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The effect of external electric fields (EEFs) on geometries and electronic properties of
graphene quantum dots (GQDs) and m-4N-divacancy defect GQDs (m-4N-GQDs) was studied using
density functional theory (DFT) method with M06-2x functional and 6-31g (d) basis set. An external
electric field with strength ranging from -0.035 to 0.035 atomic units (a.u.) was applied normal to the
molecular plane. Three different sizes, i.e., CyHy, CsqHig, and CygH,g, Were investigated. The metal
doping in m-4N-GQDs consists of Ca, Ca®, Cr, Cr", Fe, and Fe?". Our results revealed that GQDs and
m-4N-GQDs are curved under EEFs in the direction opposite to the applied field. The curvature of the
GQDs and m-4N-GQDs is directly proportional to the electric field strength. The curvature of GQDs is in
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In addition, the gap varies with the metal doping and the order is as following: Cr ~ Fe > Ca > Ca** >
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the HOMO-LUMO gap to be decreased with the increase of the curvature. Therefore, the electronic
properties of curved GQDs and m-4N-GQDs could be modified through EEFs. Moreover, the adsorption
energies of H, on Fe’*-4N-GQDs with different degrees of curvature and H, adsorption positions, inside
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0.38 kcal/mol). The adsorption energy at outside H, adsorption is directly related to the electric field
strength, while inside H, adsorption is similar. The curved Fe?*-4N-GQDs could control molecular

H, adsorption. The curved Fe”*-4N-GQDs can be applied for hydrogen gas storage.
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CHAPTER |
INTRODUCTION

Graphene is a monolayer of carbon atoms arranged in the form of a two-
dimensional and a hexagonal lattice, which is composed of a single atomic layer of
graphite. Figure 1. It was isolated and characterized for the first time in 2004 by
Andre Geim and Konstantin Novoselov at the University of Manchester.! Layers of
graphene pull from graphite and transfer them onto thin Si/SiO, substrates, a process

called micromechanical cleavage or "the Scotch tape method".

Figure 1 Model of graphene sheet

There are many reasons why graphene is of special interest to fundamental
science because of the unique combination of its properties: light-weight composite,
excellent electrical, extremely high surface area, and good thermal properties, etc. It
has a variety of applications, such as solar cells?, nanoelectronics devices®, and
hydrogen adsorption®. In this work, we are particularly interested in the applications
of graphene as a nanoelectronics device and hydrogen adsorption.

Graphene quantum dots (GQDs), a single or a few layers of a nano-sized
graphene sheet (less than 10 nm), have received much attention in various
applications.”® The fabrication of GQDs can be classified into two categories: top-

down and bottom-up methods. The top-down approach is to cut down large



graphene sheets into small pieces of graphene sheet. Until now, for top-down
approaches, electrochemical exfoliation, ultrasonication exfoliation, acidic oxidation,
electron beam lithography, or chemical exfoliation have been used to synthesize
GQDs. In the strategy of the bottom-up approach, small molecules are used as
starting materials to produce GQDs. The bottom-up methods, using poly—cyclic
aromatic compounds or the pyrolysis/carbonization of molecules with the aromatic
structures as starting materials through stepwise microwave, hydrothermal,
solvothermal, or template methods, have been utilized to prepare GQDs. '

In the manufacturing industry, graphene has frequently been used as a raw
material for semiconductor and nanoelectronic devices owing to its excellent
properties. These processes are usually deformed. The deformation of graphene can
modify its electronic properties, which has recently attracted much attention.'#*®
Shen-Lin Chang et al.'” reported that the increase in the arc angle of the curved
armchair graphene nanoribbons leads to large changes in their electronic structure.

Pattarapongdilok et al.'® suggested that the HOMO-LUMO gap of graphene
quantum dots (GQDs) decreases when the degree of folding is increased to perform
the density functional theory (DFT) calculations.

This concept could be used to construct GQDs-based electronic devices. The
curving and bending of graphene affects its electronic properties. Various fabrication
methods, such as AFM tip*®, mechanical exfoliation®, chemical oxidation followed by

t*!, and printing?, are used to fabricate the curving and bending of

thermal treatmen
graphene. Bao et al.?’ investigated whether thermomechanical manipulation could
control the dimensional periodic ripples in suspended graphene sheets. Graphene
bubbles deposited on a substrate. It is possible to control the curvature of graphene
by applying electric fields.”* Zhang et al. suggest that the bending behaviors of
graphene nanoribbons (GNRs) are enhanced by the surface adsorption of small

molecules. The effect of small liquid droplets can induce a significant bending of the

graphene surface.?



In recent years, there has been an increasing interest in the investigation of
vacancy defects in graphene. The effect of different vacancy defects in graphene,
such as Stone-Wales defects?, Single vacancy defect?’, Multiple vacancy defects®,

and substitutional impurities®*>!

, could change the mechanical properties as well as
the electrical conductivities and thermal properties of graphene.

Nowadays, nitrogen doping in graphene has been an effective way to tailor
the properties of graphene and extend its applications, such as catalysis®, batteries™,
hydrogen storage materials®, semiconductors®, etc. Many synthesis methods have
shown that nitrogen doping can be synthesized most generally by the chemical
vapor deposition method, which contains different doping defect structures, such as
one nitrogen atom substituted for a C atom, three nitrogen atoms around a vacancy,
and four nitrogen atoms around a divacancy. We focused on metallo-4N-divacancy
defect GQDs due to the fact that high anionic ligands can gain greater electrostatic
stabilization when interacting with metal cations.?®

Mombr et al.’’ fabricated a study to understand the consequences of
vacancies with different configurations in graphene. The 1-8 order carbon vacancy
systems for a particular terminal substitution were considered. The results show that
graphene with various vacancies can be presented in different deformations.
Moreover, the carbon vacancy degree possibly modified the electronic properties of
graphene, which was used as a donor material in organic solar cells.*®

Because graphene quantum dots (GQDs) and quantum dots with vacancy
defects can be guided to curve, graphene curvature causes a significant change in
electronic properties, such as HOMO-LUMO gap energy. Our research question is how
to control the curvature of graphene quantum dots (GQDs) and with graphene
quantum dots vacancy defects doped with metal (m-4N-GQDs).

On the other hand, multifarious studies have been carried out on hydrogen
storage with the development of the automotive industry. One of the most
promising materials that has attracted considerable attention is using two-
dimensional (2D) carbonaceous and graphene materials as hydrogen storage. The
hydrogen adsorption on pristine graphene is very low, so it cannot be stably

adsorbed on graphene.***® Several researchers recently proposed that transition-



metal atoms embedded in vacancy graphene can improve the interaction of doping
atoms and hydrogen molecules.*

However, the molecular H, adsorption on curved m-4N-GQDs has not yet
been studied. A research question is how to control molecular H, adsorption on
curved Fe?*-4N-GQDs with different degrees of curvature.

Moreover, GODs and m-4N-GQDs could have a significant effect on electric
field interaction, leading to probably controlling the curvature and electronic

properties. The molecular H, adsorption can be turned by curved Fe**-4N-GQDs with

different degrees of curvature.

1.1 RESEARCH OBJECTIVES

In this study, the effects of external electric fields on the geometry and
electronic properties of GODs and m-4N-GQDs were investigated. The electric fields
from -0.035 to +0.035 a.u. were applied. In addition, the adsorption energies of H,

molecules adsorbed on different degrees of curved Fe?*-4N-GQDs were studied.



CHAPTER I
THEORHYTICAL BACKGROUND

The fundamentals of quantum chemistry are based on the laws of physics. In
the principle of quantum chemistry, the Schrédinger's equation is solved to obtain
the information involving between electrons and nuclei. Thus, it can be used to
explain molecular behavior and properties of molecules. Computational quantum
chemistry is typically separated into wave function-based (semi-empirical and ab

initio) and density-based (density functional theory) approaches.

2.1 THE SCHRODINGER EQUATION

The Schrodinger equation * is defined as

HY = EVY (2.1)

Where, H is the Hamiltonian operator, ¥ is the wave function, and E is the
energy of the state.
The total Hamiltonian of a molecular system can be written in its most general form

(all given in atom unit) as

H=T,+T,+V, . +V,.+V, (2.2)
where, T, = nuclear kinetic term,
= Z_ L V2,
x 2M,

T, = electron kinetic term,

-y iy
=y Vi



V,. = electron-nuclear attraction term,

DI

A 1 |Ra—rj]
V,, = electron-electron repulsion term,

DI E

i<j

and V= nuclear -nuclear repulsion term,

_ 2: ZAZB

AdlﬁA_ﬁBy

with large dimensionality, solving the Schrédinger equation is too complicated. To
reduce the complexity, the Born-Oppenheimer approximation, where the motion of
the atomic nuclei and electron is separated, is assumed. Thus,

Hyo =t VeV, (2.3)

elec

and Helec\Pelec (r; R) 7i Eelec\Pelec (r; R) (2'4)'

¥,..(r,R) is the electronic wave function which is the function of both the
nuclear and electronic coordinates (r). E,, and parameterized by the molecular
coordinate (r) energy E

total IS

Etotal = Eelec +VNN (25)

2.2 HARTREE-FOCK (HF) APPROXIMATION

The electron-electron repulsion term(V,,) makes it impossible to find an

exact solution to the (2.4) equation.



In the HF approximation, the electron-electron repulsion is compromised by
the mean-field approximation. The Hartree-Fock energy E, . can then be expressed
by

E.e =(¥, | H, |¥,) (2.6).

Y,) is the HF wave functions or the Slater determinant

FACHPACY 2 (%)
1 71(X2) 7, (x2) I (X2)
_ N (2.7)
)(1(XN))(2(XN) AN (XN)
where g, (x1) = molecular orbital = X (ri, wi)
xi = spatial-spin coordinate
ri = spatial coordinate
w; =spin coordinate
X (x1) can be obtained through Fock equation below:
fr=cy ,i=12.,N (2.8)
where ? is the Fock operater and ¢; is the orbital energy.
In which,
1., -Z, .
f=—=V; —Zf+VHF () (2.9)
2 reLUR
= h(i) +Vise (i)

(h(i)) = core-Hamiltonian

and Ve (i) = field potential



By introduction of basis-function, equation (2.8) can be translated in matrix from

known as Roothan-Hall equation*™":

[Fc =sclE (2.10)

where [F = Fock matrix, S= overlap matrix, and C = matrix of MO coefficient. In term

of orbital, the Hartree-Fock energy is

E.r :Z[a|h|a]+%22[aa|bb]—[ab|ab] (2.11)

a

The first term in (2.11) is one-electron integral and the second term is two-
electron integrals (coulomb and exchange, respectively)

The HF approximation describes the Fermi hole (correlation between
electrons with same spin), which is almost, though not entirely, equivalent to the
Coulomb hole (correlation between electrons with opposite spin). Thus, there is an

error of more than 10%.

2.3 DENSITY FUNCTIONAL THEORY

The HF method formally scales as N* where N is the number of basis
functions. Thus, the HF method cannot be applied to very big systems. In addition,

the method lacks Coulomb-hole correlation

The density functional theory (DFT) is based on electron density instead of a
orbital (one-electron wave function) like in HF. The density functional theory,
principle is based on the Hohenberg-Kohn theorem and the Kohn-Sham equation.®
The accuracy and success of DFT depend on the availability of accurate
approximations to the exchange-correlation functional. **°
Hohenberg-Kohn demonstrates that the electron density (p) determines all

ground state properties of a system, which is the function of position: p = p (x,y, 2).

The energy of DFT can be written in its simplest form as



Eper =TLol+Veulp]+ Vel 0] (2.12)

or in the line of kohn-sham equation

EDFT :Ts[p]+vext[p]+‘][p]+ Exc[p] (213)

Which  J[p]== [[ 2Ry A0 e g
2 | L= |

Exc(p) = Ex(p)+ Ec(p) =T[p]_Ts[p]+Vee[p]_‘][p]

where T[p] is the kinetic, T,[p]is kinetic of non-interacting system, V_[p] is
electron-electron repulsion, J[p] is the Columbic interaction, V,.[p] is external
potential, E,.(p) is exchange-correlation functional, E, (p) is exchange functional,

and E.(p) is correlation functional.

Hohenberg-Kohn’s second theorem proves that E; can be obtained from
trial density via the variational principle.

Kohn and Sham suggested that the trial density can be obtained from Kohn-
Sham orbital, ¢, .

Thus, p(r) = lo(rf (2.14)
The Kohn-Sham orbital could be determined from the Kohn-Sham equation

{—%ﬁvs(r)}pi(r) =50,(1) (215)

where V,(r) = Kohn-Sham potential
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0Jlp] , 9Exclp] (2.16)

=V [p]+ (1) (1)

Zy p(r) . oExclo]
= + dr' + (2.17)
ZA:|RA—r | I|r—r’| op(r)

and & = Kohn-Sham orbital energy.

Exchange-correlation functional
The art of developing approximations for the exchange—correlation in DFT
calculations can be classified into four generations.

1. Local-density approximations (LDA). Exc assumes that at each point in real
space, the exchange -correlation energy at that point depend on electron
density P(r) and obtained of the homogeneous electron gas.

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

2. Generalized gradient approximation (GGA) gave improvement over the LDA.
Exc [P] involve both the electron density P(r) and gradient of the charge
density ApP.

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

3. Meta-GGA (MGGA) is constructed using the second derivative of the electron

density P(r) and gradient of the charge density AP.
Example: TPSS, Minnesota functional (M05, M06).

4. Hybrid functional is a final class of approximations to the exchange-
correlation energy, which mix the exchange and correlation (XC) energy
component of the total energy of a system of electrons and meta-GGA,GGA

exchange functionals.

Example: (hybrid) B3LYP, BHRHLYP, B3P86, PBEO.
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2.4 BASIS SET

A basis set in theoretical and computational chemistry is a set of functions
with known analytical from Fock equation. Thus, the mathematical representations
of molecular orbitals are needed to begin such quantum mechanical calculations.
Thus, the choice of basis set can be used in quantum chemical calculations.

There are two types of basis functions, Slater type orbitals (STO)*" and
Gaussian type orbitals (GTO) >

2.4.1 Slater type atomic orbitals

The slater-type orbitals (STO) is a natural basis set for expansion of the
atomic and molecular wavefunctions to solve the Schrodinger equation of H atom.

Thus,

$7°(r,0,4) = R ()Y, (0, 9) (2.17)
where R3© = radial part of wavefunction

_ WN(2S )y~ 2.18
(21 +2) (2c)"e 218

and Y,, (0, 9) = spherical harmonic function.

The STO is introduced as a simple analytical form of atomic orbitals with
standard values recommended by Slater. The limitation of STO is the complicated
nature of many-center STO matrix elements arising from the electron-electron
interaction. One of the bottleneck issues is the cost of the two-electron integral

calculation due to its large number.

2.4.2 Gaussian type atomic orbitals

The Gaussian Type Orbitals (GTO) can be written as
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¢: Nxaybzce—arz (219)

where x, y, and z are Cartesian coordinates and a, b and ¢ are non-negative integers.
GTO's have one enormous advantage, a new algorithmic method developed to
evaluate two-electron repulsion integrals can be evaluated without resourcing to

numerical integration.

2.4.3 Types of basis sets
2.4.3.1 Minimal basis sets

The minimum basic set is one that includes each atom in the molecule. A single
basic function to use for each orbital in the Hartree-Fock calculations on free atoms.
The most general minimal basis set is STO-nG, where n represents the number of the
number of Gaussian primitive functions used to represent each Slater-type orbital.
Based on these foundational sets the same number of Gaussian primitives comprises
the core and valence orbitals. Minimal basis sets give rough results that are
insufficient to publish research quality but are cheaper than a pair of them.

Commonly used minimal basis sets of this generic type 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. It requires the use of multiple functions to represent each atomic orbital.

Split-Valence

Split-Valence basis sets as the description of valence orbitals is split into two (or
more) basis functions. developed to overcome problems of inadequate description
of anisotropic electron distributions in molecules using minimal basis sets. The most
common split-valence is X-YZ G, where X represents the number of primitive
Gaussians comprising each core atomic orbital basis function, Y and Z represent the

valence orbitals, which are composed of two basis functions each, the first one
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composed of a linear combination of Y primitive Gaussian functions, the other
composed of a linear combination of Z primitive Gaussian functions. For example, 6-
31G is a split valence basis set in which six primitive Gaussians comprise each core

atomic orbital basis function and two basis functions for each AO (double-zeta).

Polarized basis sets

Polarized basis sets add orbitals, indicating the level of angular. The
momentum functions included go beyond those necessary for an appropriate
description of the ground state of each atom. For example, the basis function
located on a hydrogen atom in a minimal basis set would be a function
approximating the 1s atomic orbital. Thus, polarized basis sets add p-functions of
hydrogen atoms. Polarization accounts for these influences, which distort the orbital
shape. For both polarized basis sets, 6-31G** and 6-31G (d, p) are similar where p-
type functions are added to H atoms, d-type functions are added to atoms with Z >

2 and f-type functions are added to transition metals.



14

CHAPTER Il
DETAILS OF THE CALCULATION

3.1 COMPUTATIONAL METHOD

AUl DFT calculations are implemented in the Gaussian 09 suite of programs.”

For the exchange-correlation functional, Minnesota's hybrid meta generalized
gradient approximation (mMGGA) M06-2X was used. A double-zeta basis set (DZ) with
d-type Cartesian-Gaussian polarization functions for heavy atom, was employed using
the 6-31¢ (d) basis sets. The convergence criteria for the geometry optimization and
energy calculation were converged to within 10°® Hartree. The computed HOMO-

LUMO gap energy is defined using

HOMO—LUMO gap = ELUMO = EHOMO (31)

where E yyo and Epowo are energies of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO), respectively.
The Hydrogen adsorption energy (E,4) of H, and GQDs was calculated by

Eas = Ecaps H2 - Ecaps - Enz (3.2)

where E.q is adsorption energy, Egqops is total energy of pristine GQDs, Ey, is total
energy of the H, molecule, Egop,p is total energy of the adsorption complex.
According to this definition, a negative value of E,q denotes a favorable adsorption

process.

3.2 GEOMETRIES OF GQDS

The effects of external electric fields (EEFSs), from-0.035 to +0.035 a.u., on the
geometries and electronic properties of graphene quantum dots (GQDs), i.e., CyHy,
CsqHig, and CogH,g, were investigated as displayed in Figure 2. According to the

symmetry analysis shown in Figure 3, three sizes of GQD structures, (a) CyqHy,, (b)
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CsqH1g, and () CogHog, can be curved in two directions, namely along the C atom and

along the C-C bond.
a) b
Top view %,
5
Z
Side view  Axis X ,g.pwmlemaaw @C oH
E =-0.035to +0.035 a.u.
Y

Figure 2 The geometry of (a) CygH1y, (b) CsqHig, and (c) CogHyq and the direction of the

applied field.

Along C atom direction

Figure 3 Two curving directions, along C atoms and C-C bond directions, of (a) Cy4H1»,

(b) CsqHyg, and () CogHaa.

3.3 GEOMETRIES OF m-4N-GDQs

The functionalized m-4N-GDQs structures contain 96 carbon atoms, of which two
carbon atoms were removed, followed by the substitution of the four carbon atoms

around the divacancy defect with four nitrogen atoms to provide the anchoring site
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for various metal atom ions (Ca, Ca?*, Cr, Cr**, Fe, and Fe?"). The external electric
field, from -0.035 to +0.035 a.u., was applied to the structures. Figure 4. The curving
directions, i.e., along C atoms and C-C bond directions, of m-4N-GQDs were defined.
Eight points for the C-C bond direction and seven points for the C atom direction
were observed (Figure 5). In contrast to GQDs, the m-4N-GQDs generate asymmetric

folding.

Side view  Axis X +00000e00030095° Cad Crd Fed Co No H
E = -0.035 to + 0.035 a.u.

Y
Figure 4 Schematic of the metal-4N-GDQs models (metal; Ca, Ca**, Cr, Cr**, Fe, and

Fe?")

Along C-C bond direction

Figure 5 Two curving directions, along C atoms and C-C bond directions, m-4N-GQDs.
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3.4 H,-ADSORPTION ON CURVED Fe?*-4N-GDQS

Single point calculations were performed on several curved Fe2+-4N-GDQS, in which
their geometries were optimized from 3.2. H, was placed in an on-top position at
various distances between Fe?* and the H, center, from 2.5 Ato 4.0A as displayed in

Figure 6.

7
A%—X

a)
? ¥ oo
e) g) **,%l
h) i )
M“
k) m) i
Y

PFe* @ C @N oH

Figure 6 The adsorption of H, on curved Fe’*-4N-GDQs with various degrees of
curvature, a) = 0, b) = -0.00728 c) = -0.01694, d) = -0.04018 e) = -0.06512, f) = -
0.08139, ¢) = -0.0915, e) = 0.00728, f) = 0.01694, ¢) = -0.04018., k) = 0.06512, |) =
0.08139, m) = 0.0915.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 THE EFFECT OF EXTERNAL ELECTRIC FIELD ON MOLECULAR STRUCTURE
4.1.1 CURVING OF GQDs BY EEFSs

GDQs, i.e., CygHy, CsqHig, and CogHoq are curved when applying external electric fields
(EEFSs). GDQs is curved along the direction of the external electric field (Z-axis),
which is based on electric field strength. The curves of GDQs under negative and
positive electric fields are the opposite directions, as displayed in Figure 7. The
curves of three sizes of GQD structures, CyHqp, CsaHig, and CoeHyg, in two directions,
namely along the C atom and the C-C bond, were defined. The curvature of CyHj,,
CsqHig, and CggHyy was plotted between Z coordinate variation (AZ) and distance
from the center. The curved GQDs in two directions were shown in Appendix
Figures A1, A3, and A5 for the C atom direction and Appendix Figures A2, A4, and
A6 for the C-C bond direction. From Appendix Figure Al-6, the results show that
the CsqHig and CogHyq preferred curved over C atom directions, while the CygHi
slightly preferred curved over the C-C bond direction. The curvature of GQDs tends

to have more curves as the size of the GQDs increases.
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Figure 7 Geometries optimization of GDQs model, of (A) CyHi,, (B) CsgHig, and (C)
CogHoa, with different electric fields, a) = 0.0 a.u., b) = 0.010 a.u., ¢) = 0.0150 a.u,, d) =
0.020 a.u., e) = 0.025 a.u,, f) = 0.030 a.u. ¢) = 0.035 a.u.
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The curved shapes of CygHis, CsqHig, and CogHog are shown in Appendix Figures A2,

A3, and A5, respectively. The plots have a parabolic shape. Thus, we fit their graph

using the quadratic equation (AY = aX? + bX + ), x being the distance from the
center, which shows a good fit with an R? of above 0.097. The coefficient "a"
represents the degree of curvature where at EEFSs = 0.000 a.u., a is "0," which implies
the structure is planar. When the EEFSs is positive, the function is convex, while
when it is negative, it is concave downward. Figure 8 shows how the degree of
curvature or absolute value |a| varies with the external electric field for CygH1s, CsqHis,
and CogHoq. The results indicated that the curvature of GQDs increased with increasing
electric field strength. Both the curvature of GQDs under the negative and positive
electric field are equivalent, but they curve in the opposite direction. The degree of
curvature of CggHyy is higher than CssHig and CygHyy, respectively. As the calculated
dipole moments of CyyHy,, CssHig, and CogHyg increase under external electric fields
ranging from -0.035 to +0.035 a.u., so does the degree of curvature, which is why it is
preferable to curve the same direction with an external EFFs (Z axis). An external
electric field can induce dipole moments. The curved structure is stabilized by EEFSs
owing to the dipole moment.

However, the dipole moments of EFFs with positive and negative charge are opposite
on the Z-axis, which causes the curvature of GQDs to be curved in the opposite
direction also. The results show that the curving of CyHiy, CssHig, and CogHyg are
based on the value and direction of the dipole moments. The field-dependent
energy is giving by

E(F)=Ey- uF + 1/200F%+ ...

Therefore, the structure with a positive dipole moment will be stabilized by a

positive electric field and vice versa.
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Figure 8 Dependent of the degree of curvature on external electric field for CyqH15,

CsgHig, and CogHog.
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Table 1 Dipole moment of CyHi,, CsgHig, and CogHoq under external electric fields

from -0.035 to +0.035 a.u.

Dipolement (Debye)

EEFS CaaHiz CsaHis CogHaa
(a.u.) z Total X y z Total X y z Total
0.035 -8.18 818 | -0.01 0.03 -2649 26.49 0 0 -67.74  67.74
0.03 -6.89  6.89 0 0.01 -18.9 18.9 0 0 -49.19  49.19
0.025 -5.65  5.65 0 0 -15.17 1517 | 0.01 0.03 -30.82 30.82
0.02 -446  4.46 0 0 -1195 1195 0 0 -17.13 17.13
0.015 -3.31 3.31 0 0 -8.81 8.81 0 0 -12.45  12.45
0.01 -2.2 2.2 0 0 -5.87 5.87 0 0 -8.1 8.1
0.005 -1.1 1.1 0 0 -2.9 2.9 0 0 -4.08 4.08
0 0 0 0 0 0 0 0 0 0 0
-0.01 2.2 2.2 0 0 5.88 5.88 0 0 8.12 8.12
-0.015 3.31 3.31 0 0 8.84 8.84 0 0 12.42 12.42
-0.02 4.46 4.46 0 0 11.93 11.93 0 0 17.04 17.04
-0.025 5.65 5.65 0 0 15.19 15.19 | -0.01 -0.02  30.82 30.82
-0.03 6.89 6.89 0 0 18.47 18.47 0 0 49.2 49.2
-0.035 8.18 8.18 0.01 0.03 26.49 26.49 0 0 67.73 67.73
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4.1.2 CURVING OF m-4N-GQDs BY EEFSs

The m-4N-GDQs with various metal substituents were investicated in different
external electric fields. Figures 9 and 10 show the geometries optimization of m-4N-
GDQs with different external electric fields for neutral metal ions (Ca, Cr, and Fe) and
metal (Il) ions (Ca?", Cr**, and Fe?"). The m-4N-GDQs have a convex structure with the
electric field of a positive charge, while they have a concave structure with the
electric field of a negative charge. The curvature of m-4N-GDQs is increased, which
increases the electric field. The curved m-4N-GDQs is directly related to the strength
of the electric field. The Ca and Ca®" substituents are moved away from the metal-

4N-GDQs plane because the Ca and Ca** atoms are bigger than other metal atoms.

The distance from the 4N center and AY coordinate in the C-C bond direction of Ca,
Ca?*, Cr, Cr**, Fe, and Fe?" were plotted in Appendix Figures A7, A9, A11, A13, A15,
and A17, respectively. On the other hand, the distance from the 4N center and AY
coordinate in the ¢ atom direction of Ca, Ca**, Cr, Cr**, Fe, and Fe?* were plotted in
Appendix Figures A8, A10, A12, Al4, A16, and A18, respectively. The m-4N-GQD
curvatures are specified in the C-C bond direction. With increasing EEFS, the curvature
of the m-4N-GQDs increases. The m-4N-GQDs curvature depends on the strength of
the electric field.
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Figure 9 Geometries optimization of m-4N-GDQs model, of (A) Ca, (B) Cr, and (C) Fe,
with different electric fields, a) = 0.0 a.u., b) = 0.010 a.u., ¢) = 0.0150 a.u., d) = 0.020
a.u., e) = 0.025 a.u., f) = 0.030 a.u. g) = 0.035 a.u.
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Figure 10 Geometries optimization of m-4N-GDQs model, of (A) Ca?*, (B) Cr**, and (C)
Fe?*, with different electric fields, a) = 0.0 a.u., b) = 0.010 a.u., ¢) = 0.0150 a.u., d) =
0.020 a.u., e) = 0.025 a.u,, f) = 0.030 a.u. g) = 0.035 a.u.
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It is well known that the curved m-4N-GQD is specific in the C-C bond direction. From
Appendix Figures A17, A19, A21, A23, A25, and A27, the curve between the

distance from the 4N center and the AY coordinate in the C-C bond direction can be
fitted by a quadratic equation similar to the case of GQDs.

Thus, the curvature of the curved m-4N-GQDs can be estimated. We make the
absolute coefficient variables of the second derivative, called the degree of
curvature, and the external electric fields of m-4N-GQDs, R* > 0.097, as displayed in
Figure 11. The Ca and Ca** of 4N-GDQs can be fitted by a quadratic equation at
0.025-0.035 a.u., which another metal has a similar trend. The m-4N-GQD curvature is

mirrored in an electric field with negative and positive polarity.
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Figure 11 Dependent of the degree of curvature on external electric field for m-4N-

GDQs.

The dipole moment of m-4N-GDQs, i.e., Ca, Cr, Fe, Ca®*, Cr**, Fe?*, under external
electric fields from-0.035 to +0.035 a.u were investigated and shown in Table 2 and
Table 3, respectively. With increasing EEFS, the dipole moment of m-4N-GDQs is
along the EEFS direction (Z-axis). The dipole moment of m-4N-GDQs increases rapidly

with the increase in EEFS. In the Z-axis between EEFS with negative and positive
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charge, the dipole moment of m-4N-GDQs is opposite. Except in the highest electric
field, the dipole moment of m-4N-GDQs is lower than that of m(ll)-4N-GDQs. In the
same metal doping, the dipole moment of m-4N-GDQs is higher than that of m(I)-4N-
GDQs. The dipole moment of m-4N-GDQs decreases as the number of electrons
increases (Ca > Cr > Fe), whereas m(Il)-4N-GDQs shows no trend. The dipole moment
of m-4N-GDQs and m(I)-4N-GDQs follows similar patterns. The dipole moment of m-
4N-GDQs is Ca > Cr > Fe, whereas the dipole moment of m(Il)-4N-GDQs is Ca** > Fe®*
> Cr?*. When the dipole moment is small, m-4N-GDQs and m(Il)-4N-GDQs have small
deformations. The findings show that the curving of m-4N-GDQs and m(Il)-4N-GDQs is
affected by the value and direction of the dipole moments. However, the dipole
moment of GQDs and m-4N-GDQs are zero and non-zero, respectively, when an
applied electric field affects m-4N-GDQs higher than GQDs, which causes the degree
of curvature of m-4N-GDQs to be higher than GDQs.
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Table 2 Dipole moment of Ca, Cr and Fe-4N-GDQs under external electric fields from

-0.035 to +0.035 a.u.

Dipolement (Debye)

EEFSs Ca Cr Fe

(a.u) X y z Total X y z Total X y z Total
0.035 0.00 4.86 -118.69 118.79 0.00 -3.37 -107.15 107.20 0.00 -1.87 -90.12 90.14
0.030 0.00 4.54 -58.45 58.62 0.00 -3.47 -62.45 62.55 0.00 -2.85 -59.40 59.47
0.025 0.00 1.88 -31.68 31.73 0.00 2.64 -38.78 38.87 0.00 -2.61 -38.04 38.13
0.020 -2.03 0.00 -22.99 23.08 0.00 -2.12 -22.88 22.98 -0.32 -2.19 -20.61 20.73
0.015 1.85 0.00 -18.23 18.32 -1.96 0.00 -13.53 13.68 -2.14 0.00 -12.87 13.05
0.010 -1.69 0.00 -14.01 14.11 -1.94 0.00 -8.78 8.99 -2.14 0.00 -8.25 8.52

0.000 -1.69 0.00 -14.01 14.11 -2.00 0.00 0.00 2.00 -2.13 0.00 0.00 2.13

-0.010 -1.69 0.00 14.01 14.11 -1.94 0.00 8.78 8.99 -2.14 0.00 8.25 8.52

-0.015 -1.85 0.00 18.23 18.32 -1.96 0.00 13.53 13.68 -2.14 0.00 12.87 13.05
-0.020 -2.03 0.00 22.99 23.08 0.00 -2.12 22.88 22.98 0.00 -2.21 20.70 20.82
-0.025 0.00 -1.88 31.68 31.73 0.00 2.64 38.78 38.87 0.00 -2.61 38.04 38.13
-0.030 0.00 4.54 58.45 58.62 0.00 -3.47 62.45 62.55 0.00 -2.85 59.40 59.47
-0.035 0.00 4.86 118.69 118.79 0.00 o 107.15 107.20 0.00 -1.87 90.12 90.14
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Table 3 Dipole moment of Ca®*, Cr**, and Fe?*-4N-GDQs under external electric fields

from -0.035 to +0.035 a.u..

Dipole moment (Debye)

EEFS Ca** cr* Fe*

(a.u) X y z Total X y z Total X y z Total
0.035 0.00 4.31 -86.84 86.95 0.00 -0.83 -94.34 94.34 0.00 5.37 -87.74 87.90
0.030 0.00 6.19 -62.17 62.48 0.00  -3.99 -71.45 71.57 0.00 6.84 -67.12 67.47
0.025 0.00 -294 -34.97 35.10 0.00 7.95 -47.22 47.89 0.00 -8.04 -45.56 46.27
0.020 3.99 0.00 -23.94 24.27 0.00  -7.07 -26.77 27.69 0.00 7.54 -25.45 26.54
0.015 4.90 0.00 -18.50 19.13 5.83 -0.01 -14.59 15.71 6.12 0.00 -14.07 15.34
0.010 5.40 0.00 -14.10 15.10 5.38 0.00 -8.99 10.48 5.73 0.00 -8.68 10.40
0.000 5.17 0.00 0.00 5.17 5.33 0.00 0.00 5.33 5.75 0.00 0.00 5.75

-0.010 | 5.40 0.00 14.10 15.10 5.38 0.00 8.99 10.48 5.73 0.00 8.68 10.40
-0.015 | 4.90 0.00 18.50 19.13 5.82 0.00 14.58 15.70 6.12 0.00 14.07 15.34
-0.020 | 3.99 0.00 23.94 24.27 0.00  -7.07 26.77 27.69 0.00 -7.54 25.45 26.54
-0.025 | 0.00 294 34.97 35.10 0.00 7.95 47.22 47.89 0.00 -8.04 45.56 46.27
-0.030 | 0.00 6.19 62.17 62.48 0.00 -3.99 71.45 71.57 0.00 -6.84 67.12 67.47
-0.035 | 0.00 4.31 86.84 86.95 0.00 -0.83 94.34 94.34 0.00 -5.37 87.74 87.90
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4.2 THE EFFECT OF EXTERNAL ELECTRIC FIELD ON ELECTRONIC PROPERTY
4.2.1 THE EFFECT OF EEFSs ON HOMO-LUMO GAP OF GQDs

The effects of the external electric field on the electronic properties of GQDs, CysH1»,
CsqHig, and CogHog, were compared. We plotted the different electric fields and the
HOMO-LUMO gap energies of CygH1s, CsqHig, and CosHoy as displayed in Figure 12. The
HOMO-LUMO gap energies are in the order of CygHip > CsqHig > CogHog, respectively.
Moreover, the HOMO-LUMO gap energies were significantly reduced when the
applied EEFSs was higher than 0.03 a.u. and 0.025 a.u. of CgHig and CogHog,

respectively.

These results were inconsistent with previous studies® where the HOMO-LUMO gap
energy was reduced when the size of GODs was increased. The degree of curvature,
la|, fitted by a quadratic equation, and the HOMO-LUMO gap energies of CygHiy,
CsqH1g, and CogHogq were displayed in Figure 13. As can be seen, the curvature degree
|a| is increased to reduce HOMO-LUMO gap energies. Although the results appear
consistent with prior research, Pattarapongdilok et al.'® proposed that the HOMO-
LUMO gap of graphene quantum dots (GQDs) is indirectly proportional to the degree
of folding. The HOMO-LUMO gap energies of CyqHs, CssHig, and CosHog can be turned

into EEFS and the degree of curvature |a|.
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4.2.2 THE EFFECT OF EEFSs ON HOMO-LOMO GAP OF 4m-4N-GQDs

We observed the HOMO-LUMO gap of various metals of 4N-GDQs under different
external electric fields as displayed in Figure 14. With the increase of EEFS higher
than 0.02 a.u., the HOMO-LUMO gap of Cr, Cr**, Fe, and Fe?* showed a significant
decrease. For the HOMO-LUMO gap of Ca, it will decrease rapidly when applied EEFS
at 0.025 a.u. and 0.035 a.u., while Ca** will reduce rapidly at 0.030 a.u. and 0.035 a.u.
The HOMO-LUMO gap of neutral metal ions (Ca, Cr, and Fe) doped is higher than
metal (Il) ions (Ca**, Cr**, and Fe?*). Moreover, the HOMO-LUMO gap of metal (Il) ions
is inverted with the electronic structure, which decreases when there is an increasing
number of electrons (Ca®* > Cr** > Fe?*). The HOMO-LUMO gap of neutral metal ions
doesn’t depend on the number of electrons. Moreover, it was found that the HOMO-
LUMO gap of m-4N-GDQs can be turned with an external electric field. The degree of
curvature, |a|, fitted by a quadratic equation, and the HOMO-LUMO gap energies of
m-4N-GDQs were plotted in Figure 15. The degree of curvature |a| of Fe-4N-GDQs is
related to the HOMO-LUMO gap energies in an indirect manner, similar to Cr, Cr*,
and Fe?*-4N-GDQs except at the final point where the HOMO-LUMO gap energies
increase. It is well known that the m-4N-GDQs deformation is related to the HOMO-
LUMO gap.
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4.3 THE ADSORPTION OF MOLECULAR H, ON CURVED Fe?*-4N-GQDs

The optimized geometry of Fe?-4N-GDQs with different EEFSs from the previous
section was used for the adsorption study, which uses coefficient a to represent the
degree of curvature. A single point calculation of Fe?*-4N-GDQs adsorbed H, with a
degree of curvature (a), i.e., -0.915 to 0.0915, was displayed in Figure 16. The H,
adsorbed on Fe2+-4N-GDQs with various distances between Fe?* and H, center from
2.5 A to 4.0 A at on-top sites were compared in Table 4 and Figure 17. It was found
that the curved Fe**-4N-GDQs can’t adsorb H, at 2.5 A. Although, almost curved Fe**-
4N-GDQs prefer to adsorb H, at 3.0 A, except the degree of curvature (a) of Fe**-4N-
GDQs is 0.08139 and 0.0915, they prefer to adsorb H, at 3.5 A. The H, adsorption
energy is directly related to the positive degree of curvature, while the negative
degree of curvature has a similar adsorption energy. Moreover, the H, adsorption
energy on the outside (positive a value) of curved Fe?*-4N-GDQs is greater than the
inside (negative a value) of curved Fe**-4N-GDQs. We know that the curved Fe**-4N-
GQDs could be modified for molecular H, adsorption, which can be applied for

hydrogen gas storage.
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Table 4 Adsorption energy, and distance between Fe®* and H, center from 2.5 A to

4.0 A of Fe?*-aN-GDQs adsorbed H, with different degrees of curvature (a).

Adsorption energy (kcal/mol)

Structure (@) . . . .
25A 3.0A 35A 4.0 A
(g) 00915 147 04 051  -041
() -0.0814 1.4 -0.39 -0.5 -0.4
(e) -0.0651 1.44 -0.38 -0.49 -0.39
(d) -0.0402 1.5 -0.4 -0.52 -0.4
(0) -0.0169 1.03 -0.56 -0.57 -0.42
(b) -0.0073 1.03 -0.61 -0.6 -0.43
(a) 0 1.04 -0.6 -0.6 -0.44
(h) 0.00728 1.06 -0.6 -0.6 -0.44
(i) 0.01694 1.1 -0.66 -0.65 -0.46
) 0.04018 154 089  -091  -0.62
(k) 0.06512 2.74 -1.02 -1.28 -0.92
© 0.08139 1.55 =l S -1.53 -1
(m) 0.0915 0.98 -2.03 -1.9 -1.32
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CHAPTER V
CONCLUSION

In conclusion, we proposed a method to control curvature on GQDs and m-4N-GQDs
by an external electric field performed with DFT calculation. The results demonstrate
that the curved GQDs and m-4N-GQDs are directly related to the vertical electric
field. The curvature of GQDs and m-4N-GQDs was curved in a concave and convex
manner at positive and negative electric fields, respectively. It was found that the
HOMO-LUMO gap of GQDs and m-4N-GQDs can be reduced when increasing the
curvature. Therefore, the electronic properties of curved GQDs and m-4N-GQDs could
be turned through EEFSs. Curved GQDs and m-4N-GQDs can be promising anchoring
materials for semiconductors. We also found that the adsorption of molecular H,
could be turned by the degree of curvature of Fe?*-4N-GQDs. The molecular H,
prefers to adsorb on the curved Fe?-4N-GQDs with on-top sites where the distance
between Fe?" and the H, center is 3.0-3.5 A. The H, adsorption energy at the outside
is stronger than at the inside of curved Fe?*-4N-GQDs. The adsorption energy is based
on the degree of curvature of Fe?*-dN-GQDs with outside H, adsorption, while H,
inside adsorption is slightly different. The curved Fe?-4N-GQDs could control

molecular H, adsorption, which could be applied for hydrogen gas storage.
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bond direction for Cs4H,g at various external electric fields from -0.035 to +0.035 a.u..
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+0.035 a.u.
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Figure A8 Plot of Z coordinate variations (AZ) and distance from in A along C atom

direction for Ca-4N-GQDs at various external electric fields from -0.035 to +0.035 a.u.
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direction for Cr-4N-GQDs at various external electric fields from -0.035 to +0.035 a.u.
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Figure A12 Plot of Z coordinate variations (AZ) and distance from in A along C atom

direction for Fe-4N-GQDs at various external electric fields from -0.035 to +0.035 a.u.



Figure A13 Plot of Z coordinate variations (AZ) and distance from
bond direction for Ca?*-4N-GQDs at various external electric fields

+0.035 a.u.
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Figure A15 Plot of Z coordinate variations (AZ) and distance from in A along C atom

direction for Cr** 4N-GQDs at various external electric fields from -0.035 to +0.035

a.u.
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Figure A16 Plot of Z coordinate variations (AZ) and distance from in A along C atom

direction for Cr?*-4N-GQDs at various external electric fields from -0.035 to +0.035

a.u.
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Figure A17 Plot of Z coordinate variations (AZ) and distance from in A along C atom

direction for Fe?*-4N-GQDs at various external electric fields from -0.035 to +0.035

a.u.
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