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Chapter

Calculation of the Electronic
Properties and Reactivity of
Nanoribbons

Pedro Navarro-Santos, Rafael Herrera-Bucio,
Judit Aviiia-Verduzco and Jose Luis Rivera

Abstract

It has been demonstrated that matter at low dimensionality exhibits novel
properties, which could be used in promising applications. An effort to understand
their behavior is being through the application of computational methods providing
strategies to study structures, which present greater experimental challenges. It is
proven that thin and narrow carbon-based nanostructures, such as, nanoribbons
show promising tunable electronic properties, particularly when they are substitu-
tionally functionalized. This chapter is proposed as a guidance to help the readers to
apply conceptual density functional theory to calculate helpful intrinsic properties,
e. g., energetic, electronic and reactivity of one-dimension nanomaterial’s, such
as, carbon nanoribbons. As a case of study, it is discussed the effect of boron atoms
on the properties of pristine carbon nanoribbons concerning the main aspect and
considerations must take into account in their computational calculations.

Keywords: DFT, band structure, DOS, MEP

1. Introduction

Carbon nanoribbons (CNRs) are strips of graphene whose edges symmetry,
width and cut orientation give them specific electronic properties. These carbon
nanostructures have attracted the attention in both experimental and theoretical
fields because of their peculiar properties, which have been studied widely in the
last decade as a function of topology, width, as well as doping. [1-5] Depending
the chain-type along the periodic direction, carbon nanoribbons are commonly
classified either armchair carbon nanoribbons (ACNR) when these grow through
dimer chains, or zigzag carbon nanoribbons (ZCNR) if those have zigzag type
chains along the periodic direction. Figure 1 shows a pristine ACNR and ZCNR
respectively, their distances between their C — C edged lengths are 13.44 and 24.19 A
respectively, although there could be named referring their length and width
(MxN), in such case, both CNRs shown in Figure 1 are 12x2 size.

Through different experimental techniques, it is possible to obtain carbon nanorib-
bons. [6-8] However, these techniques have not succeeded in controlling the edges
shape of carbon nanoribbons. For example, Cai et al. [9] have proposed a chemical
technique which is able to synthesize narrow nanoribbons having symmetric edges,
so that, it is possible to obtain experimentally carbon nanoribbons with perfect edges
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Figure 1.
Optimized structure of bave (a) ACNR and (b) ZCNR of size 12x2.

and specific topology. To date, succeeding methods to obtain CNRs come from two
different strategies, namely, top-down, which refers to break down large performed
carbon-base structures, i. e., CNTs and multiwall CNTs (MWCNTs) and bottom-up,

i. e., using several chemical reactions to tailor building-blocks into a complex structure.
Table 1 shows a comparative chart representing synthetic strategies to obtain CNRs,
employed characterization techniques, advantages and disadvantages.

Because of their finite dimension, at nanoscale, CNRs have peculiar properties
associated to their electronic states close the edges, playing an important role on
the reactivity. [17-22] Several theoretical models, e. g., tight binding, all electron
techniques, density functional theory (DFT), etc., have been applied to explore
the electronic properties, magnetic states or band structure of carbon nanorib-
bons. [1, 5, 23] Some of them, have focused on the zigzag topology because they
intrinsically have dangling bonds at the edges. This behavior provides active sites
for chemical reactions. Moreover, ZCNRs have peculiar properties, e.g., theoreti-
cal calculations have shown that ZCNRs have localized electrons largely on the
edge C atoms close to the Fermi level. [4, 22] This large contribution of electronic
states forms two-fold degenerate flat band at Fermi level, such that, the ground
state has spin coupling of each edge ferromagnetic whereas between edges antifer-
romagnetic. Despite zigzag edges of synthesized carbon nanoribbons have been
observed, [8] there is not direct experimental evidence about the magnetic states of
ZCNRs. It was theoretically suggested that magnetism of ZCNR could be destroyed
substituting defects or vacancies directly on carbon edges. [24]

On the other hand, all hydrogen-passivated ACNRs are semiconducting [22].
However, ACNRs are expected to reach the graphene limit of zero band gap for
sufficiently large widths. [25]

Concerning these fascinating properties, CNRs may fit for promising techno-
logical applications, mainly if the presence of donor or acceptor impurities bring
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Strategies Method Characteristics Advantages Disadvantages
Top-down Unzipping Using potassium The production
CNTsby permanganate and of 100 nm wide
chemical sulfuric acid nanoribbons
oxidation [7]
Etching of It is possible Complicated
graphene [10] to narrow the procedures,
ribbons down CNRs with edges
to <10 nm abnormalities
using gas
phase etching
chemistry
Treating Longitudinal splitting This procedure
multiwalled of MWCNTSs using gives highly
CNTs [11, 12] hydrothermal approach conducting
CNRs with over
80% yield at low
cost fabrication.
Intercalating lithium and Graphene Structures with
ammonia into MWCNTSs flakes attractive large number of
followed by thermal for many non-symmetric
expansion applications edge atoms
Chemical Mechanical exfoliation of Produce
Procedure highly oriented pyrolyzed micrometer
Organic graphite length involving
synthesis non complicated
procedures
Chemical oxidation/ Resulting
exfoliation of graphite graphene oxide
followed by reduction of
the resulting nanomaterial
[13]
Cross coupling building Complicated
blocks followed by procedures poorly
dehydrogenation defined edges
Conversion of precursors Because CNTs
inside CNTs impose spatial
limitations on
the structure
of the product,
may obtain
narrow CNRs
Bottom-up Organic Surface assisted Defined edge Depends on the
synthesis polymerization followed type and precursor’s nature,
[14-16] by dehydrogenation in narrow widths, which defines the
an ultra-high vacuum potential ribbon’s dimension
environment techniques for
scale-up
Table 1.

Comparative chart of synthetic methods to obtain nanoribbons and their advantages or disadvantages.

specific reactive properties. [26, 27] So that, this chapter is proposed as a guidance
to help the readers to apply conceptual density functional theory to calculate help-
ful intrinsic properties, e. g., energetic, electronic and reactivity of one-dimension
nanomaterial’s, such as, carbon nanoribbons in order to predict or tune their

properties; particularly when they are substitutional doped.



Nanofibers - Synthesis, Properties and Applications

2. Structural and energetic properties

To give insights about the structural stability of nanostructures, firstly, it is
suggested to evaluate if the proposal unit cell may array forming a stable crystal-
line state. Usually, a structural analysis is carried out computing the cohesive
energy per atoms o per unit cell. The cohesive energy (EC) is the energy required
to disassemble a molecular system into its constituent parts. From a physical point
of view, a bound (stable) system has a positive value of EC, which represents the
energy gained during the formation of the bound state. To calculate the EC of
ACNRs, it is necessary to obtain the optimized energy of the unit cell being aware
of the well converged energy with respect to the k-points and the cutoff energy
for the planewave basis set, evaluating the impact of the exchange-correlation
functional used and its ability to accurately describe both the atom and bulk
phase.

Although EC is a reference to know the stability of bulk materials, it differs
from a nanoparticle. [28-30] At nanoscale, size effects on the cohesive energy
of nanoparticles has been demonstrated, which decreases with decreasing the
particle size. [31] However, slight differences of EC are found when nuclei radii
of constituent are similar, which do difficult to analyze or find a trend, e. g., the
effect of the relative position of dopants along the NRs. For example, Table 2 shows
the calculated values of EC of armchair carbon nanoribbons (ACNR) doped with
boron atoms in randomly (ACNR-R) and forming one B nanoisland (ACNR-I)
arrangements compared with those pristine ACNRS of size 16x2, 20x2, 16x2 and
20x4 respectively. [32] The arrangement of the nanoisland (ACNR-I) explained in
this section is shown in part (a) of Figure 1 numbering from 1 to 6 the C atoms are
substituted for impurities. Note that, B doping slightly reduces the cohesive energy
of ACNRs compared with the pristine ones with similar EC values mainly found in
the largest B-ACNRs. However, at lower doping concentrations, i. e. in the case of
the largest ACNR (20x4) very close values of EC are obtained which makes difficult
to observe a trend.

Because of these CNRs has 3 different chemical species, EC does not provide
a suitable way to evaluate the relative stability. Table 2 also shows in brackets
the calculated values of the Gibbs free formation energy to take into account
the chemical composition of ACNRs. The relative thermodynamic stability
that is considered to evaluate the relative stability of multicomponent systems.
This approach has been used in binary and tertiary phase thermodynamics and
nanostructures other than NRs. [25, 33, 34] it can be calculated by using the
following expression:

5G:E(x)+§n:x,-u,- (1)
i=1
MxN Pristine ACNR-R ACNR-I
16x2 7224 (0.003) 6.992 (-0.272) 7.003 (-0.291)
20x2 7.338 (0.002) 7143 (—-0.224) 7158 (—0.239)
16x4 7.225 (0.003) 7112 (—0.142) 7116 (—0.147)
20x4 7.338 (0.002) 7.249 (-0.119) 7250 (—0.130)

Table 2.
Cohesive per atom (Gibbs free) energy in eV of pristine and B-doped ACNRs of randomly (ANCR-R) and
forming a B-nanoisland (ACNR-I) [32].



Calculation of the Electronic Properties and Reactivity of Nanoribbons
DOI: http://dx.doi.org/10.5772/intechopen.94541

where E(x) is the binding energy per atom of the B-ACNR for the example
shown in Table1, x; corresponds to the molar fraction of the conformant

components (H, N, B, C) which satisfies le. =1, where x, =—-, being 7, the
My
number of atoms of specie 7 in the unit cell and 7, the total number of atoms

conforming the unit cell. The chemical potential ( z; ) can be approximate as the

binding energy per atom of the singlet ground state of the H,, the triplet ground
state of the B, molecule and the cohesive energy per atom of the graphene sheet
respectively. Note that positive values of G represent a metastable structure with

respect to the conforming constituents, whereas negative values of dG refer to

stable structures in accordance with their constituents. As we can observe in
Table 2, 6G suggests that the arrangement of B-nanoisland leads to stabilize

energetically the pristine carbon nanoribbons more than the randomly cases.

3. Electronic properties of nanoribbons

The electronic properties of nanoribbons can be inferred from the band struc-
ture and total and local density of states (DOS and LDOS) respectively. For the case
of NRs, these calculations are relatively simple because they are computed sampling
the Brillouin zone only in one direction, i. e., the grown direction from 0 to gamma
point. We recommend to use a denser grid than the case of the total energy calcula-
tions, including a Gaussian smearing (of width 0.01 eV) to improve the conver-
gence of the integrals of the energy levels for the band structure calculations, for
DOS calculations, to use the tetrahedron method with Bléchl corrections. [35, 36]

Pristine CNRs with hydrogen passivated armchair edges passivated are direct
bandgap semiconducting, which decreases as their width increases. The edges of
ACNRs play an important role on their electronic properties and reactivity because
of quantum confinement gaps, which can be characterized by A, ~w," . [19, 23, 37]

In order to evaluate the electronic nature of nanoribbons, firstly, spin-polarized
and non-spin polarized solutions of the Kohn-Sham equations must be taken into
account to evaluate possible magnetic configurations, as found in zigzag carbon
nanoribbons, [38] that implies the magnetic state is the most stable. For armchair
ribbons, the non-magnetic state is always the most stable [22] even for ACNRs
doped with boron atoms, [32] so that, for simplicity, we consider the armchair
topology as a case of study.

The electronic behavior of ACNRs can be tuned for the influence of substi-
tutional dopants. To illustrate this fact, we think about a unit cell containing one
pristine CNR with even number of electrons of valence. If we replace only one
carbon atom (with 4 valence electrons) for B (3 valence electrons) or N (5 valence
electrons) such change gives one unit cell with odd number of valence electrons,
in such cases is necessary to search for spin polarized solutions of the Kohn Sham
equation, i. e, to evaluate if there are significant differences with respect to the non-
spin polarized solution.

Figure 2 presents the band structure, total density of states and local density
of states of dopants (shown in line red) of the 12x2 ACNR pristine, B-doped and
N-doped substituting two dopants on positions 3 and 4 using the numbering shown
in Figure 1. Note that, the pristine ACNR is a semiconducting in agreement with the
literature [22] and the positive doping caused for the B moves the Fermi level (EF)
to lower energies meanwhile the negative doping related with the N moves the EF



Nanofibers - Synthesis, Properties and Applications

T
7 N

IR
E-E, [eV]
(=

E-E, [eV]

Vil

E-E, [eV]

L% y
r X 0 50 r X 0 50
LDOS [ev'] k LDOS [ev] k LDOS [ev']

-
P

Figure 2.
Band structure and DOS of (a) pristine, (b) B-doped and (c) N-doped ACNRs of size 12x2.

to higher energies with respect to the pristine one. In both cases, the closest energy
bands to EF are partially unoccupied and occupied respectively giving rise to metal-
lic behavior in both cases.

4. Reactivity of nanoribbons

In order to explore the reactivity of 1D nanomaterial’s, such as nanoribbons, it
is mandatory to use appropriate reactivity descriptor. However, there is not a well
stablish criteria to accomplish this task without prior knowing of an adsorption
mechanism or experimental evidence, particularly for doped nanoribbons.

This is why, it is suggested the employment of two reactivity descriptors that are
able to cover covalent and non-covalent interactions. The first one is the electro-
static potential, defined as:

p(r’)dr’
r'—r|

V=T ] @

Where Z, and R, are the atomic number of nucleus A and its position respec-

tively, |[R, —7| is its distance from the point » and p(r') is the electron density in

each volume element. This descriptor provides the response of electron density
when a positive unit charge is approaching, which is commonly plotted in a color
scheme. Because of the electrostatic potential V(r), is alocal property, it has one

value for each r point in the space surrounding a molecule or unit cell, so that,

depending the nature of the ions (for instance positive or negative nature), the
electrostatic potential will depend on the radial distance r from the nucleus.

Commonly is followed that the contour of the electrostatic potential is plotted on
the isovalue of the molecular electron density, for example, see the Bader’s sugges-
tion. [39] Be aware that, the chosen outer electron density contour depends on the
Van der Waals radii of involving ions, which should reflect the molecular properties
we want to observe, e. g., lone pairs, strained bonds, conjugated = systems, etc.

To illustrate, Figure 3 shows the electrostatic potential of pristine, B-doped
and N-doped carbon nanoribbons of size 12x2 plotted on the electron density
surface of value 0.001 au, computed by using the generalized gradient approxi-
mation (GGA) in the form proposed by Perdew et al. for exchange-correlation
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Figure 3.
Molecular electrostatic potential of the nanoribbons (a) pristine (b) B-doped and (c) N-doped of size 12x2.

functional. Figure 3 was built in the software VESTA [40] plotting the charge file
and then, adding the cube file containing the local potential. The color scheme
used in Figure 3 represents in blue, regions where a positive charge may repel
each other, unlike in red, it represents regions where a positive charge, ion or
chemical group can interact.

We can observe from Figure 3a that, hydrogens are weak positive meanwhile the
delocalized charge is distributed along the carbon atoms, particularly found in the
edged carbons, which is in agreement with the DOS of pristine ACNRs. The lack-
ing of © electrons of the boron atoms is particularly observed in Figure 3b, which
influences over their neighbor carbon atoms finding localized charge in such region.
On the other hand, the N doping influences over the edges with more negative
electrostatic potential than the pristine carbon nanoribbon.

The second reactivity descriptor is the Fukui or frontier functions (Ffs), helpful
chemical reactivity descriptors for process controlled by electron transfer. Ffs were
introduced for the first time by Parr and Yang, [41], which is convinced from the
area of research so-called conceptual Density Functional Theory given by Geerlings
in a comprehensive way. [42] Fukui functions play an important role linking the
Molecular Orbital Theory with the HSAB principle, [43] they are defined as the
change of the electronic density with respect to number of electrons (IV), consider-
ing the nuclei position fixed, i.e. constant external potential v (7 ):

f (r)=[ap—(r)]v(r) (3)

ON

Due to the discontinuity of the above equation with respect to N, in a finite
difference approximation three functions can be defined as:

fon (V) = PuNi1 (V) ~Pun (7’) 4)
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f;):N(V):pv,N(V)_pv,N—I(V) (5)
ﬁ)N( ) Os(va+1( )_pv,N—l(V)) (6)

Where p, v..(7), p,n(7),and p, v, (7), are the electronic densities of the

system with N + 1, N, and N-1 electrons, respectively, all with the ground state
geometry of the N electron system. Expressions 4-6 concern the Fukui function
for: nucleophilic attack, the chemical change where a molecule gains an electron;
electrophilic attack, when a molecule loses charge; and for free radical

attacks. [44]

Although, the finite difference approximation to the Fukui functions works for a
specific set of configurations whilst for others is worthless to implement (i.e., full
configuration interaction), [45] in most cases they are considered a reliable descrip-
tor to indicate how the electron (incoming or outcoming) is redistributed in regions
of the molecules. [46] Chemical reactivity is based on the assumption that, when
molecules A and B interact in order to form a product AB, occurs a molecular
densities-perturbation. [47] As the electronic density contains all sort of informa-
tion, the chemical reactivity has to be reflected within its sensitivity to infinitesimal
electron changes at constant external potential »(r) . Calculation of the frontier

orbitals (HOMO or LUMO) are unambiguously defined. Within the frozen orbital
approximation, [48] Ffs can be written in terms of the Kohn-Sham orbitals as
follows:

+ LUMO 2 N a¢ LUMO

f (V) | +Z1:{ | | R PyN () 7)
- HOMO 2 X[ 04 HOMO
f(r)=|gve (r) +Z}£ |a]£,y)| ~ plIoMO (1) (8)

In molecules, the relaxation term is usually very small for the discrete nature of
Kohn Sham orbitals. So that, if Eqs. 7 and 8 neglect the second-order variations in
the electron density, Ffs may approximate to the electron densities of its frontier
orbitals.

On the other hand, referring to periodic systems, it is difficult to identify one
frontier state because of the continuous character of the Bloch states, which makes
difficult to compute the Fukui functions in DFT of the solid state. Although there is
scarcely literature on this topic, a very useful reference for the numerical calculation
of the condensed Ffs in periodic boundary conditions within the DFT applied to
oxide bulk and surfaces is found here. [49]

One qualitative way to obtain Ffs for delocalized periodic systems, such as, the
carbon nanoribbons is to extract its electron density and evaluate it by using the Eq.
(7) and (8) respectively. From the electronic structure of these nanomaterials we
can observe that only one occupied electronic band contributes below and above
the Fermi level.

Figure 3 depicts the Ffs evaluated for electrophilic attacks respectively for
B-doped and N-doped armchair carbon nanoribbons of size 12x2 with doping made
on positions 3 and 4 using the numbering shown in Figure 1.
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Figure 4.
Fukui functions for nucleophilic attack of (a) B-doped and (b) N-doped ACNRs of size 12x2.

We observe from Figure 4 that the B atoms contributes to form regions where an
electrophilic attack can occur on the doped nanoribbons, i. e. larges values of f~
mean regions where the ACNR will lose charge to stabilize it in a chemical change.

The electrostatic potential and the Fukui functions provide information on the
local selectivity for donor-acceptor interactions. In here, the electrostatic potential
describes the long-range non-covalent interactions. [50] The evaluation of the
incoming charge distribution on nanoribbons states that “The Fukui function is
strong while regions of a molecule are chemically softer than the regions where
the Fukui function is weak. By invoking the hard and soft acid and bases (HSAB)
principle [51] in a local sense, it is possible to establish the behavior of the different
sites as function of hard or soft reagents (adsorbates)”. [32, 52-54] Figure 4 shows
the Fukui functions for electrophilic attack, calculated by using Eq. (8), we observe
the contribution of doping particularly on the neighboring carbon atoms. Indeed,
from parts (b) and (c) of Figure 2 is observed the electronic states of dopants
contributing near the Fermi level.
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5. Conclusions

In this chapter is presented how the energetic, electronic and reactivity of can
be calculated for 1D nanomaterial’s, such as, carbon nanoribbons. Although the
carbon nanoribbons are used as case of study, this methodology can be applied for
other kind of chemical compositions, in our experience we have explore the reactiv-
ity and stability of doped boron nitride at nanoscale. It is worthy to mention that,
the evaluation of Fukui functions in periodic boundary conditions is limited in the
usual computational approaches, so that, we suggest to support and compare such
analysis with others e. g., charge analysis, global reactivity descriptors depending
the nature of the involving chemical species.
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