron exchange

xc
energies.

Hohenberg-Kohn proved that for a particular molecular system the density is
unique and one can used the ftrial density to attribute DFT energy via variation
principle.

Kohn and Sham suggested that the trial density can be constructed from Kohn-

Sham orbital, ¢, .
Thus, LGENIIAG] (2.13)
The Kohn-Sham orbital could be obtained from the Kohn-Sham equation
VZ
|:_?+Vs(r)}¢i(r) =&p(r) (2.18)

where V,(r) = Kohn-Sham potential
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_ f. +f I rp (rr) | Iy 55;2;) ] (2.15)
and & = Kohn-Sham orbital energy.
The Exc[p] is the exchange -correlation functional and equal to
Exclp]=Tlol-Tpl+V.lpol-ILp] (2.16).

T[p] is the kinetic energy and T[p]is that kinetic of non-interacting system.
V..[p] is two-electron interaction, while J[p] is the Columbic interaction. All others
terms in (2.16) can be determined except the EXc[p]. Most DFT methods involve the

estimation of the exchange-correlation functional.

Exchange-correlation functional
The development of the exchange-correlation functional in DFT calculations
can be classified in to 4 generations.
1. Local-density approximations (LDA). Exc is simply an integral over space
generally at each point in space, depending on electron density p(7) and
obtained from the homogeneous electron gas.

Examples: (exchange) X-alpha, (correlation) VWN, (xc) SVWN.

2. Generalized gradient approximation (GGA) with marked improvement over
LDA. Exc [p] supplement the density with information about the electron
density p(r) and gradient of the charge density Ap.

Examples: (exchange) B86, PW91 ; (correlation) LYP, PBE ; (xc) BLYP, PW91.

3. Meta-GGA (MGGA) in its original form includes the second derivative of the
electron density in addition to the gradient Ap.
Example: TPSS, Minnesota functional (M05, M06).
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4. Hybrid functionals, of which the exact total energy can be computed from
the electronic density, are improved approximations to the exchange and
correlation (XC) energy component of the total energy of a system of
electrons, succeeding the standard density functionals (meta-GGA and GGA).

Example: (hybrid) B3LYP, BHRHLYP, B3P86, PBEO.

2.4 BASIS SET

The basis set is a set of basis functions which is introduced to solve Fock
equation. Thus, quantum mechanical calculations begin with the choice of basis set.
Two types of atomic basis functions have been widespreadly used, Slater type orbitals

(STO) [37] and Gaussian type orbitals (GTO) [38].

2.4.1 Slater type atomic orbitals

The slater-type orbitals (STO) mimics the solution of the Schrodinger equation

of H atom. Thus,

¢ (r,0,¢) = R ()Y, (6, 9) (2.17)

where R = radial part of wavefunction

_ @) - (2&) e (2.18)

2l +2)

and Y, (8,¢) = spherical harmonic function.

The STO provided reasonable representations of atomic orbitals with standard
values recommended by Slater. They are, however, not well suited to numerical work,
and their use in practical molecular orbital calculations has been limited. Their largest

problem is the expense of the two-electron integral calculation.
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2.4.2 Gaussian type atomic orbitals

The Gaussian Type Orbitals (GTO) can be expressed as
§=Nxy'ze " (2.19)

where x, y, and z are Cartesian coordinates and a, b and c are non-negative integers.
GTOs have the advantage that all two-electron integrals can be evaluated without

resourcing to numerical integration.

2.4.3 Types of basis sets
2.4.3.1 Minimal basis sets

The minimal basic set is one in which each atom in the molecule. One basic
function to use for each orbital in the Hartree — Fock calculations on free atoms. The
most common minimal basis sets is STO-nG, where n represents the number of the
number of Gaussian primitive functions contains one basic function. On these basis
sets. The same number of Gaussian primitives comprise core and valence orbitals.
Minimal basis sets are often rough results are insufficient to publish research quality,
but cheaper than a pair of them large. The basic minimum set that uses the generic

types are: STO-3G, STO-4G etc.

2.4.3.2 Extended basis sets

The minimal basis sets are not flexible enough for accurate
representation of orbitals. To solve such problems by use multiple functions to

represent each orbital.

Split-Valence basis sets

Differentiate between core and valence electrons. Developed to overcome
problems of inadequate description of anisotropic electron distributions using minimal

basis sets. The most common Split-Valence is X-YZ G where X represents the number
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of primitive Gaussians comprising each core atomic orbital basis function, Y and Z
represents the valence orbitals are composed of two basis functions each, the first
one composed of a linear combination of Y primitive Gaussian functions, the other
composed of a linear combination of Z primitive Gaussian functions such as 3-21G,

6-31G etc.

Polarized basis sets

Polarized basis sets add orbitals with angular momentum functions going
beyond the need for an appropriate description of the ground state of each atom. For
example, hydrogen atom in a minimal basis set would be a function approximating the
1s atomic orbital. When polarized basis sets add p-functions of hydrogen atoms, thus,
polarization accounts for these influences which distort the orbital shape. Examples
for polarized basis sets is 6-31G** similar to 6-31G (d,p) where p-type functions added
to H atoms, d-type functions added to atoms with Z > 2 and f-type functions added

to transition metals.

Correlation-consistent basis sets

The correlation-consistent basis set [39] is the full expression for cc-pVNZ
where N=D, T, Q, 5, 6,... (D=double, T=triples, etc.). The 'cc-p/, stands for 'correlation-
consistent polarized' and the 'V' indicates they are valence-only basis sets. For
example, double-zeta is cc-pvdz, triple-zeta is cc-pvtz, quadruple-zeta is cc-pVQZ, an
so on. Having different-sized functions allows the orbital to get bigger or smaller when

other atoms approach it.



CHAPTER IlI
DETAILS OF THE CALCULATION

3.1 COMPUTIONAL METHOD

Geometry optimizations and analysis of electronic structures of the two shapes
of pristine graphene, i.e. rhomboidal (RGN) and hexagonal (HGN), were performed using
the DFT with PBE functional [40] and cc-pvdz basis set. The physisorption between
graphene and adsorbate was determined using the DFT with M06-2x functional [41]
functional and cc-pvdz basis set. All calculations were performed under the GAUSSIAN
09 software.

The computed band gap energy, E,, is defined using

Eg = Erumo = Eromo (3.1)

where E yuo and Eyomo are energies of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO), respectively.

The adsorption energy (E,) of adsorbate and graphene was calculated by

Ead =E graphene + Eadsorbate - £ graphene+adsorbate (32)

where £, is adsorption energy, Eqqpnene is total energy of pristine graphene, Eqgsorate i
total enegy of the molecular adsorbate, Egqpheneradsorsate 1S total energy of the

adsorption complex.

3.2 GRAPHENE MODELS

Cluster models were employed to represent rhomboidal (RGN) and hexagonal
(HGN) shaped graphene. For HGN, the total number of C atoms is 6n® where n is the
peripheral zigzag circle of HGN. The hexagonal carbon ring is the core structure which
can increase along the C, symmetry axis as C4 elongation within the D¢, point group.

Five cluster models with n = 2-6 were used. This constitutes to the number of carbon



15

atoms of 24, 48, 96, 150, and 216, Figure 3.1. Our RGN models were given by n x n with
n= 3-8 and where n is the number of benzene ring. Thus, RGN models were comprised

of Csg, Cag, C7o, Cog, Ci26 and Cygp, Figure 3.2.

3.3 PHYSISORPTION

For the study of physisorption, CosH,q and CogHye clusters were selected as
models for HGN and RGN, respectively. Two possible adsorbed sites, i.e. on-top (t) and
hollow (h), were considered as shown in Fig. 3.3 and Fig. 3.4. For adsorbates, pyrene
and seven pyrene derivatives with various Hammett sigma constant were chosen. They
are l-aminopyrene (PyNH, -0.66), 1-hydroxypyrene (PyOH, -0.37), 1-methylpyrene
(PyCHs, -0.17), acetamide pyrene (PyNHCOCHS,, 0.00), 1-pyrenecarboxylic acid (PyCOOH,
0.43), 1-pyrenesulfonic acid (PySO;H, 0.50), and 1-nitropyrene (PyNO,, 0.78). Values in
parenthesis are the Hammett sigma constants, which reveal electron withdrawing

(positive)/donating (negative) capability of substituents.
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Figure 3.1 Schematic of the hexagonal graphene nano flakes cluster models (Cy4H»,

C54H18; C96H24; C150H307 C216H36)~

Figure 3.2 Schematic of the rhomboidal graphene nano flakes cluster models (CsoH1q,

C48H18, C70H22, C96H26, C126H30, C160H34)'
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(HGN:on-top) (HGN:hollow)

Figure 3.3 Schematic of the HGN doped pyrene derivatives with two positions (on-
top and hollow, top and side views).
R = NHCOCHs, CH,, OH, NH; : electron donating groups
COOH, SOsH, NO, : electron withdrawing groups
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(RGN:on-top) (RGN:hollow)

Figure 3.4 Schematic of RGN doped pyrene derivatives with two positions (on-top,
hollow, top and side views).
R = NHCOCH;, CHs, OH, NH, : electron donating groups
COOH, SO3H, NO, : electron withdrawing groups



CHAPTER IV
RESULTS AND DISCUSSION

4.1 SIZE AND SHAPE DEPENDENT

Band gap energies of graphene with various size and shape were compared by
analyzing HOMO and LUMO energies. HOMO and LUMO energies of HGN and RGN were

plotted with cluster size and shown in Figure 4.1 and 4.2, respectively.
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Figure 4.1 HOMO and LUMO energies (eV) of HGN.
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From Table 41, the HGNs with C24H12, C54H18, C96H24, C150H30 and C216H36 had

band gap energy of 2.94, 1.97, 1.42, 1.05, and 0.79 eV, respectively. From Table 4.2,

the RGNs with C30H14, C48H18’ C70H22, C96H26: C126H30 and C160H34 have band gap energies

of 1.31, 0.73, 0.34, 0.15, 0.06 and 0.01 eV, respectively.

Table 4.1 HOMO and LUMO energies (eV) and Energy band gap (eV) of HGN.

HGN model LUMO(eV) HOMO(eV) band gap(eV)
CoeHiy 219 5.13 2.94
CsaHys 277 473 1.97
CogHog -3.11 -4.53 1.42
CrsoHao 334 -4.39 1.05
CoygHag 3,52 -4.30 0.79
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Table 4.2 HOMO and LUMO energies (eV) and energy band gap (eV) of RGN.

RGN model LUMO(eV) HOMO(eV) band gap(eV)
CaoHia 3,08 -4.40 1.31
CagHis -3.40 4.13 0.73
CroHa 3.64 13.99 0.34
CogHae 377 3.92 0.15
CragHso 3.85 -3.90 0.06
CooHiy -3.89 -3.90 0.01

Thus, band gap energies of HGNs and RGNs decrease as their size increase.
These findings were consistent with Deng et al. [28] The reduction of the band gap
energy is owing to the increase of free x electrons in orbitals perpendicular to the
graphene plane. These 7 electrons could be free to move in the delocalized system.
Then, the surface of graphene generated the semiconducting properties and hence
the calculated band gap energy would decrease.

The energy band gap is a major factor determining the electrical conductivity
of materials. Generally, materials with large band gaps are insulators whereas those
with smaller band gaps are semiconductors. Conducting materials have no band gap
given that the Eyomo and E ymo are overlapped. If the band gap energy is small,
electrons could more easily be excited from HOMO to LUMO, hence it is competent
in conducting electricity. From Figure 4.1 and 4.2, RGN have smaller band gap energies
than HGN, indicating that the band gap of graphene also depended on shape. The
smallest band gap energies for the HGN and RGN obtained in this study are 0.79 eV
and 0.01 eV, respectively. To understand this aspect, we analyzed the shape of HOMO
and LUMO of HGN and RGN. While the HOMO and the LUMO of RGN have similar
patterns of nodes, the nodes of HOMO and LUMO of HGN are a little bit difference.
This explains the lower band gap energy for the RGN (see Figure 4.3-4.4). Moreover,
large RGN show the property of conductor (negligible band gap), while those small one
can act as semiconductor. In our study, all HGN exhibit semiconductor property.

However, very large HGN can also have negligible energy band gap and become
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conductor. It was found that the band gap energy of HGN is zero when C atom is bigger

than 441 atoms. According to the equation in Figure 4.5 by R? = 0.99003.

Figure 4.4 The HOMO (left) and LUMO (right) of RGN.
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Figure 4.5 Plot of band gap enegy (E,) and number of carbon atoms (C,,) with trend

line equation and its R

4.2 PHYSISORPTION

For the study on doping with pyrene and pyrene derivatives, the Co4 model of
RGN with the band gap energy of 0.15 eV and the Cgs model of HGN with the band gap
energy of 1.42 eV were selected. To find the most preferred adsorbed sites for
graphene doped pyrene/pyrene derivatives, adsorptions at on-top and hollow sites
were investigated. Energies of complexes between HGN/RGN and pyrene/pyrene
derivatives were given in the appendix, see Table A-4 and A-5. Adsorption energies of
pyrene and seven pyrene derivatives on both HGN and RGN at their most preferred
adsorbed sites with and without BSSE corrections (E,q; and E,4,) were displayed in
Table 4.3.

As can be seen, the BSSE is reasonably large and could be as high as 7 kcal/mol.
Moreover, BSSE corrected adsorption energies are in a range from 21 to 27 kcal/mol

for both HGN and RGN doped pyrene/pyrene derivatives. Thus, there is a strong binding
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for pyrene and pyrene derivatives with graphene. The adsorption energies of pyrene
derivatives are larger than unsubstituted pyrene. This could be attributed to the
dispersion interaction between substituents and delocalized w electrons of graphene.
The 1l-acetamidepyrene (PyNHCOCHs,) is the largest substituents and it has the largest
binding with graphene.

Moreover, the distance between graphene plane and pyrene/pyrene derivative,
was measured for all compounds and their values were also listed in Table 4.3. We
could not find the relationship between E,4 and the plane distance for both the HGN
and RGN. The plane-distance is between 3.0-3.2 A for all compounds adsorbed on the
HGN and RGN. The plane distances for RGN are slightly shorter than for HGN.

According to the Hunter-Sanders rules [42], the electron-donating group would
increase the m-electron density around pyrene and result in large m—m repulsion,
whereas, weakens the adsorption. Whereas, the substituent with electron-withdrawing
group would decrease the m-electron density and thereby reduce the m-m repulsion
that strengthens the adsorption. However, we did not observe any relation between
the strength of adsorption and electron donating/withdrawing capability of
substituents. Hence, the adsorption between graphene and pyrene derivatives does

not follow Hunter-Sanders rules inconsistent with Zhou et al. [29]
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Table 4.3 Adsorption energies (E.q1) and BSSE corrected adsorption energies (E,q,) of
pyrene and pyrene derivatives adsorbed on HGN and RGN at the most preferred

adsorption site together with distance between pyrenes and grapehen (dpg).

GNF+adsorbates oot o d°PG
(kcal/mol) (kcal/mol) (A)
HGN-PyH (h) 25.64 21.74 3.115
HGN-PyNO, (h) 30.70 23.33 3.029
HGN-PySOsH (h) 31.49 23.90 3.144
HGN-PyCOOH (h) 29.76 23.61 3.156
HGN-PYNHCOCHj; (h) 31.45 26.75 3.064
HGN-PyCHs (h) 28.40 22.98 3.185
HGN-PyOH (t) 28.32 23.36 3.098
HGN-PyNH, (h) 30.74 23.95 3.156
RGN-PyH (h) 25.21 21.64 3.043
RGN-PyNO; (h) 30.53 24.48 3.020
RGN-PySOsH (h) 29.67 23.65 3.052
RGN-PyCOOH (h) 29.94 24.04 3.041
RGN-PyNHCOCH; (h) 32.79 26.95 2.999
RGN-PyCH; (h) 27.17 23.03 3.083
RGN-PyOH (h) 28.31 23.10 3.012
RGN-PyNH, (h) 27.18 22.62 3.032

*preferred adsorbed site: t=on-top; h=hollow
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4.3 EFFECT OF DOPING ON HGN

HOMO and LUMO energies together with energy band gaps of the HGN doped
with pyrene and pyrene derivatives with electron donating (-NH,, -NHCOCH;, -OH,
-CH5) and electron withdrawing (-NO,, -SOsH, -COOH) group were presented in Table
4.4 and Figure 4.6. It can be seen that E o and Eyono of HGN can be modified by
doping with pyrene and pyrene derivatives. Table 4.5 designates the shift in HOMO and
LUMO energies of doped graphene from undoped one. There was a larger shift on
HOMO (0.01 - 0.38 eV) as compared to LUMO (0.00 - 0.05 eV). The shift could be either
positive (destabilizing) or negative (stabilizing). Moreover, doping with PyNH, (the
strongest electron donating substituents) provided the largest positive shift (0.73 eV)
which seconds by the doping with PyOH (0.15eV). The largest shift on LUMO is -0.05
eV by PyCOOH (see Table 4.5). However, there is no relation between the magnitude
of shift and electron donating/withdrawing capability of substituents. Thus, the

electron withdrawing/donating capability could not be used to determine the shift.

Table 4.4 Energy gap (eV) of HGN and HGN doped pyrene/pyrene derivatives.

HGN+adsorbent LUMO (eV) HOMO (eV) band gap (eV)
HGN(CogHaa) 311 453 1.42
HGN-Py -3.11 -4.52 1.42
HGN-PyNO, -3.12 -4.51 1.39
HGN-PySO;H -3.08 -4.48 1.40
HGN-PyCOOH -3.16 -4.57 1.41
HGN-PyNHCOCH, -3.12 -4.52 1.40
HGN-PyCH; -3.11 -4.52 1.42
HGN-PyOH -3.12 -4.38 1.26

HGN-PyNH, -3.13 -4.15 1.02
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Figure 4.6 HOMO and LUMO energies (eV) of HGN (Cg¢H,4) and HGN doped pyrene/

pyrene derivatives.

Table 4.5 Shift of HOMO and LUMO energies (eV) upon doping as compared to
undoped HGN.

Substituent HOMO (eV) LUMO (eV)
-H 0 0

-NO, 0.25 -0.01
~SO4H 0.4 0.03
-COOH -0.5 -0.05
"NHCOCH, 0 0.01

-CH; 0 0

-OH 0.3 -0.01

-NH, 0.73 -0.02




4.4 EFFECT OF DOPING ON RGN
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HOMO and LUMO energies and energy band gaps of the RGN doped with

pyrene derivatives were presented in Table 4.6 and Figure 4.7. The result is similar to

that of HGN. The shift of HOMO and LUMO energies were also found for doped RGN.

However, the doping has a minimal effect on the electronic structure of RGN. The shift

of not exceeding 0.05 eV were observed for both HOMO and LUMO, see Table 4.7.

The doping with PyNH, provided the largest shift (0.05 eV) on HOMO, while with

PyCOOH provided the largest shift (-0.05 eV) on LUMO. Similar to the HGN, the electron

withdrawing/donating capability could not be used to determine the shift.

Table 4.6 Energy gaps (eV) of RGN and RGN doped pyrene/pyrene derivatives.

RGN+adsorbent LUMO (eV) HOMO (eV)  band gap (eV)
RGN(CogHae) 377 392 0.15
RGN-Py -3.78 -3.93 0.15
RGN-PyNO, =377 -3.91 0.14
RGN-PySO3H -3.78 -3.92 0.14
RGN-PyCOOH -3.78 -3.92 0.14
RGN-PYNHCOCH; -3.78 -3.92 0.14
RGN-PyCH3 -3.78 -3.92 0.15
RGN-PyOH -3.79 -3.93 0.15
RGN-PyNH, 3.75 -3.88 0.13
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Figure 4.7 HOMO and LUMO energies (eV) of RGN (Cg¢H,s) and RGN doped pyrene/

pyrene derivatives.

Table 4.7 Shift of HOMO and LUMO energies (eV) upon doping as compared to
undoped RGN.

Substituent HOMO (eV) LUMO (eV)
-H 0 0

-NO, 0.01 -0.01
-SO;H 0.01 0.03
-COOH 0 -0.05
-NHCOCH, 0 -0.01

CH, 0 0

-OH -0.01 -0.01

-NH; 0.05 -0.02

29
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We also investigated the shift of HOMO and LUMO energies owing to
substitution on pyrene. Table A-3 (in the appendix) listed HOMO and LUMO energies
of pyrene and substituted pyrene. The dependent of HOMO and LUMO energies on
electron donating/withdrawing capability of substituents on pyrene was observed.
Pyrene with electron withdrawing substituent has negative shift on HOMO and LUMO
energies, whereas that with electron donating substituent has the positive shift. The
magnitude of the shift also depends on the electron withdrawing/donating capability
of the substituent. For example, the largest negative shift was observed on HOMO
(-0.47 eV) and LUMO (-0.86 eV) of PyNO, (the strongest electron withdrawing group).
While the largest positive shift was found on HOMO (0.55 eV) and LUMO (0.25 eV) of
PyNH, (the strongest electron donating group). The electron withdrawing substituent
pulls electrons out and stabilizes pyrene. On the other hand, the electron donating
substituent puts electrons in pyrene and destabilizes it. In other words, the substituent
has the direct effect on electron distribution and stability of the substituted pyrene.
For the graphene doped with substituted pyrene, the effect is indirect. The stability of
doped graphene is resulted from m—m electron interaction between substituted pyrene
and graphene. Therefore, the lesser effect on the shift of HOMO and LUMO energies is

seen.

4.5 DESIGNING DIODE

One of the applications that are of particularly interest is the use of graphene
as a diode. The diode is a fundamental electronic device, which consists of a donor
and an acceptor or n-type and p-type semiconductor. The donor will supply electron
to the acceptor. For organic diode, the donor will have higher HOMO and LUMO
energies than the acceptor as displayed in Figure 4.8. From our study, the HGN shows
the property of semiconductor. Thus, doped HGNs could be applied as an organic
diode. The HGN doped PyNH, has the largest positive shift on HOMO and it can be
used as donor. The HGN doped with PyCOOH has the largest negative shift on LUMO
and it can be used as acceptor. This is supported by the experimental work of Lee et

al. [22]
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Figure 4.8 Schematic drawing for organic diode with p- and n-type junction.



CHAPTER V
CONCLUSION

DFT calculations using PBE and M06-2x methods with the cc-pVDZ basis set
were employed to determine the bang gap energy and the adsorption energy,
respectively. The two shapes, that is, rhomboidal (RGN) and hexagonal (HGN) graphene
nanoflakes, were investigated. These results revealed that the band gap energy varies
as the size of graphene model increases for both HGN and RGN. In addition, the band
gap energy of the RGN were lower than the HGN. This indicates a significant effect of
size and shape on the electronic property of graphene. The adsorption of series of
pyrene and its derivatives with different substituents on graphene was studied. There
is a strong binding between graphene and pyrene/pyrene derivatives with the binding
of 21-27 kcal/mol. All pyrene derivatives have stronger adsorption energies than
unsubstituted one. This is owing to the dispersion interaction between the substituent
and graphene. Pyrene could strongly bind to graphene through the m-m interaction.
Doping could shift the HOMO and LUMO energies of the graphene. A larger shift was
observed on the HOMO of the HGN, whereas a smaller shift could be seen for the
LUMO of the HGN and the HOMO/LUMO of the RGN. Our results concluded that the
HGN doped with pyrene derivatives were suitable to be used as a diode for which the

PyNH, could be used as donor, whereas PyCOOH could be used as acceptor.
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APPENDIX

Table A-1 HOMO and LUMO energies and band gap energies of RGN

(CSOHM; C48H18; C7OH22: C96H26: C126H3O, C160H34)-

RGN model LUMO (eV) HOMO (eV) Bandgap (eV)
CaoHie 308 -4.40 1.31
CasHis -3.40 4.13 0.73
CaoHas 3.64 -3.99 0.34
CogHas 3,77 -3.92 0.15
CuagHso 3.85 13.90 0.06
CoaHys -3.89 -3.90 0.01

Table A-2 HOMO and LUMO energies and band gap energies of HGN

(C24H12’ C54H18a C96H24’ C150H30, C216H36)'

HGN model LUMO (eV) HOMO (eV) Bandgap (eV)
CoaH o 219 513 2.94
CooHis 2.77 4.73 1.97
CocHaa 311 4.53 1.42
C.soHso0 -3.34 -4.39 1.05

CoreHag 352 -4.30 0.79




Figure A-2 Geometries optimization of RGN.
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Table A-3 HOMO and LUMO energies and band gap energies of pyrene and pyrene

derivatives.

Pyrene derivatives  LUMO (eV) HOMO (eV) bandgap (eV)
PyH -2.26 -4.99 2.72
PyNO, -3.12 -5.46 2.34
PySO3H -2.85 -5.45 2.60
PyCOOH -2.74 -5.30 2.55
PyNHCOCH; -2.50 -5.01 2.51
PyCH, -2.23 -4.88 2.64
PyOH -2.06 -4.63 2.57
PyNH, -2.01 -4.44 243

2.0+ - [

| n
2.5+ ]
]
n
3.0
" B Eromo(eV)

Energy gap (eV)
. L ,
| 1

:l;
(6]
1 1
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® Eyonmo(eV)

Substituent

Figure A-3 HOMO and LUMO energies (eV) of pyrene and pyrene derivatives.



Table A-4. Energies of HGN and pyrene/pyrene derivative complexes.

Type of complexes

complexation energy (Hatree)

hollow on-top

HGN-Py
HGN-PyNO2
HGN-PySO3H
HGN-PyCOOH
HGN-PyNHCOCH3
HGN-PyCH3
HGN-PyOH
HGN-PyNH2

-4288.1332025 -4288.1320551
-4492.5901052 -4492.5882773
-4911.8496521 -4911.8496533
-4476.6656493 -4476.6655209
-4496.0947249 -4496.0960869
-4327.4379169 -4327.4350973
-4363.3448659 -4363.3448710
-4343.4825546 -4343.4804158

Table A-5. Energies of RGN and pyrene/pyrene derviative complexes.

Type of complexes

complexation energy (Hatree)

hollow on-top
RGN-Py -4289.141997 -4289.142546
RGN-PyNO2 -4493.599426 -4493.598192
RGN-PySO3H -4912.856921 -0912.855782
RGN-PyCOOH -4477.685044 -4477.684332
RGN-PyNHCOCH3 -4497.102798 -4497.104301
RGN-PyCH3 -4328.442551 -4328.442744
RGN-PyOH -4364.353856 -4364.354423
RGN-PyNH2 -4344.487033 -4344.477762
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Table A-6 HOMO and LUMO energies and band gap energies of pyrenes doped HGN

(C96H24)'
HGN+adsorbent LUMO (eV) HOMO (eV) band gap (eV)
Pristine-HGN(CogHpa) ~ -3.11 453 1.42
HGN-PyH -3.11 -4.52 1.42
HGN-PyNO, -3.12 -4.51 1.39
HGN-PySO3H -3.08 -4.48 1.40
HGN-PyCOOH -3.16 -4.57 1.41
HGN-PyNHCOCH; -3.12 -4.52 1.40
HGN-PyCH; -3.11 -4.52 1.42
HGN-PyOH -3.12 -4.38 1.26
HGN-PyNH, -3.13 -4.15 1.02

Table A-7 HOMO and LUMO energies and band gap energies of pyrenes doped RGN

(CogHog)-
RGN-+adsorbent LUMO (eV) HOMO (eV) band gap (eV)
Pristine-RGN(CogHyg)  -3.77 3.92 0.15
RGN-PyH 378 393 0.15
RGN-PyNO, =377 -3.91 0.14
RGN-PySO;H -3.78 -3.92 0.14
RGN-PyCOOH -3.78 -3.92 0.14
RGN-PyNHCOCH, -3.78 -3.92 0.14
RGN-PyCH3 -3.78 -3.92 0.15
RGN-PyOH -3.79 -3.93 0.15
RGN-PyNH, -3.75 -3.88 0.13




a2

HGN-PyOH

Figure A-4 The optimized geometries for the adsorption of pyrene and its derivatives

on HGN at hollow position.



a3

HGN-PyOH

Figure A-5 The optimized geometries for the adsorption of pyrene and its derivatives

on HGN at on-top position.



aa

RGN-PyOH

Figure A-6 The optimized geometries for the adsorption of pyrene and its derivatives

on RGN at hollow position.
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RGN-PyOH

Figure A-7 The optimized geometries for the adsorption of pyrene and its derivatives

on RGN at on-top position.
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