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A B S T R A C T

This Thesis presents and explores the attractive landscape of the re-
duced dimensionality systems world, focusing in particular, on 2D
materials. We analyze the effects of partial/complete atomic substitu-
tion and specific chemical functionalization on the electronic (ground
and excited-state) and optical properties of nanometric portions of
2D compounds, that are of interest for both fundamental research
and potential use in technological devices and applications.
In particular, we have considered the class of PAHs, concentrating
our attention on the Circumacenes molecules (e.g. Coronene, Ova-
lene, Circumanthracene, Circumtetracene, Circumpentacene are the
first five members). For these systems we have studied the effects in-
duced by different substitutions: insertions of Silicon atoms, total sub-
stitutions of Boron and Nitrogen to form the Boron-Nitride (BN) coun-
terpart and total replacement of peripheral H atoms with F atoms on
several physical properties.

In the first part of this Thesis we report a systematic comparative
study of Coronene and Ovalene molecules (the first two members
of the Circumacenes family) analyzing the effects of Si-atoms substi-
tutions (single, double and triple insertions) on the ground-state elec-
tronic and optical properties of these systems. We have performed all-
electrons density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations to quantify the effects of morphology and chem-
ical modifications on different physical observables, such as electron
affinity, ionization energy, quasi-particle energy gap, optical absorp-
tion, exciton binding energy. For this part of the work we used the
hybrid exchange-correlation functional B3LYP in combination with a
gaussian localized basis-set. This adopted union functional/basis-set
has proven to produce good results for polycyclic aromatic hydrocar-
bons and their derivatives. Globally, for this first part of the work we
have used NWChem computational code.

In the second part, using the same theoretical framework (Density
Functional Theory (DFT) and Time-Dependent DFT (TDDFT)), we study
the electronic and optical properties of the Boron-Nitride counter-
parts of the five first members of the Circumacenes (from Coronene
to Circumpentacene). In addition, we also select the case of the small-
est molecule of the cluster to deepen the perfluorination effects on
the same observables. We investigate in a comparative approach the
molecular properties of these compounds, presenting the trend for
different observables like: electron affinities, ionization energies, quasi-
particle energy-gaps, optical absorption spectra, exciton binding en-
ergies and comparing with the corresponding results for the Carbon-
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made original parents, as well as with the available data from the
literature. For this part of the Thesis, globally, we have used an all-
electrons gaussian-based computational package, namely Gaussian-
16.

In the last part of this Thesis we present a comparative study fo-
cused on the C-made linear Acenes and their Si/Ge-based counter-
parts. We have quantified the effects of complete substitution on the
electronic and optical properties of these systems, showing the behav-
ior of the above mentioned observables as a function of the molecular
size for each cluster and the differences among clusters of different
atomic type at fixed molecular size. In this last part of the work we
have implemented DFT and TDDFT calculations through Gaussian
computational code.

Overall, the results obtained in this Thesis can be synthesized by
the following points:

• We have found that the presence of Si-atoms into Circumacenes
could alter in some cases (starting for trimer-substituted config-
urations) the planar appearance typical of these systems, show-
ing that evident distortions in the ’out-of-plane’ directions take
place. We have found larger values of the ground-state energies
for all the substituted configurations with respect to the origi-
nal counterparts. In both Coronene and Ovalene molecules, we
recorded a general reduction of the fundamental gap and op-
tical onset energies as a consequence of the chemical modifica-
tion.
For what concerns the optical spectra, we have found that the in-
sertion of Silicon in the C-based matrix provoke an enrichment
of the absorption structure and a general redshift of the onsets
and of the main peaks (the absorption is mainly translated to-
wards the visible up the IR with a remodeling of the main peaks
intensity).

• Analyzing the case of the Circumacenes as compared to their
BN-made counterpart, the most considerable result concerns
the optical properties: the absorption of the BN systems is in
the UV range, with a general blueshift of the absorption fea-
tures of the C-based materials. In particular, thanks to their UV-
absorption feature here analysed, these BN nanomaterials keep
a promising role in the technology linked to UV optoelectronics,
beyond Graphene applications.
Dealing with the electronic properties, we have found that a
lowering of the vertical electron affinities and a rise of the ioniza-
tion energies and QP gaps take place passing from the C-made
to the BN-based systems. For what concerns the optical proper-
ties, we observed that the absorption is localized in the UV for
all the BN-based molecules, unlike their C-made parents which
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present an absorption spectrum located in the visible range. In
this case, we have verified a blueshift of the optical onsets and
the dominant peaks for the BN-made molecules with respect to
the original C-made parents.

• Finally, for the linear clusters, comparing the C-made original
molecules with the Si/Ge-made analogues, one of the principal
results concerns the morphological properties. The analysis on
this feature has confirmed that, while the carbon-based com-
pounds preserve the planar appearance from the first to the last
system, for both the silicon-made and germanium-made fam-
ilies, distortions in the out-of-plane direction take place ever
since from the smallest molecule of the family. According to
the data from the literature, extending ideally to the infinite di-
mension the previous molecules, a rippled surface of Si and Ge
could be formed. This fact is in accordance with the finding of
ripple surfaces either for Si or Ge.
For what concerns the electronic properties, as a function of the
molecular size, we have found for each species, a general in-
crease (decrease) of the vertical electron affinities (ionization en-
ergies) and deviations of the fundamental gaps of the same or-
der of magnitude. Dealing with the optical properties, we have
observed a general redshift for both the optical onsets and the
dominant peaks positions, as a function of the molecular size,
independently by the nature of the constituent atom.

In conclusion, using state-of-the-art computational techniques, this
Thesis presents original results on key molecular properties of differ-
ent Polycyclic Aromatic Hydrocarbons, considered as nanometric por-
tions of their infinite successful counterparts. We performed a system-
atic comparative investigation to evaluate, from a quantitative point-
of-view, the effects of different chemical modifications (partial/total
substitutions of different atomic types or perfluorination) on the elec-
tronic, optical and structural properties of different systems which are
the building blocks of materials widely employed in molecular elec-
tronics. Our findings can be possibly used to select tailored chemical
modifications to specific compounds for future electronic and optical
applications.
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1
I N T R O D U C T I O N

1.1 technological background : two dimensional (2d) ma-
terials beyond graphene

Two-dimensional (2D) materials (like Graphene and Silicene)[48, 76],
which are one of the most extensively studied classes of systems,
thanks to their attractive physical and chemical properties, actually
occupy more than ever a central role, in both fundamental physics
research and technological applications. Their importance, rapidly
increased during the recent past, is now in incessant development,
thanks to their advantageous electronic, optical and mechanical prop-
erties (planar feature, flexibility, mechanical resistance....). These ma-
terials are, in fact, considered among the most promising candidates
for a multiplicity of different technological optoelectronic devices.
They also exhibit unusual physical phenomena that occur, for ex-
ample, when charge and heat transport is confined in a plane: from
this fact, the third dimension can be considered as negligible. Com-
monly, low-dimensional materials can be distinguished in terms of
dimension, into the following categories: 0D, 1D and 2D [98]. Low-
dimensionality effects, as the basis of nano-optics and nano-electronics,
for example, are well recognized to make group-III nitrides interest-
ing for highly efficient light emitting diodes (LEDs) and a series of
optoelectronic devices, since the high tunability of their properties
[110, 123].
Many materials with properties dominated by their 2D structural
units, such as the layered metal dichalcogenides (LMDCs), copper
oxides and iron pnictides, present correlated electronic phenomena,
among which charge density waves and high-temperature supercon-
ductivity [14].
The discovery in 2004 [101] of single-layer Graphene by Novoselov
and Geim has shown that, not only it is possible the exfoliation of
stable, single-atom or single-polyhedral-thick 2D materials from Van
der Waals (VdW) solids (molecular solids in which the dominant co-
hesive force is the VdW interaction), but also that these systems can
exhibit unique and fascinating physical properties. Considering, for
example, single-layer Graphene’s band structure, the linear disper-
sion at the K point generates original phenomena, like the anoma-
lous room-temperature quantum Hall effect, implicating the birth of
a new category of ”Fermi-Dirac” physics. Even at one-atom thick,
Graphene is an excellent thermal and electronic conductor material:
for these reasons, Graphene-based systems have been proposed for a

3
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4 introduction

wide range of applications (from transparent conductors to thermal
interface materials to barristor transistor-like devices[67, 121, 141]).
However, since single-layer Graphene is entirely surface area, its prop-
erties and reactivity are deeply dependent on the substrate, as also its
local electronic environment and mechanical deformation: not only,
several crystalline solid-state materials existant, which have their own
different electronic, mechanical and transport properties, could be
considered as the possibility to create single-atom or few-atom poly-
hedral thick 2D layers from any material. Some years ago, in this
context, it has shown by Frindt et al. that layered VdW materials, like
Layered Metal Dichalcogenides (LMCDs), could be mechanically and
chemically exfoliated into few and single layers [43, 59].
Moreover, in the context of optoelectronics in connection with 2D-
materials operations, also Silicon play a dominant role: this element
is one of the most useful to mankind, covering a considerable posi-
tion for a lot of reasons, especially for those linked to its electronic
and optical properties that can be easily modulated and controlled
[35]. In fact, optoelectronics, which is a branch based on the study
and the operation of electronic devices, that produce, detect and con-
trol light, actually is an esteemed and rapidly growing field [138]: re-
cently, 2D materials, carbon nanotubes and semiconductor quantum
dots became elements of great attention thanks to their potential use
in nano and optoelectronic devices.

Figure 1: Representation of Graphene, Silicene and Germanene (figure from
Ref.[130]).

However, it is certain that the recent surge of intense research on
Graphene has stimulated the investigation on the general potential of
other novel 2D materials. Moreover, during the last years, Graphene
research has yielded lot of different methods of synthesis, transfer,
detection, characterization and manipulation of layered VdW materi-
als properties. Furthermore, many novel emerging materials beyond
Graphene, that had been initially considered to exist only theoreti-
cally, have been synthesized. These include, for example, groups IV
and VI semiconductor analogues of Graphene/Graphane (the sp2/
H-terminated sp3 derivatives) such as Silicene [2] and Germenane
[10] (see Fig. 1 that gives an illustration). Similarly to Graphene, their
properties at the single layer are distinct from the bulk. Furthermore,
these 2D materials are useful building blocks that can be restacked
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and integrated into composites for a wide range of applications [14].
Compared with the intensive research focus on Graphene, investi-
gations on Graphene-analogous materials is just at the beginning,
and many challenges exist, such as their large-scale fabrications and
definitive characterizations with desired thickness. Besides, many prop-
erties of graphene-analogous materials still remain unexplored, such
as the practically measured mechanical, electronic, magnetic, and op-
tical properties, and their possible applications are still waiting for the
further explorations. However, it is highly expected that this emerg-
ing rich field has a promising future and will rapidly grow to be an
advancing area to generate exciting properties and amazing applica-
tions.

1.1.1 PAHs as finite portions of 2D materials

In this field, the position occupied by polycyclic aromatic hydrocar-
bons (PAHs), also known as polynuclear aromatic hydrocarbons or pol-
yarenes, in their crystalline and thin-film state has largely increased
of importance. In fact, they are usually employed as active elements
in several optoelectronic applications, ranging from LEDs, solar arrays,
transparent and flexible displays to organic thin-film field-effect tran-
sistors and liquid crystals [21]. This large class of organic compounds
is made up by molecules formed and released into the environment
either through natural or man-made sources. Natural sources include
volcanoes and forest fire, while the artificial sources come from wood
burning, automobile exhaust, industrial power generators, incinera-
tors, production of coal tar, coke, asphalt and petroleum, incomplete
combustion of coal, oil, gas, garbage, tobacco and charbroiled meat
[28]. These small-size molecules, with respect to polymers, offer sev-
eral advantages, such as the possibility to be easily purified through
various techniques and to be tractable by both evaporation and solu-
tion methods [84].

Among them, the Circumacenes (Coronene, Ovalene, Circumanthracene,
Circumtetracene, and Circumpentacene are the first five members
considered in the present work) have recently aroused scientific in-
terest [84, 111]. These systems are here considered for their interest-
ing and promising properties connected to the world of 2D materials:
they are the smallest in size among the Circumacenes, showing a
nanometric dimension with a characteristic symmetric structure and
a planar geometry (e.g. see Fig. 2). Furthermore, these molecules are
interesting in many domains of research (from solid state physics to
astrochemistry) and also for condensed matter phyiscs applications
[56].
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Figure 2: Representation of the five first members of Circumacenes
(Coronene (a), Ovalene (b), Circumanthracene (c), Circumtetracene
(d), and Circumpentacene (e)). C atoms are displayed in light-blue,
while the peripheral H in white.

One of the goals of this work is focused on the analysis of finite-
size effects on the electronic and optical properties of the nanometric
portions of Graphene compounds after different atomic substitutions,
with possible subsequent extentions to their infinite counterparts and
in connection with other previous studies [91, 122, 144]. In this Thesis,
we present a brief state-of-the art of 2D materials beyond Graphene,
concentrating our attention on the study of the electronic and opti-
cal properties of the nanometric substructures of these compounds
(from Silicene to Germanene and Boron-Nitride (BN) nanostructures),
as fundamental units of their successful infinite analogues.

1.2 a brief overview on graphene-analogous emerging

low-dimensional materials

The explosive studies on Graphene have stimulated new interests to-
wards Graphene- analogous materials: actually many of such systems
have been fabricated from a large variety of layer and non-layer ma-
terials or others have been expected from the computational point-of-
view. In these sections, we briefly summarize the recent progress on
Graphene-analogous low-dimensional materials (e.g. 2D nanosheets
and 1D nanoribbons) from both experimental and computational side,
briefly mentioning some of their potential applications as well as the
comparison with Graphene. It is highly expected that a more com-
prehensive review might be useful for both experimental and theo-
retical peers and provide a directional guide for the bright future
of this emerging new area of research [8, 125]. In fact, these novel
materials have very good properties and promising applications. For
example, BN nanosheets (BNNSs) are highly insulating, and exhibit
extreme chemical, thermal and oxidation stability, and possess a me-
chanical strength and thermal conductivity comparable to those own
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Figure 3: Evolutionary overview of 2D-Xene materials (X=Si, Ge, Sn and
so on). a) Atomic configuration of a free-standing 2D-Xene lat-
tice (top:side view, bottom:perseptice view), where red and orange
spheres represent X atoms at the top and bottom positions, respec-
tively; b) Silicene epitaxy on Ag(111) substrates as a representa-
tive case of Xene-on-substrates systems. c) Topotactic exfoliation
of Germanene as a first example of chemical exfoliation of a Xene
sheet: (left) process schematics, (right) optical microscopy image of
a single hydrogen-terminated Germanene sheet. d) Representative
case of germanene on metal substrates: STM topography and simu-
lation (image size 5.64 nm × 8.10 nm) of an extended Germanene
sheet on Al(111) (left) and ab initio atomic model (right). e) Sil-
icene integration into a transistor device. f) Epitaxy of stanene on
Bi2Te3 substrates based on STM identification of a buclked and
unreconstructed lattice structure (top). Sketch of the Sn atom ar-
rangement in the stanene lattice (A and B denote upper and lower
positions, respectively) grown on Te-terminated Bi2Te3 (bottom).
Figure taken from Ref. [96].

of Graphene. These excellent properties promote the uses of layered
BN as thermal radiators, ultraviolet-light laser and emitter devices,
as thermoconductive fillers in polymer or ceramic composites, and
as dielectric substrate for Graphene-based electronics [77]. As other
2D materials of emerging importance there are the Transition Metal
Dichalcogenides (TMDs), generally expressed by the formula MX2 (M
= Mo, W, V, Nb, Ta, Ti, Zr, Hf, and X = S, Se, Te), which constitute
an intriguing family of materials with perspectives for a broad range
of unique properties and applications [125]. TMD materials present
a layered structures consisting of stacks of X–M–X sandwiches held
together by VdW forces. Depending on the different compositions,
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TMDs can have hexagonal or rhombohedral symmetry, and the cen-
tral metal atoms can form octahedral or trigonal prismatic coordi-
nation configuration. Due to their weak interlayer interactions, iso-
lated sheets of TMDs can be splited along the layer plane similar to
graphite, and these mono- or fewlayer structures are considered as
non-planar Graphene analoguos. Among the large class of layered
TMDs, we remind MoS2 and WS2 since they are the two most widely
studied materials in the last few years (see e.g. Fig. 4).

Figure 4: Layered structure of MoS2, and its single layer has a thickness of
6.5 Å. (figure from Ref.[125]).

From the computational side, many Graphene-like materials have
been explored and designed, and fascinating properties distinctive
from Graphene are predicted even anticipating experiments. For ex-
ample, unlike Graphene, all BN monolayers have closed-shell singlet
ground states, and those with long zig-zag edges have slightly larger
band gaps [46]. For BN nanoribbons (BNNRs), the electronic proper-
ties are heavily dependent on the edge states [143]. Moreover, hydro-
genation can right modulate the electronic and magnetic properties of
BN nanoribbons by controlling hydrogenation ratios [26]. Aside from
these materials, many other 2D compounds have also gained recent
interest [125].
In the following subsections, we will turn our attention to atomic
structures, material properties, and potential applications of various
2D and 1D materials beyond Graphene and Graphene nanoribbons,
which are divided, for brevity, among the myriad of materials (e.g.
including also hypothetical planar materials that have not been exper-
imentally realized, here not treated), into planar Graphene analogues
(see the following subsections 1.2.1) and Silicene, the succesfull Si-
made countepart of Graphene (see subsection 1.2.2).
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1.2.1 Planar Graphene analogues: “White Graphene”- BN nanosheets and
nanoribbons

BN nanomaterials ear particular attention since they are carbon’s iso-
electronic analogues. In fact, BN exhibits various crystalline forms in
many ways analogous to carbon, including diamond-like cubic-BN
(c-BN), graphite-like hexagonal-BN (h-BN), wurtzite-like BN, onion-
like fullerenes, and BN nanotubes (BNNTs)[125]. Among these poly-
morphs, h-BN is thermodynamically the most stable and softest form,
and has attracted increasing attention. Bulk h-BN presents a similar
layered structure like graphite (the only exception is that the basal
planes in h-BN are positioned directly on top of each other, with
the electron-deficient B atoms in one layer lying over and above the
electron-rich N atoms in adjacent layers, as Fig. 5 shows).
For graphite, however, the adjacent layers are stacked offset, and al-
ternating C atoms lie above and beneath the hexagon centers. Both
bulk h-BN and graphite show very similar lattice constants and in-
terlayer distances (lattice constants: a = 2.456 Å (a = 2.504 Å), c =
6.696 Å (c = 6.661 Å) for graphite (bulk h-BN); interlayer distances:
3.33–3.35 Å (3.30–3.33 Å) for graphite (h-BN)). Due to their close
structural similarity, monolayer h-BN can thus be regarded as a struc-
tural counterpart of Graphene where the C-C bonds are substituted
by alternating B-N pairs. In analogy to the common denomination
of “white graphite” for bulk h-BN, the monolayer h-BN is known as
White Graphene [142].
Despite of their resemblance from the structural point-of-view, h-BN
nanosystems show unexpected different properties from its carbon-
made counterparts. The difference in electronegativity between boron
and nitrogen induces a ionic nature, which is responsible for narrow-
ing of sp2 derived p bands and the corresponding loss of conductivity,
causing h-BN, in contrast to semimetallic graphite, to be highly insu-
lating. In fact, h-BN based materials, either 3D bulk, 2D sheets, or 1D
nanotubes, are all electrically insulating with a wide band gaps of 5–6

eV.

On the other hand, h-BN systems also demonstrate advantageous
and useful properties. For example, BN materials are thermally and
chemically more stable than carbon analogues and possess a high
thermal conductivity, high mechanical robustness, excellent resistance
to oxidation (until temperature over 800

◦C) [142]. The high thermal
stability of h-BN is given by the strong covalent network in the plane
and the high polarizability of individual layers. Note that, due to their
oxidation resistance, thin h-BN nanosheets can not be prepared by the
oxidation/exfoliation methods as widely adopted for large-quantity
fabrication of Graphene.
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Figure 5: Graphitic structures for carbon and h-BN. (figure from Ref.[125]).

The unique and exceptional property with respect to the mechan-
ical, electronic, thermal, and chemical aspects favor BN nanosheets
(BNNSs) for use in an extended range of electronic and compos-
ite applications. For example, h-BN nanosheets are widely used as
ultraviolet-light laser devices [46], field emitters, semiconductor diodes
[145], and insulating thermoconductive nanofillers in polymer or ce-
ramic composites [66]. For example, ultrathin BN nanosheets pro-
ducted from Si3N4 nanowires [145] or BN fibers[27], as well as porous
BN nanospheres [126], display excellent field emission performance
with electron emission property comparable to that of carbon nan-
otubes. On the other hand, due to its attractive combination of elec-
trical insulation, high thermal conductivity and optical transparency,
layered h-BN holds great promise in applications as polymeric com-
posite fillers. Moreover, functionalized BN nanosheets also demon-
strated great potential to fabricate polymer composites [79].In addi-
tion, BNNSs are also a promising alternative of Graphene in plane
electronics, where lithography technique can be conveniently employed,
as superhydrophobic surface coating, and as nanoscale support for
metal and metal oxide catalysts. For example, the BN nanomesh de-
posited into transition metal surfaces is thermally very stable and
serves as a template for surface self-assembly of well-ordered organic
molecules [31], water molecules [32], rare gas atoms [139], transition
metal atoms [99], or metallic nanoparticles [135].
These substrate-supported molecular or atomic arrays can be used to
produce functional supramolecular BN nanostructures, which demon-
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strate great potential in catalytic and sensing applications. For in-
stance, a theoretical study by Gao et al. [45] suggested that Au sup-
ported on BN surface exhibits enhanced adsorption and catalytic acti-
vation for O2 molecule. Experimentally, Wang et al.[136] showed that
Au- and Pt nanoparticles loaded into BN nanosheets function as ef-
ficient catalysts towards CO oxidation. Apart from the catalytic ap-
plications, Lin et al. [78] reported the fabrication of Ag nanoparticle-
decorated BN nanosheets, which were further transferred into quartz
substrates to fabricate reusable and oxidation-resistant surface en-
hanced Raman spectroscopy (SERS) sensor devices. Note that, the
1D BN nanoribbons are theoretically predicted to have significant po-
tentials in the area of nano-electronics and spintronics; however, their
realistic applications remain currently less explored by experimental-
ists. This challenge is possibly due to the large experimental difficulty
in producing high-quality BNNRs with uniform and smooth edges.
On the other hand, also MoS2 and WS2 have been demonstrated
to posses significant applications: in devices as field effect transis-
tor (FET) [137], sensors [74], electrodes of Li-ion batteries [75] and
PV cells [118]. Similarly, MoS2 nanosheets were explored as high-
temperature solid lubricants, nanoelectronics, electrode materials for
Li-ion batteries, and catalysts. MoS2 monolayer with a direct band
gap of 1.8 eV serves as a semiconducting rival of Graphene, par-
ticularly considering that the zero-band-gap character of the latter
poses a severe drawback for its applicability in logic devices. Actu-
ally, a MoS2-based transistor with a room-temperature mobility of
more than 200 cm2/(V · s) and current on/off ratios of up to 1:108

has been fabricated, which is demonstrated to be comparable to thin
Si films or Graphene nanoribbons (GNRs).

1.2.2 Silicene

Silicene, a one-atom-thick silicon sheet ordered in a 2D honeycomb
lattice, is the newest allotrope of silicon, similar to Graphene (see Fig.
6). Because of its structural appareance, single-layer Silicene is also
alternatively considered as the Si-made 2D counterpart of Graphene.
However, unlike Graphene, Silicene favors to adopt a low-corrugated
honeycomb configuration (presenting a buckling of about 0.44 Å) [16]
rather than a planar one, forming a mixed sp2–sp3 like hybridized
state [64]. This difference derives from the fact that for C atoms, the
fully sp2-hybridized state is more stable than the sp3-hybridized state,
while for Si the situation is opposed.
Due to this peculiar bonding behavior, bulk-Si can not form a layered
phase like graphite: the only exception is represented by the layered Si
atoms that can exist in alkaline-earth-metal silicides (such as CaSi2),
which are structurally composed of alternative layer-by-layer pack-
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ing of hexagonal alkaline-earth-metal layers and corrugated Si(111)
atomic layers.

Figure 6: Schematic representation of Silicene sheet (figure from Ref.[64]).

As an important structural analogous of Graphene, Silicene shows
amazing electronic properties and its reactive surface can be mod-
ified through many methods. Furthermore, it is advantageous that
Silicene can be easily integrated into Si-based semiconductor indus-
tries. Although the current progress on Silicene is still at the begin-
ning, this material is expected to be developed for many technical
prospects [63]. For example, due to its high electron mobility, an in-
trinsic opening of spin–orbital band gap, and tunable electronic struc-
tures, Silicene could be employed in nanoelectronics, spintronics, and
photonic devices [64].
Thermal transport computations by Pan et al. [104] suggested that
armchair Silicene nanoribbons may be used as high performance ther-
moelectric materials. Hu et al. [55] showed that Silicene with diva-
cancy defects exhibits high selectivity for H2 over H2O, N2, CO, CO2,
and CH4, and can be potentially used as hydrogen purification mem-
brane.
Moreover, since Si-based nanomaterials have been largely explored
for Li-ion battery anodes, thanks to their high energy density, Sil-
icene sheets should also be a promising anode candidate for Li-ion
batteries, because of its large specific surface area allowing for occu-
pation of more Li ions and contributing to a higher energy density.
However, unlike Graphene, which can form a free-standing sheet, Sil-
icene has only been found to grow on metal substrates. Anyhow, to
promote Silicene into the next phase for nanoelectronic infrastructure,
it is of great importance to grow Silicene on insulator substrates, and
these synthesis challenges would encourage more theoretical and ex-
perimental studies in the future [125]. Finally, these above presented
peculiarties of Silicene are extendible in a very similar way to Ger-
manene (the Ge-based analogous to Graphene), and for these reasons
here not treated in details.
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1.3 structure of this thesis

The aim of the present Thesis is centred on study of the electronic and
optical properties of some representative finite portions (with a nano-
metric size) of the infinite 2D counterparts (e.g. Graphene, Silicene,
Germanene, BN systems). We analyze the effects of atomic substi-
tutions (partial/total conversion of C-made molecule into BN/Si/Ge-
made ones) and perfluorination, on the morphological, electronic and
optical properties of systems based on specific Polycyclic Aromatic
Hydrocarbons (PAHs.) In particular, we have chosen some members
among the Circumacenes family (from Coronene up to Circumpen-
tacene) and the Linear acenes Clusters (up to the sixth molecule-
hexacene) as prototypes of compounds used in organic electronics,
since the importance of PAHs employed in this field.

With this purpose we have selected a set of theoretical and numer-
ical tools based on DFT and TDDFT.

More specifically we focused on the following points:

• Electronic, Optical and Morphological Properties of Si-atoms
substitutions in Circumacenes:

Study of Si-atoms substitutions (single, double and triple
atomic insertions) effects on the Ionization Energy (IE), Electron
Affinity (EA), Quasi-Particle gap (QPGap), in the case of Coronene
and Ovalene molecules.

Study of the effects of Si-atoms substitutions (single, double
and triple atomic insertions) on the structural properties of the
same molecules.

Calculations of the optical absorption spectra and the opti-
cal observables (Eopt, Ebind) for all the systems under study.

• Morphological, Electronic and Optical Properties of BN-Circumacenes

Investigation, for the same molecular familiy (Circumacenes-
from Coronene to Circumpentacene) and the same observables
(IE, EA, Quasi-Particle gap (QPGap), of the effects of global substi-
tution of B and N atoms to study the Boron-Nitride (BN) coun-
terparts and compare them to the C-based original parents.

In this last case, we select the Coronene molecule to study
also the effect of perfluorination (total peripheral substitution
of H atoms with F ones), comparing the BN system with the
C-based original parents under halogenation.

• Morphological, Electronic and Optical Properties of C/Si/Ge
Linear Clusters

Study of the differences in terms of atomic type (C vs Si
and Ge) analyzing the ground/excited-state properties and the
optical absorption spectra as a function of the molecular size.
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Chapter 2 contains the detailed explanation of the theoretical tools
used in all parts of this work. Some secondary computational details
are contained in the first part of each Chapter 3, 4, and 5. The investi-
gation on morphological, electronic properties and optical spectra of
Coronene and Ovalene with Silicon atoms insertions are presented in
Chapter 3. The study of the electronic and optical properties of Boron-
Nitride Circumacenes are contained in Chapter 4. The same Chapter
reports also the results of perfluorination effect, limited on the case
of Coronene and BN-made Coronene. Finally, Chapter 5 presents the
results obtained for the C-made linear acenes clusters as compared to
their Si/Ge-made counterparts on the morphological, electronic and
optical properties. The study has been performed as a function of the
molecular size and fixing the molecular dimension, comparing the
C/Si/Ge structures.

Figure 7: Structure of the Thesis.
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2
T H E O R E T I C A L M E T H O D S

Ab initio (or first-principle) simulations owe their name since are fo-
cused on a physical-mathematical theory, from which the properties
of the system are derived without the recourse to empirical param-
eters. Currently, the density functional theory DFT is probably one
of the most helpful theory to perform atomistic ab-initio simulations,
thanks to the advantageous scalability of the computational time as
a function of the number of electrons in the system analyzed [69].
The DFT, in fact, is able to give a reliable prediction of the ground-
state properties for a large class of materials/molecules. Moreover,
its time-dependent counterpart, Time-dependent density functional
theory TDDFT extends the DFT to the study of excited states of the
considered system and the related observables[112]. In this chapter
we present an overview of the theoretical methods adopted in this
Thesis.

2.1 introduction

As it is known from classical physics, the time evolution of bodies
positions and velocities are uniquely determined by Newton law or
more generally by Lagrange or Hamilton equations. On the contrary,
in Quantum Mechanics, the situation is reversed, since (QM) particle
trajectories do not exist anymore and the time evolution of the system
can be described by a mathematical tool, which characterizes the state
of the system, the so called wavefunction Ψ(r, t).

The time evolution of Ψ(r, t) for a single particle can be found solv-
ing the time-dependent Schrödinger equation:

i h
∂

∂t
Ψ(r, t) = −

 h2

2m
∇2Ψ(r, t) + V(r, t)Ψ(r, t) = H(r, t)Ψ(r, t) (1)

where  h is the reduced Planck constant and V(r, t) the potential
depending on the position of the particle and the time. The sum of
the last two terms represents the time-dependent Hamiltonian of the
system H(r, t).

The resolution of the Schrödinger equation permits the knowledge
of the electronic properties of atoms and molecules from first princi-
ples. Generally, many phenomena under exam in molecular physics
and quantum chemistry can be considered stationary (the potential
does not depend on the time parameter, but only on the position of

15
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the particles). The Eq. 1 is traceable to the time-independent equation
written for a molecular system:

HΨ(R̄, t) = EtotΨ(R̄, t) (2)

where Ψ(R̄, t) is the total wavefunction of the molecular system that
depends on both r and R (R̄ = [r, R]) which are respectively the elec-
tron and the nuclei spatial coordinates; Etot is the total energy of the
system and H the total Hamiltonian of the molecular system contain-
ing M nuclei and N electrons. The global hamiltonian for a multielec-
tronic molecular system can be written as the following expression:

H = Te + TN + VeN + Vee + VNN

= −
 h2

2me

N∑
i=1

∇2i −  h2
M∑
a=1

1

2ma
∇2a

−
1

4πε0

N∑
i=1

M∑
a=1

eiZa

ria
+

1

4πε0

N∑
i=1

N∑
j>i

eiej

rij

+
1

4πε0

N∑
A=1

M∑
b>a

ZaZb
rab

(3)

where the sum of the electronic (Te) and nuclear (TN) kinetic ener-
gies gives the total kinetic energy; the total potential energy is the sum
of three components: the attractive interactions between nuclei and
electrons (VeN), the repulsive electron-electron interactions (Vee) and
the repulsive interactions between the nuclei (VNN). Za,b are the nu-
cleic charge of atoms A and B, me,a are the mass of electron and of
the atom A, rab is the distance between nuclei A and B, ria is the dis-
tance between nucleus A and electron i and finally rij is the distance
between electrons i and j. In particular, in the previous expressions
we choose not to include intentionally the spin dependence inside
the wavefunction because the Hamiltonian operator here presented
is independent on it.

Analytical solutions of Eq. 2 (with associated expressions of the
eigenfunctions and energies) can only be obtained in a few cases,
among them we remind:

• A particle in one, two or three dimensional box submitted to a
zero potential inside the box and infinite at the boundaries;

• Single atom with non interacting electrons;

• Hydrogen atom;

• Hydrogenoid atomic systems1

1 Similar class of problems as the hydrogen atom with the same number of electrons
but different nuclear charge.
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2.1.1 The Born-Oppenheimer Approximation

The Schrödinger equation for a multielectronic system is a very hard
problem to solve, since it consists in the search of stationary states
of interacting nuclei and electrons. From the conservation of the mo-
mentum and the consistent difference between the nuclei masses and
the electrons (at least, the proton mass excedes by a factor of 1832 the
electron one), nuclei are expected to be much slower than electrons.
This fact allows one to neglet the kinetic energy of the nuclei (TN),
since they are considered roughly in stasis. According to this approx-
imation, the electrons move in the field created by the fixed nuclei and
are supposed to rearrange immediately after any displacement of the
atoms. It commonly said that electrons follow adiabatically the move-
ment of the nuclei and for this reason, the approximation is called the
Born-Oppenheimer approximation or adiabatic approximation[11]. The sta-
tionary states and eigenvalues of the energy become function of the
atomic positions. From this evidence it is possible define an electronic
Hamiltonian which carries a parametric dependence on the nuclear
coordinates and depends explicitly on the electron coordinates:

Hel = Te + VeN + Vee (4)

Moreover, the total wavefunction can be factorized as a combina-
tion of the electronic wavefunction ( φi(r, R) ) and the nuclear wave-
function ( ζi(R)), where the sum goes over all the electronic states:

Ψ(r, R) =
∑
i

φi(r, R)ζi(R) (5)

If we consider the total wavefunction in the form expressed by Eq.
5, the Schrödinger equation can be rewritten as:

HΨ(r, R) = [Hel(R) + TN + VNN]
∑
i

φi(r, R)ζi(R) (6)

Applying the Born-Oppenheimer approximation, neglecting the term
TN, the previous equation becomes:

HΨ(r, R) = [Hel(R) + VNN]
∑
i

φi(r,R)ζi(R) (7)

from which a set of equations completely independent by the nuclear
wavefunction can be obtained:

Helφ(r, R) = Eeli (R)φi(r, R) (8)

where Eeli (R) is the electronic energy for the i-th state. The adiabatic
energy Ead (distinguished from the total energy by neglecting the
nuclear kinetic energy contribution) is obtained as:∑

i

[Eeli + VNN]φi(r, R)ζi(R) = Ead

∑
i

φi(r, R)ζi(R) (9)
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Multiplying Eq. 6 by φ?
j (r, R) and integrating with respect to r, we

obtain:

∫
φ?
j (r, R)HΨ(r, R)dr = [Eelj (R) + VNN]ζj(R)

+
∑
i

∫
φ?
j (r, R)TNφj(r, R)ζj(R)dr

= ETotζj(R)

(10)

In equation 10 the first term of the second member represents the
adiabatic energy mentioned above. The second term can be rewritten
in another form to let appear the non-adiabatic coupling Θij. From
these algebraic manipulations, the complete nuclear equation is given
by:

[TN + Eelj (R) + VNN]ζj(R) +
∑
i

Θijζi(R) = ETotζj(R) (11)

The non-adiabatic coupling accounts for the coupling between elec-
tronic and nuclear states and is responsible of the transitions between
electronic states induced by nuclear motions. Generally, these terms
are of weak importance, so much to be often neglected. However,
the non-adiabatic coupling has to be taken into account in order to
achieve a good description when electronic states are close to one
other or for avoiding crossings.

Through Born-Oppenheimer approximation, the Schrödinger equa-
tion has been divided in two independent parts, electronic and nu-
clear; the electronic equation being solved in the field of fixed nuclei,
but even using this approximation the problem of finding an analyti-
cal solution of the Eq.2 remains unaffordable.

However, despite of this approximation, the electronic equation re-
mains solvable only in few cases:

• The problem of M nuclei and one electron (such as the ion H+
2 );

• Within the independent model which is the problem of N non
interacting electrons and M nuclei.

The last example introduces important notions in quantum-chemistry
and is treated more in details in the next section (see section 2.1.2).

2.1.2 Independent Electron Model

In 1928, Hartree [50, 51] trying to approximate a multielectronic wave-
function, introduced the idea of a self-consistent field referring to
valence electrons and groups of core electrons. The wavefunction of
an electron ψi is determined from the field of the nucleus and the
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other electrons through a self-consistent approach. Starting with an
approximate field, this procedure constist in the continous iteration
until output fields for all electrons become coincident to the input.
In this approach the wavefunction of the N-electron system can be
approximated by the product of N single-particle functions:

Ψ(r1,σ1; r2,σ2; . . . ; rN,σN) = ψ1(r1,σ1)ψ2(r2,σ2) . . . ψN(rN,σN)

(12)

where ri is the ith electron coordinate and σi is the spin term 2.
Each wavefunctionψi(ri,σi) is solution of the single electron Schrödinger

equation:

ĥiψi(ri,σi) =
(
−

 h2

2m
∇2 +Φi + Vext

)
ψi = εiψi (13)

where εi is the energy eigenvalue of the single electron state ψi, ĥ is
the one-electron hamiltonian, Vext is the nuclei potential and Φi is
the ”Hartree” potential due to the interaction with other electrons.

According to the Pauli exclusion principle, a multifermionic wave-
function must be antisymmetric, i. e.

Ψ(r1,σ1; . . . ; ri,σi; rj,σj; . . . ; rN,σN) = −Ψ(r1,σ1; . . . ; rj,σj; ri,σi; . . . ; rN,σN)

(14)

but the product wavefunction 12 does not respect this antisymme-
try. Fock [42] and Slater[120] (1930) demonstrated that replacing Eq.
12 by a determinant of such functions led to equations that were only
a little more complicated, while satisfying the Pauli principle. This
determinantal function is known as Slater Determinant[120] and can
be written as follows:

Ψ(r1,σ1; . . . ; rN,σN) =
1√
N!

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ψ1(r1,σ1) ψ1(r2,σ2) . . . ψ1(rN,σN)

ψ2(r1,σ1) ψ2(r2,σ2) . . . ψ2(rN,σN)
...

. . . . . .
...

...
. . . . . .

...
...

. . . . . .
...

ψN(r1,σ1) ψN(r2,σ2) . . . ψN(rN,σN)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(15)

2 Indeed the single electron wavefunction ψ1(r1,σ1) can be factorized as ψi(ri,σi) =
ψi(ri)σ1(ωi) in which ψi(ri) indicates the spatial wavefunction and σ1(ωi) is spin
wavefunction
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This expression satisfy the condition required for a multi-fermionic
system expressed by Pauli’s principle, according to which any two
electrons can not occupy the same spin-orbital. This follows immedi-
ately from the fact that the determinant in equation 15 vanishes if any
two spinorbitals are identical.

2.2 density functional theory (dft)

The density functional theory (DFT) [69] is founded on the hypothe-
sis that a multi-electron system and all the related observables can be
described univocally by its electronic density n(r). For a N-electrons
system, for example, this signifies that, instead of calculating the mul-
tielectronic wavefunction Ψ(r1, r2, . . . , rN) (that is a function of 3N
variables) one can calculate the density n(r) (depending only on three
variables). This possibility implicates that the DFT method is advan-
tageous from a practical point of view, since the computational cost
of the variational procedure grows relatively slowly as a function the
number N of electrons in the system (operation which results more
clear in the following text). It can be demonstrated [69] that the com-
putational time t follows the relationship:

t ∼ Nα (16)

with α ' 2÷ 3.
The first steps towards the Density Functional Theory were devel-

oped by the Thomas-Fermi model [39, 127] and later by the Thomas-
Fermi-Dirac model, which succeeded in giving quantitative results of
atomic properties. However, these earlier versions were not yet able
to give a description of molecules that were predicted to be unstable.
The modern version of DFT starts with the publication of the demon-
strations of the two Hohenberg and Kohn theorems [54]:
For any system of interacting particles in an external potential, Vext(r),
the potential Vext(r) is determined uniquely, except for a constant, by the
ground state particle density n0(r). An universal functional for energy E[n]
in terms of the density n(r) can be defined, valid for any external potential
Vext(r). For any particular Vext(r), the exact ground-state energy of the
system is the global minimum value of this functional, and the density n(r)
that minimizes the functional is the exact ground state density n0(r).

The variational principle on the energy represents the basis of the
formulation of the exact density functional formalism given by Ho-
henberg and Kohn (1964) [54]. Firstly they showed that there is a
one-to-one relationship between the external potential Vext(r) and
the (non-degenerate) ground state wavefunction Ψ, and that there is
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a one-to-one relationship between Ψ and the ground state density
n(r) of an N-electrons system:

n(r) = N
∫

r2 . . . rNΨ∗(r, r2 . . . rN)Ψ(r, r2 . . . rN) (17)

where the spin coordinates are not shown explicitly. From the knowl-
edge of the density then it is possible determine the external potential
within a constant, so that all terms in the Hamiltonian are known.

These ideas can be applied to the total energy using the variational
principle and for this purpose, Hohenberg and Kohn defined the func-
tional F[n(r)], which is ”universal” , that it is valid for any external
potential Vext(r). This functional can be expressed as:

F[n(r)] = 〈ΨN|T + Vee|ΨN〉 (18)

and showed that the energy functional E[n(r),Vext(r)] satisfies a
variational principle:

EGS = min
n(r)

E[n(r),Vext(r)] (19)

where

E[n(r),Vext(r)] = F[n(r)] +
∫
drVext(r)n(r) (20)

The minimization is performed over all nondegenerate densities
that can be derived from the ground-state of some external potential.

2.2.1 The Kohn-Sham equations

To find good approximations to the energy functional E[n,Vext] it is
useful and easier restoring to the decomposition introduced by Kohn
and Sham (1965) [68]:

F[n] = Ts[n] +
1

2

∫
n(r)Φ(r)dr + Exc[n(r)] (21)

where Ts is the kinetic energy that a system with density n would
have in a situation where electron-electron interactions are absent, Φ
is the classical Coulomb potential for electrons, and Exc defines the
exchange-correlation (XC) energy.3 Ts is not the real kinetic energy

3 In the framework of wave functions, the ”correlation energy” can be defined as the
difference between the exact and Hartree-Fock (variationally optimized single Slater
determinant) energies.

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



22 theoretical methods

T , but it is of comparable magnitude and is treated here without
approximation. In Eq. 21 all the terms different from the exchange-
correlation energy Exc can be evaluated exactly, so that approxima-
tions for this term are crucial in density functional applications. The
variational principle applied to Eq. 20 yields [61]:

δE[n,Vext]
δn(r)

=
δTs

δn(r)
+ Vext(r) +Φ(r) +

δExc[n]

δn(r)
= ε (22)

where ε is the Lagrange multiplier associated with the requirement
of constant particle number.

Comparing this last with the corresponding equation for a sys-
tem with the same density in an external potential V(r), but without
electron-electron interactions, we obtain:

δE[n]

δn(r)
=

δTs

δn(r)
+ V(r) = ε (23)

Note that the mathematical problems are identical and provided
that:

V(r) = Vext(r) +Φ(r) +
δExc[n]

δn(r)
(24)

The solution of Eq. 23 can be found by solving the Schrödinger
equation for a non-interacting particles system:

[
−
1

2
∇2 + V(r)

]
φi(r) = εiφi(r) (25)

yielding:

E =

N∑
i=1

εi+Exc[n(r)] −
∫
Vxc(r)n(r’)dr’+

1

2

∫
n(r)n(r’)
|r − r’|

drdr’ (26)

and

n(r) =
N∑
i=1

|fiφi(r)|
2 (27)

The functions φi are the Kohn-Sham orbitals, and the occupation
numbers fi are noninteger at zero temperature, when the orbitals are
degenerate at the Fermi level and Fermi-Dirac occupancies at nonzero
temperatures. The condition 24 can be satisfied in a self-consistent
procedure.

The solution of this system of equations leads to the energy and
density of the lowest state and all quantities derivable from them.
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The analyzed formalism can be generalized to the lowest state with
a given symmetry[49] or other constraints [30]. Instead of seeking
these quantities by determining the wave function of the system of
interacting electrons, the DFT method reduces the problem to the
solution of a single-particle equation of Hartree form.

The exchange-correlation term Exc[n(r)] is the responsible of the
difficulty in finding the self-consistent solution of the KS equations
and actually it remains unknown. In principle, if one were able to de-
termine Exc[n(r)] exactly, the Kohn-Sham equations would include all
the many-body effects. However, the complexity of the multielectrons
interaction prevents an exact solution and approximations needs to be
adopted to solve the problem.

2.2.2 Exchange-Correlation energy approximations

For various class of materials (especially metals), the screening effect
on a reference electron exerted by the other electrons is sufficient to
screen it completely on a distance of the order of the Fermi wave-
length (λF(r) = [3π2n(r)]1/3).

Consequently, a reference electron is not affected by the charge dis-
tribution for distances longer than λF (the so called ‘’nearsightedness”
of the electron). Hence, its exchange-correlation (XC) energy only de-
pends on the charge distribution n(r) in its proximity.

These considerations are at the basis of the Quasi-Local Approxima-
tion(QLA) for the XC energy Exc[n(r)]]:

Exc[n(r)] =
∫
exc(r, [n(r̃)])n(r)dr (28)

where exc is the one-electron XC energy. This approximation is
called quasi-local because exc in the coordinates r depends only by
the charge distribution in r̃, where r̃ differs from r for a distance of
the order of λF. The QLA can be implemented in a code for atomistic
simulations in different ways: the Local Density Approximation (LDA),
for example, which assumes that the one electron XC energy exc in r
with density n(r) is the same of a uniform electron gas with density
n(r):

ELDAxc [n(r)] =
∫
exc(r, [n(r)])n(r)dr (29)

In the case of homogeneous electrons gas the XC energy can be
considered as the sum of the exchange energy and the correlation
energy (exc = ex + ec), which are given by [82, 140]:
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ex(n) = −
0.458
rs

(30a)

ec(n) =
0.44

rs + 7.8
(30b)

where rs indicates the radius of the average sphere of volume occu-
pied by each electron. In the case of not uniform density the Eqs. 30a
and 30b can still be adopted, but considering rs(r) as variable. This
is a reasonable approximation in some cases: if the density is almost
constant [54], as well as at high densities, where the kinetic energy
dominates the exchange and correlation terms [68].

Typically, in molecular systems, the electron density is spatially not
uniform and the LDA is consequently subject to limitations. One way
to improve the description of the exchange-correlation functional is
given by the so called Generalized Gradient Approximation (GGA) [106]:

EGGAxc [n(r,∇n(r))] =
∫
exc(r, [n(r)],∇n(r))n(r)dr (31)

According to this the exchange-correlation functional is not only de-
pending on the local density n(r), but also on the direction of the
density gradient ∇n(r), in some extent to region of space where the
density is not uniform. Most of the exchange-correlation functionals
are then constructed adding a correction term to the LDA functional.
Among all the exchange or correlation potentials, a distinction has
to be made between those containing experimental parameters and
those which do not contain any of them. The GGA functionals has
been implemented in a lot of ways, with different complexity, accu-
racy and computational cost. Among the most widespread implemen-
tations, we remind the Vosko-Wilk-Nusair (1980)[133] functional, the
Perdew-Burke-Ernzerhof (1996) [105] and the Lee-Yang-Parr (1988)
[73] functional, which is used in a part of this work. It is possible
improve the GGA functional allowing the exchange-correlation func-
tionals to depend on high order derivative of the electronic density.

2.2.3 Hybrid Functionals

The Adiabatic Connection Method represents the basis for the compo-
sition of the hybrid functional, which is a system composed by a
N-electrons set with other interacting electrons. In this situation a
smoothly passage from a non-interacting system to a fully interact-
ing one has to be considered. Restoring to the Hellmann-Feynman
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theorem[40], the exchange-correlation energy can then be computed
as:

Exc =

∫1
0

〈ψ(α)|Vxc(α) |ψ(α)〉dα (32)

where α describes the extent of electronic interactions ranging from
0 to 1 (in which 0 and 1 corresponds to no-interactiong and fully inter-
acting system, respectively). If α = 0 the system is without correlation
and the wavefunction of the system corresponds to a Slater determi-
nant and the exchange-correlation potential reduces to the Hartree-
Fock exchange potential.

In other terms Hybrid Functionals (sometimes called also Hyper-
GGA functionals) include a portion of exact exchange from the Hartree-
Fock theory with the approximate exchange and correlation estimated
using LDA, GGA, etc. The exact exchange functional is expressed in
terms of Kohn-Sham orbitals instead of the density and, for this rea-
son, it is also referred as Implicit Density Functional.

Since either the exchange-correlation potential and the wavefunc-
tion for α 6= 0 are unknown, the value of the integral can only be
approximated. Different attempts were made with a weighted sum
of the L(S)DA and GGA exchange and correlation functionals, giv-
ing rise to the development of several important hybrid functionals,
among which for example the B3LYP (Becke 3-parameter Lee-Yang-
Parr)[6]: this is one of the most used hybrid functionals and has been
extensively employed also in the present Thesis. The B3LYP, which
incorporates the 20 % of the exact Hartree-Fock exchange, can be de-
scribed by the following expression:

E
B3LYP
XC = ELDA

X +α(EHF
X −ELDA

X )+β(EGGA
X −ELDA

X )+ELDA
C +γ(EGGA

C −ELDA
C )

(33)

with: α = 0.2, β = 0.72 and γ = 0.81. These mixing parameters are
obtained by fitting experimental atomic energies, electron affinities
and ionization potentials. The hybridization procedure permits an
improvement of the estimate of many chemical and physical prop-
erties, such as the molecular energy levels and the bond lengths of
different molecular compounds [17, 21, 22, 84].

2.3 excited states

2.3.1 ∆-Self Consistent Field Method

If on one side, it has been demonstred that Density Functional The-
ory (DFT) is a successfull method to obtain the ground-state elec-
tronic properties of countless materials and molecules, on the other
side, it is well recognized that the use of Kohn-Sham eigenvalues
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to determine the quasi-particle properties of many-electrons systems
inevitably lead to results not in accordance with experimental data
[62]. One example is given by the band-gap problem for bulk semi-
conductor: in this case a huge underestimat (even exceeding 50%) of
the electronic excitation energies takes place with respect to available
experimental results (optical absorption, direct and inverse photo-
emission)[5, 102]. In particular, considering optical absorption experi-
ments, when an electron excited into a conduction state interacts with
the resulting hole in the previously occupied state and two-particles
(excitonic) effects must be properly considered [103].

For a finite system it is possible to obtain accurate excitation ener-
gies using the so-called ”delta-self-consistent-field” (∆SCF) approach[62,
103]. This method, successfully applied to obtain the quasi-particle
energies for isolated molecules and a wide range of cluster [87, 88],
consists in the evaluation of total energy differences between the self-
consistent calculations performed for the system with N and N± 1
electrons, respectively.

In correspondence of the optimized geometry of the neutral sys-
tem, it is possible calculate the vertical electron affinity (EAV) and the
vertical first ionization energy (IEV) as a difference between the total
energies of neutral (EN) and charged molecules (the cation (E(N)

N−1)

and the anion (E(N)
N+1)):

EAV = EN − E
(N)
N+1 (34a)

IEV = E
(N)
N−1 − EN (34b)

Through the same method, it is also possible the evaluation of the
adiabatic observables: the adiabatic electron affinity (EAA) and adia-
batic first ionization energy (IEA) are obtainable in the same way but
considering the cation and anion total energies ((EN−1) and (EN+1)
respectively) calculated at their proper optimized geometry:

EAA = EN − EN+1 (35a)

IEA = EN−1 − EN. (35b)

This allows the calculation of the quasi-particle-corrected HOMO-
LUMO gap, EGap, (also known as ”quasi-particle gap” QPgap) of the
neutral systems; this observable is usually referred to as the funda-
mental energy gap and is rigorously defined according to the ∆SCF
scheme[62] as:

EGap = IEV − EAV = E
(N)
N−1 + E

(N)
N+1 − 2EN (36)
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In the context of ∆-SCF, an alternative possible expression for EGap
is given by:

EGap ' εN+1
N+1 − ε

N
N (37)

where εji are the ith Kohn-Sham eigenvalue of the j-electron system.
The results obtained using the above Eqs. 36 and 37 tend to coincide
as a function of the system size and the orbitals become progressively
more delocalized.

2.3.2 Time-Dependent Density Functional Theory (TDDFT)

The Time-Dependent Density Functional Theory (TDDFT) is the time-
dependent counterpart of DFT, that can be considered its extention
with the aim to investigate the properties and dynamics of multi-
electron systems in the presence of time-dependent potentials (i.e.
study of the excited states). Through the TDDFT technique it is pos-
sible calculate the excitation energies, frequency-dependent response
properties and obtain the photoabsorption spectra of molecular sys-
tems. Similarly to DFT, TDDFT is founded on the fundamental hy-
pothesis that the time-dependent wavefunction can be replaced by the
time-dependent electronic density in order to derive the effective po-
tential of a fictitious non-interacting system. In fact, TDDFT is based
on an extension of the HK Theorems previously seen in the Sect.
2.2, known as Runge-Gross Theorem[112] (RG) which establishes that:
Given initial state at time t0, the single particle potential V(r, t) leading to

a given density n(r, t) is uniquely determined so that the map V(r, t) 7→
n(r, t) is invertible. As a consequence of the bijective map V(r, t)↔ n(r, t),
every observable O(t) is unique functional of the time-dependent electronic
density n(r, t).

From the RG theorem and in a similar way to the KS construc-
tion for the ground-state density, we may build a time-dependent KS
scheme. With this proposal, an auxiliary system of N non-interacting
electrons, subjected to an external potential vKS, has to be introduced.
This potential is unique, by virtue of RG theorem applied to the non-
interacting system, and it has chosen such that the density of the KS
electrons is the same as the density of the original interacting system.
These Kohn-Sham electrons satisfy the time-dependent Schrödinger
equation:

i h
∂

∂t
φi(r, t) =

[
−

 h2

2m
∇2 + vKS([n]; r, t)

]
φ(r, t) = HKS([n]; r, t)φi(r, t)

(38)
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Figure 8: Illustration of the Runge-Gross theorem, which demonstrates that
two different potentials can never give the same density. Figure
taken from Ref. [23].

from which one can obtain the electronic density of the interacting
system from the Kohn-Sham orbitals as:

n(r, t) =
N∑
i=1

|φi(r, t)|2 (39)

The time-dependent Kohn-Sham potential (vKS) in Eq. 38 is usually
written as the sum of three terms:

vKS([n]; r, t) = vext(r, t) + vHartree([n]; r, t) + vXC([n]; r, t) (40)

where the first one is the external potential (usually due to the
nuclei), the second one (Hartree term) accounts for the classical elec-
trostatic interaction between electrons:

vHartree([n]; r, t) =
∫
n(r, t)
|r − r’|

d3r ′ (41)

and the last term (XC potential) includes all the many-body ef-
fects. As previously seen for the ground-state DFT, also in this case,
vXC([n]; r, t) is functionally dependent (in a complex way) on the den-
sity. This dependence has a non-local nature, both in space and in
time: i.e., the potential at time t and position r can depend on the
density at all other positions and all previous times (due to causality
principle).

2.3.3 Absorption Spectra: Casida formalism

The major application of TDDFT method consist in the calculations of
the electronic absorption spectra commonly using the Liner Response
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Theory, here not analyzed [89]. Hence, in this Thesis, to obtain all the
optical absorption spectra of the molecular systems under study, we
have performed TDDFT calculations following the Casida computa-
tional method, instead of the previously mentioned one [15]. Accord-
ing to this approach, the spectra are obtained from the calculations
of the poles of the dynamic polarizability function, in the frequency
domain, as a sum-over-states form in the case of finite systems and
expressed by:

α(ω) =
∑
I 6=0

fI

ω2I −ω
2

, (42)

whereωI and fI are vertical excitation energies and the correspond-
ing oscillator strengths, respectively. Finally, the Laurentzian broad-
ened stick spectrum can be obtained considering [24],

S(ω) =
2ω

π
Imα(ω+ iη). (43)

In the reciprocal space, TDDFT calculations implementation compu-
tational costs scale steeply as a function of the number of required
transition and electronic excitations are limited to the low-energy por-
tion of the spectra. Such procedure offers the advantage of being able
to go to calculate the absorption spectra of very large size molecules
over a wide range of energies, albeit with not optimal spectral resolu-
tion.

2.4 computational details , numerical methods and tools

2.4.1 Basis Sets

Usually, in quantum chemistry, most computational methods repre-
sent the N-electron wavefunction as a linear combination of Slater
determinants, combining one electron functions and the molecular
spin orbitals. They are written in terms of atomic spin orbitals or
similar functions, which are approximated as a linear combination
of atomic orbitals LCAO (quantum superposition of atomic orbitals).
For a given basis-set of atomic orbitals, namely {φj}, the ith molecular
orbital ψi can be obtained as:

ψi =

k∑
j=1

ci,jφj (44)

where ci,j is the coefficient of expansion and k the total number of
atomic orbital functions, called Basis Functions. From the choice of an
appropriate basis-set depends the quality and the accuracy of all the
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results obtained in quantum chemistry calculations. In fact, an effi-
cient basis-set should reproduce the physics of the problem, ensuring
rapid convergence as a function of the number of basis function, al-
lowing fast calculation of all the integrals involved (to save computa-
tional time) and vanishing at large distance from the nuclei. The two
types of atomic orbital functions more commonly used to obtain the
combination showed in Eq 44, are the Slater-Type Orbitals[119] (STO)
and Gaussian-Type Orbitals[13] (GTO).

The STO basis functions (proposed by Slater in 1930) are based
on hydrogenic-like wavefunctions and can be written in two possible
forms (expressed in polar and cartesian coordinates, respectively):

φSTO
ζ,l,m(r, θ,ϕ) = NrlYlm(θ,ϕ)e−ζr (45a)

φSTO
ζ,lx,ly,lz(x,y, z) = Nx̄lx ȳly z̄lze−ζ|r| (45b)

On the other hand, the GTO basis functions (introduced in1950 by
Boys) have the following forms:

φGTO
ζ,l,m(r, θ,ϕ) = NrlYlm(θ,ϕ)e−ζr

2

(46a)

φGTO
ζ,lx,ly,lz(x,y, z) = Nx̄lx ȳly z̄lze−ζr

2

(46b)

In the Eq.s 45 and 46 x̄, ȳ, z̄ = (xc− xN, zc− zN, zc− zN) are the differ-
ence between the nuclei coordinates (subscriptN) and the coordinates
of the center of the function (subscript c), N is a normalization con-
stant, Ylm(θ,ϕ) is the angular part (a spherical harmonic function),
rle−ζr is the radial part, l and m are the atomic quantum numbers
and r and ζ are the radial distance and the orbital exponent, respec-
tively. The orbital exponent, ζ, governs the size of the orbital (large ζ
values gives tight function, while small ζ values diffuse function) and
it is chosen for each (n, l) separately, where n is the principal quan-
tum number. The terms lx, ly, lz (referred to as angular momentum
L = lx + ly + lz) determines the type of orbital (L = 0, 1, 2, 3, 4, 5, 6
indicated as s, p, d, f, g, h, i).

Slater type orbitals posses the proper functional behavior next to
the nucleus with a cusp in the origin, the correct 1/r decay at long
distances and, in general, are more convenient when high accuracy
is needed for atomic and diatomic systems (ab-initio methods), or
where all three-and four-centre integrals are neglected (e.g. semi-empirical
methods) as well as in cases where Coulomb energy is calculated by
fitting the density into a set of auxiliary functions rather than com-
puting the exact exchange energy (in DFT). However, the use of STO
functions is time-consuming for computing the two-electron molecu-
lar integrals and difficult to be differentiated analytically.
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For these reasons, in order to quicken molecular integral evaluation,
it is more useful to restore to the Gaussian-type orbitals.

Figure 9: Gaussian (red) Slater (blue) type functions in comparison with an
1s type real atomic orbital. Figure from Ref. [20].

From a computational point of view, GTO functions are more sim-
ple to treat (this implies, for example, a rapid calculation of molecu-
lar integrals) and can be differentiated in an easy way any number
of times. Gaussians are very useful and computationally efficient be-
cause satisfy definite properties: the product of any two gaussians is
again another gaussian, and the sum of two gaussians is easily evalu-
ated (see Fig. 10).

Figure 10: Product (left) and sum (right) of different GTO. Figures from Ref.
[20].

This property is a crucial point in quantum chemistry where you
need to evaluate integrals of the form given below. The first is called a
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”4-center integral” and is easily reduced to a ”2-center integral” when
using gaussians.

∫ ga︷ ︸︸ ︷
g1g2

1

r12

gb︷ ︸︸ ︷
g3g4 dτ︸ ︷︷ ︸

4-center integral

=

∫
ga

1

r12
gbdτ︸ ︷︷ ︸

2-center integral

(47)

in wich the terms gk are GTO funtions.
On the other hand, despite of the numerical advantages, the GTO,

present however some serious lacks, among which: the bad descrip-
tion of the electron density near the nuclei due to the fact that, unlike
the STO, the GTO do not have a cusp at the origin, and have, instead,
a too quick decay for r → ∞ thus underestimating long range inter-
actions [20]. For these reasons replacing a STO by a single Gaussian
function unavoidable errors are made.

However, this problem can be overcome with the introduction of
the Contracted Gaussian-type Orbital (CGTO) which is represented as
a linear combination of primitive GTO functions that simulate the
behavior of specific STO orbitals (φSTO

µ (r, ζ)).

φCGTO
µ (r,N, {dp,µ, ζp,µ}) =

N∑
p=1

dp,µφ
GTO
µ (r, ζp,µ) (48)

where dp,µ are the coefficients of the primitive gaussian functions
φGTO
µ (r, ζp,µ) and N is the number of functions in the combination.

Figure 11: (left) Comparison between a Slater φSTO
1s (1.0; r) and Gaussian

φGTO
1s (0.270; r) functions.

(right) Comparison of the same Slater function (φSTO
1s (1.0; r)) (pur-

ple) and the Contracted GTO φCGTO
1s (r) = 0.445φGTO

1s (0.110; r) +
0.535φGTO

1s (0.406; r) + 0.154φGTO
1s (2.228; r) (blue). Figures taken

from Ref. [20].
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As Fig. 11 shows, a single GTO significantly differs from STO, while
CGTO of three GTO shows a reasonable approximation of STO, ex-
cept at very small and very large electron-nucleus separation (ideally
considering an infinite range).

Aside from the choice of STO or GTO type of functions, the most
important parameter to set is the number of basis functions used in
the basis-set. According to this, the most frequently used basis-sets
can be classified into the following classes:

minimal basis set : Represents the minimum number of basis func-
tions needed to obtain the right numerical description of the
atomic orbitals. A minimal basis set (MBS) contain the mini-
mum number of basis functions required for each inner-shell
and valence-shell orbital. In particular, if STO functions are em-
ployed, a MBS uses one STO to describe each atomic orbital
in the ground state of an atom. For shells with more than one
angular component, this implies one function for each angu-
lar component. On the contrary, for the use of GTO functions
a minimal set can be obtained using the so called ”STO-nG”,
in which each atomic orbital is expressed by a linear combina-
tion of n-gaussians, where the coefficients and exponents of the
GTOs are fitted to the corresponding atomic orbital4 (n usu-
ally assumes values in the range 1-6 and the computational cost
does not increase linearly with n).

multiple ζ basis set : These basis-set are constituted by replacing
each GTO (or STO) of a minimal basis set by 2 (Double-ζ; DZ), 3

(Triple-ζ; TZ), 4 (Quadruple-ζ; QZ) or more (5-ζ, 6-ζ ecc.) GTOs
(or STOs) each having different orbital exponent ζ. The use of
multiple ζ basis-sets allows the required radial flexibility in the
description of the electronic cloud. The tighter functions (closer
to the nuclei, large exponent) can be used to describe the σ-
bond with a large coefficient, while the more diffuse function
(further from the nuclei, small exponent) can be used primarily
for describing the π-bond. As the number of basis functions that
describe the atomic orbitals increases, a better description of the
situation in which the electron distribution is different in more
directions, will be given [20].

split valence : The core electrons (inner-shell) of an atom are less
affected by the chemical environment with respect to the valence-
shell electrons. A split valence basis set (SV) represents a nu-
merical simplification of multiple ζ basis-sets, in which the core
shells are treated with a minimal basis-set, while the valence
shells are treated with a larger basis-set. In other words, each

4 More precisely the coefficients of each combination of GTO are fitted to the corre-
sponding Slater type orbital of the minimal STO basis set that provides the best
description of the orbital

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



34 theoretical methods

orbital of a core-shell is represented by a single function, while
two or more functions are used to describe each valence shell
atomic orbital.

polarization functions : Considering the distortion in shape of
the atomic orbitals and that their centers of charge are shifted
upon molecule formation, the improvement of basi-set for this
polarization can be done with the addition of higher angular
momentum functions to the basis-set to allow angular flexibil-
ity. In these functions, l quantum numbers are greater than the
maximum l of the valence shell of the ground-state atom (e. g.p
functions for the hydrogen, d functions for carbon ecc.)[20] .

diffuse functions : These functions, characterized by very small
ζ exponents added to a split valence basis-set, are additional
functions. Diffuse functions have small orbital exponent that
reproduce a very broad electron distribution and are needed
whenever loosely bound electrons are present (for example an-
ions or excited states) or when the property of interest is de-
pendent on the wave function tail (for example polarizability).
In particular, it is necessary to restore to the diffuse functions
to a correct description of anions and weak bonds (e.g. hy-
drogen bonds), to remove an anomaly typical of the negative
charged species. Diffuse functions are often used to calculate
physical properties (e. g.dipole moments, polarizabilities, etc.)
and to treat atoms with a high electronegativity (e. g.fluorine).

In this Thesis, for the molecular calculations, we have used the so
called Pople type [33] localized basis set 6-31+G?. The Pople basis-sets
are usually identified by the notation n-ijkwG, where:

• n: defines the number of primitive Gaussians functions em-
ployed to describe the core atomic orbitals.

• i,j,k and w represent the number of primitives for contractions
in the valence shell. The ij notation defines sets of valence double-
ζ quality, ijk the triple-ζ valence sets, ijkw the quadruple-ζ qual-
ity and so on. Said otherwise, the number of digits after the sym-
bol ”-” identify the number of basis that compose the valence
orbitals and the explicit value of i,j,k and w indicate the number
of gaussian functions that represent the linear combination for
each base.

This formalism provides also the use of the symbols ”+” and ”++”
to indicate the presence of diffuse functions for heavier atoms (ex-
cept hydrogen and helium) (+) and for all atoms (++), (including H
and He), respectively. In the Pople notation other symbols used are
”?” and ” ??”, which denotes the inclusion of polarization functions.
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Even in this case, the single symbol indicates the presence of these
functions with the exception of lightest atoms; the double symbol, in-
stead, confirms the presence of diffuse functions also for He and H.
More details on the basis-sets and the convergence criteria adopted
in this Thesis will be specified in the dedicated sections of the com-
putational methods of each sigle chapter.
An alternative approach with respect to the basis functions (STOs or
GTOs previously seen in Sect. 2.4.1) developed for the atomistic sim-
ulation of molecules and condesed phase systems with the DFT, is
given by a technique which exploits plane waves (PW) aimed directly
at the full system. Plane waves are more popular in solid state simula-
tions because their application to periodic systems is straightforward
and usually only DFT methods without Fock-exchange are employed
[128]. Commonly, plane wave basis-sets tend to be highly larger as
compared to typical Gaussian basis-sets (for example, a cutoff energy
of ∼ 200 eV corresponds to a set of ∼ 20000 functions [58]). However,
this approach is here not used, since not ideal to treat the systems
analyzed (molecules), but it is very efficient and actually often em-
ployed when one need to describe more extended systems (see e.g.
Ref. [91, 110, 122, 123]). The pros and cons of both the approach are
briefly summarized by the following points [128]:

• PW calculations, in particular, for solid state systems, are usu-
ally faster than GTO ones, for both energy and gradient com-
putation, even if they require much more main memory when
norm-conserving pseudopotentials are adopted;

• Within the PW approach core electrons are not treated explic-
itly and their presence is accounted for by pseudopotentials.The
projector augmented-wave method PAW for the explicit treat-
ment of core electrons has also been implemented in some of
the more advanced computer codes which greatly increases the
accuracy of PW results;

• The calculation of atomic forces is simpler with PW because
only Hellmann-Feynman forces are included. The evaluation of
Pulay forces in GTO calculations is much more time-consuming,
and also their coding is more involved;

• The quality of PW basis sets is simply specified by a single pa-
rameter (the electronic kinetic energy cut off Ekin). The higher
Ekin, the better is the basis set. Standard GTO basis sets of in-
creased quality have been developed for almost all atomic ele-
ments since the early days of quantum chemistry. Due to po-
tential linear dependence problems, however, transferability to
periodic systems is not immediate. In particular, basis sets in-
cluding very diffuse Gaussian functions (for example, 6− 31+
+G(d,p)) are critical for periodic systems, and exponents of the
most diffuse Gaussian functions should be properly regulated;
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• With PW basis sets calculations are intrinsically periodic in three
dimension (3D): the system, regardless of being a molecule, a
two dimensional (2D) sheet or areal 3D crystal, is always de-
fined in a 3D box which is uniformly filled with plane waves. By
virtue of the local nature of Gaussian functions, in GTO calcula-
tions the true dimensionality of the system is always obeyed.

• Energies calculated with PW basis sets do not suffer from the
basis set superposition error (BSSE). This is an extremely appeal-
ing feature of PW calculations, expecially, for studying adsorp-
tion processes characterized by interaction energies of moderate
strength. In GTO calculations corrections for the BSSE can be
made by the well known function counterpoise method. In most
cases these corrections are a posteriori applied to uncorrected
equilibrium structures ,i.e., potential energy surfaces are those
computed without counterpoise correction;

• Due to extremely high computational costs when using delocal-
ized basis sets exact (Fock-) exchange is rarely calculated with
PW. This avoids the recourse to hybrid functionals (e.g. B3LYP),
which in several respects are known to be more accurate than
standard generalized gradient (GGA) functionals. Nowadays,
the number of PW calculations employing hybrid functionals
is still limited. On the contrary, exact exchange as well as hy-
brid functionals are standard in GTO based molecular computer
codes as shown by a variety of studies on periodic systems.
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3
S I - AT O M S I N S E RT I O N S I N C I R C U M A C E N E S

3.1 introduction

The relevance of 2D systems (like Graphene and Silicene)[48, 76], in
the last few years, has quickly and highly upgraded and is now in in-
cessant evolution, since these systems show advantageous electronic,
mechanical and optical properties (planar feature, ,flexibility, mechan-
ical resistance....). These materials are, in fact, considered among the
most promising candidates for several different forefront optoelec-
tronic devices. Moreover, in this last context, Silicon is one of the
most useful elements to mankind, covering a considerable position
for several reasons, especially for those linked to its electronic and
optical properties that can be easily modulated and controlled [35].
Furthermore, optoelectronics, the scientific branch based on the study
and the operation of electronic devices that produce, detect, and con-
trol light, actually is an esteemed and rapidly growing field [138]: re-
cently, 2D materials, carbon nanotubes, and semiconductor quantum
dots have been elements of great attention thanks to their potential
use in nano and optoelectronic devices.
In this field, the role of polycyclic aromatic hydrocarbons (PAHs) in
their crystalline and thin-film state has largely increased: in fact, these
compounds can be employed as active elements in several optoelec-
tronic applications, ranging from light-emitting diodes (LEDs), solar
arrays, transparent and flexible displays to organic thin-film field-
effect transistors and liquid crystals. Among them, the "Circumacenes"
(Coronene, Ovalene, Circumanthracene, Circumtetracene, and Circum-
pentacene) have recently manifested scientific interest in many con-
tests of research (from condensed matter physics to astrochemistry)
and also for solid state physics applications [56, 84, 111]. Among the
Circumacenes, we have selected the Coronene (or ”superbenzene”),
which is a symmetric molecule composed by the union of six benzene
rings (with chemical formula C24H12) and Ovalene (C32H14), obtain-
able from Coronene by the addition of three lateral benzene rings (see
Fig. 12) [25, 47, 109]. The first one occurs in nature as the very unusual
mineral ”carpathite”, that is characterized by flakes of pure Coronene
embedded in sedimentary rock and it can be synthesize through the
petroleum-refining process of hydrocracking [57]; the second one ap-
pears as a reddish-orange compound and can be made through simi-
lar ways. As compared to polymers, these small-size molecules, offer
several advantages, among which: they can be such easily purified
through different techniques and tractable by both evaporation and

39

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



40 si-atoms insertions in circumacenes

solution-processing methods [84].
The present part of the Thesis is focused on the study of the ef-
fects that Silicon-atoms substitutions induce in Coronene and in Ova-
lene molecules, considering their electronic and optical properties.
We have evaluated single, double and triple-atom substitutions of Sil-
icon into these molecules, with the aim to probe the resulting conse-
quences. In fact, since one of the goals of this Thesis is the analysis
of finite-size effects on the electronic and optical properties of the
nanometric portions of Graphene compounds, in this case we study
what happens after Silicon-atoms substitutions, with possible subse-
quent extensions to their infinite counterparts and in connection with
other previous studies [91, 144]. Through the DFT (Density Func-
tional Theory) technique [69] we have computed the ground-state
morphological and electronic properties of the systems under exam
(e. g. electron affinities, ionization energies, quasi-particle (QP) gaps)
using a gaussian-based localized orbital all-electrons scheme. Via the
TDDFT (Time Dependent Density Functional Theory) scheme[89] we
have obtained the optical absorption spectra of the above clusters, try-
ing to find possible trends and analyzing the behavior as a function
of the different Silicon substitutions. Hence, a comparison of our re-
sults with existing outcomes of previous theoretical and experimental
works has been done. This part of the Thesis has been object of the
work contained in two of our previous mentioned publications and
here presented incorporating the results from both the two (see Ref.
[92] and [93]).

3.2 computational details

Keeping on previous works [84, 111], we have performed geome-
try optimizations using the hybrid exchange-correlation functional
B3LYP [7, 73, 124], combined with the 6− 31G∗ basis-set (a valence
double-ζ set augmented with d polarization functions for each atom).
We have chosen the B3LYP exchange-correlation (XC) potential, since
with respect to other possible alternatives (e.g. the PBE
(Perdew−Burke−Ernzerhof) [38]), it has been established to repro-
duce better results for different families of PAHs molecules, for both
the ground-state and the excited properties [17, 21, 22, 84]. All the
molecular relaxations have been computed without symmetry con-
straints and using tight convergence criteria (specified by maximum
and root mean square gradient thresholds of 1.5 · 10−5 and 1.0 · 10−5,
respectively, and maximum and root mean square thresholds of the
Cartesian step respectively of 6.0 · 10−5 and 4.0 · 10−5). All the val-
ues are reported in atomic units. At the optimized geometry of the
neutral molecules, we have evaluated the vertical ionization energies
(IEV ) and the vertical electron affinities (EAV ). This let the calculation
of the quasi-particle gap (or "fundamental gap"), which is rigorously
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defined in the ∆SCF scheme as [62, 87] in the eq. 36. To obtain the ab-
sorption spectra in the visible/near-UV regions, we have performed
TDDFT calculations, using the frequency space implementation set in
the computational package, at the same level B3LYP/6− 31G∗ set for
the electronic ground-state. According to this method, the poles of
the linear response function correspond to the vertical excitation en-
ergies and the pole strengths represent the oscillator strengths [15]. In
particular, knowing the first optically active transition from the spec-
trum, Eopt, we could estimate the exciton binding energy expressed
by the following difference:

Ebind = Egap − Eopt (49)

It is well known that the technique here used to evaluate the exciton-
binding energy is an approximated one to obtain the aforesaid ob-
servable. However, in the case of systematic studies based on sev-
eral molecules, this method turns out to be particularly useful and
straightforward to obtain the right trend and the order of magni-
tude of the physical observables, allowing one not to apply most
demanding computational techniques [29, 103]. All the calculations
have been performed using NWChem [132] computational package,
that is based on a numerical resolution of the Khon-Sham equations
after a DFT Hamiltonian [69], while the XC effects are treated appeal-
ing to a particular functional inserted inside the Hamiltonian after
the B3LYP scheme [7, 73, 124].

Figure 12: Coronene (left) and Ovalene (right) with Si-atoms insertions. C
atoms are in cian, while Si atoms are in yellow and H atoms on
the boundaries in white.
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3.3 results and discussion

3.3.1 Silicon-atoms substituted configurations

The possible non-equivalent insertions of Silicon atoms, according to
the molecular symmetries, are the following ones (see Fig. 13):

• 6 (9) configurations as a result of single Si-atom substitutions in
Coronene (Ovalene);

• 4 (9) configurations as a result of double Si-atom substitutions
in Coronene (Ovalene);

• 4 (10) configurations as a result of triple Si-atom substitutions
in Coronene (Ovalene).

Figure 13: Coronene and Ovalene molecules. The C atoms selected to be
replaced by Si atoms are indicated by letters from A to H for
Coronene (left), while from A to I for Ovalene (right). Dimers
and trimers are composed by the union of the adjacent individual
ones.

In the case of Coronene, moreover, because of the equivalence be-
tween A-F, B-E and C-D atoms linked to symmetric reasons, the con-
figurations number being reduced from 6 to 3 for single substitutions
(see Fig. 13). On the contrary, considering Ovalene, the addition of
three benzene rings in the structure implies an increase of the al-
lowed configurations number, involving a reduction of the molecu-
lar symmetry. Among all these arrangements, in the following lines,
we decide to present only one system for each substitution, for both
Coronene and Ovalene, following a selection criterion based on the
evaluation of the energy stability of the substituted clusters. In partic-
ular, we found that, from the energetic point of view, the most favor-
able configurations are the following ones: the atom placed in A (H)
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position in the case of Coronene (Ovalene) for single substitutions,
the dimer composed by A-F (H-I) atoms for Coronene (Ovalene) for
the double insertions and finally, the trimer formed by the union of
B-A-F (H-I-B) atoms for Coronene (Ovalene) for the triple substitu-
tions [93]. We consider only the case for N=2, N=3 with insertions of
adjacent individual Si-atoms.

In general, we verified that, in the modified systems with Silicon
atoms, the energy stability tends to slack off from the external to the
innermost molecular areas: this means that, the most stable configu-
rations are potentially those in which the substitutional site is located
in the peripheral molecular regions. A plausible physical explanation
of this occurrence is that in the outer regions less constraints could
bound the deformations after Si-atoms insertions. This fact could
cause larger total energies when the substitutions are performed at
the periphery of the cluster: Silicon has, in fact, with respect to Car-
bon, has, a larger covalent radius and therefore, if inserted in a car-
bonaceous matrix can provoke distortions of the original structure
[93]. The substituted configurations were found to preserve the pla-
nar geometry of their parent molecules, after single and double Si-
atoms inclusions: the deformations are, in these cases, planar and
localized, close to the point in which the insertion has been made. On
the contrary, in some cases of trimer insertion, for both Coronene and
Ovalene, their planar appearance has been perturbed (Fig. 14 shows
an example, reproducing the substitution of the trimer composed by
the atoms placed on the central ring for Coronene and by the atoms
B C D for Ovalene). In these particular cases the distortions are ex-
tended towards the "out-of-plane" directions. This effect seems to be
more pronounced for Ovalene than for Coronene, as demonstrated
by the variation of the interatomic bonds connecting Si-C atoms. De-
tails of the Silicon insertions on the morphological properties will be
given in the following dedicated section (see section3.4).

Figure 14: Lateral view of Coronene (left) and Ovalene (right) molecules
with the Si-trimer substitution which do not preserve the planar
geometry, as shown in Fig. 12.
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(a) (b)

(c) (d)

Figure 15: Coronene (a, c) and Ovalene (b, d) with single Si-atom inclusions
and Si-dimers ones.

3.4 morphological properties

In this section, which is part of the work came from Ref. [92], we
have selected an example for both the molecules to show the effects
induced on the structural properties by the Si-atoms insertions, ana-
lyzing the consequences as a function of the numbers of C-atoms re-
placed. In particular, we focus our attention on the trimer substitution
for both the species, since this modified configuration largely loses
the flatness typical of the Circumacenes (see Fig.16). For Coronene,
we have chosen the configuration with the trimer substitution placed
on the central ring (see Fig. 17, according to which the corresponding
Si atoms are represented in yellow and indicated by numbers 1,2,3).
In the case of Ovalene, the atoms labeled by B, C, D composed the
substituted trimer. The interatomic bond lengths are shown in Tab. 1,
where Si-C, Si-Si, C-C atomic distances are reported for these two spe-
cific configurations, labeling the selected atoms as indicated by Fig. 17.
The percentage deviations of interatomic distance between C-C atoms
that compose the parent molecules are also shown (the average C-C
bond lenght value for the unperturbed compounds (C − Cunp) is 1.43

Å). We analyzed quantitatively how the distances in the ring in which
Silicon atoms are inserted have been modified in comparison to the
original structures. In the case of trimer substitutions, the distortions
are consistent and concern the global structure, that clearly loses its
planar appearance (see, for example, Fig. 16). On the contrary, in the
case of some single and double substitutions, after the present calcu-
lations, minor strain of the rigid structure take place, but in general,
for both Coronene and Ovalene, the deformations are only local and
they determine a change of the interatomic bond lengths, without any
loss of planar feature.
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(a) (b) (c) (d)

Figure 16: Coronene (a,c) and Ovalene (b,d) with a Si-trimer substitution
placed in an internal molecular area.

(a) (b)

Figure 17: Coronene (a) and Ovalene (b) with a Si-trimer substitution in
which Si and C atoms are labeled by letters and numbers, as re-
ported in Tab. 1.

In particular, the modifications imply that for Coronene the C-Si
bond deviation with respect to the corresponding C-C bond of the
unsubstituted system goes from ∼ 20% to 26%. Similarly for Ovalene,
the calculated percentage change of the C-Si bond in comparison with
the C-C one results in the range of 22%− 30%. Moreover, the distance
connecting two Si atoms (Si-Si bond) is larger in the case of Ovalene
(with an increase of ∼ 47% compared to the C-C bond) if compared
to the Coronene one (∼ 36%). Our results confirm larger deformation
provoked by the insertion in Ovalene molecule (see Tab. 1). On the
contrary, C-C bond length, in the case C2 − C3 and C4 − C7, in the
substituted Ovalene is subjected to a reduction of ∼ 4% as compared
to the pure geometry, while for Coronene the C-C bond for C2 − C3

and C3 − C6 show a negligible variation (∼ 1.4%). This result proves
that, according to the chemical modification, different effects takes
place depending on the position in which it has been made as well
as on the system under study. After the presented outcomes for Si-
atoms insertions the here considered isolated molecules seem to offer
a different scenario in comparison to the infinite Graphene sheet [80,
144]. This point, therefore, needs additional focused experimental and
theoretical studies to be completely understood.

3.5 electronic properties

From DFT calculations (see Tab.2), we observed that Ovalene ground-
state total energy (-33.4 keV) exceeds by 33% the Coronene one (-
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Table 1: Interatomic bond lengths between C-Si, Si-Si and C-C atoms for the
two selected substituted molecules with a Si-trimer. The percentage
variations with respect to the C-C unperturbed distance (C − Cunp)
are also shown. Numerical and alphabetical labels are made accord-
ing to Fig. 17.

CORONENE Å (%) OVALENE Å (%)

C − Cunp 1.43 − C − Cunp 1.43 −

C1 − Si1
1.78 19.7 C1 − SiB

1.84 22.3

C2 − Si1
1.80 25.9 C2 − SiB

1.84 22.3

C5 − Si2
1.92 25.5 C4 − SiD

1.92 25.5

C6 − Si3
1.80 25.9 C6 − SiC

1.92 25.5

C4 − Si3
1.78 19.7 C5 − SiD

2.04 29.9

Si1 − Si2
2.22 35.6 SiB − SiC

2.68 46.6

Si2 − Si3
2.22 35.6 SiB − SiD

2.69 46.8

C2 − C3
1.45 1.37 C2 − C3

1.37 -4

C3 − C6
1.45 1.37 C3 − C4

1.45 1.38

C4 − C7
1.37 -4

25.1 keV): this is a consequence of the larger electrons numbers in-
volved.Exploring the effects of Silicon insertions, we verified that the
ground-state energy increases, in absolute value, in the range between
∼ 27− 82% (∼ 20− 61%) comparing the Coronene (Ovalene) and its
modified configurations, from single to triple substitutions, respec-
tively.
This signifies that in the case of each substituted configuration, the ef-
fects of Silicon inclusions imply a growth of the energy stability with
respect the corresponding original parent and in addition, this result
for Coronene is larger than Ovalene [93].

Tabs. 2 and 3 report the computed data for ground and excited
states of Coronene and Ovalene and their selected substituted con-
figurations, as previously indicated (the percentage deviations have
been calculated with respect to Coronene).

Firstly, we consider the comparison between the original molecules,
indicating the percentage variation for each observable, going from
Coronene to Ovalene and then for their substituted geometries. In re-
lation to ground-state total energies, all Ovalene configurations present
deeper energies than those of Coronene (this is expressed with an in-
crease, in absolute value, of the ground-state total energy (EN0 ) as a
consequence of the increase in the number of electrons).
For Ovalene, EAV is ∼ 26 times larger with respect to the Coronene
one, while for the IEV , the situation is reversed, since this observable
results larger by ∼ 9.8% for Coronene (6.85 eV) than Ovalene (6.18 eV).
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Table 2: Ground-state total energies, EN0 , for Coronene and Ovalene sub-
stituted molecules (single (S), dimer (D) and trimer (T) Si-atoms
insertions).The percentage deviation, calculated with respect to
Coronene to the corresponding Ovalene molecule, is also reported.

Ground-state Total Energies

EN0 (keV) (%)

CORONENE -25.1 -

S -31.9 -

D -38.8 -

T -45.6 -

OVALENE -33.4 +33%

S -40.2 +26%

D -47.1 +21.4%

T -53.9 +18.2%

Consequently, the corresponding QP gaps (Egap) are of the same or-
der of magnitude, 6.82 (5.40) eV for Coronene (Ovalene), respectively.
Note that, only in the case of Coronene EAV , the calculation has been
performed using the 6− 31+G∗ basis-set (which includes the atomic
diffuse functions), instead of the 6− 31G∗, to overcome an anomaly in
the value obtained for that observable [129], with the resultant value
of EAV=0.39 eV . All the data reported in Tab. 3 have been calculated
for coherence with the same basis-set (6− 31G∗), but we decided that,
to make possible a connection with the available theoretical/experi-
mental data for the Coronene EAV , the implementation of the diffuse
functions included in the 6− 31+G∗ basis-set (see Tab. 4) has been
required. Some of the same data are shown by Fig. 18 with an energy
level depiction for Coronene and Ovalene 1.

Now we consider the effects induced by Si-atoms substitutions,
switching from Coronene on Ovalene, followed by the same effects
passing from the pure molecule to the substituted ones. As shown
in Tab. 3, there is an increase in the vertical electron affinities, going
from Coronene to Ovalene, for each type of substitution (from 45% to
600%), while, on the other hand, the vertical ionization energies and
the fundamental gaps show a general lowering (of ∼ 7% and from
∼ 12% to 18%, respectively).The analysis of the substitutional effects
on the electronic properties, with respect to its original compound,
follows.
We found that for Coronene (Ovalene)EAV the variation range oscil-
lates between ∼ +300− 1900% (4− 13%), considering the minimum

1 The illustration by Fig. 18 takes into account the Coronene EAV = 0.39 as obtained
with the 6− 31+G∗ basis-set, to make possible a more consistent link with the data
from the literature reported in Tab. 4. For Eopt and Egap see the dedicated following
section.
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Table 3: Vertical electron affinity (EAV ), ionization energy (IEV ) and funda-
mental gap (Egap) for Coronene and Ovalene substituted molecules
(with single (S), dimer (D) and trimer (T) insertions). The percent-
age deviation, passing from Coronene to Ovalene corresponding
system, is also reported. All the values are given in eV.

EAV IEV Egap

CORONENE 0.03 6.85 6.82

S 0.11 6.43 6.32

D 0.31 6.37 6.06

T 0.6 6.24 5.64

OVALENE 0.77 − 6.18 (-9.8%) 5.38 (-20.8%)

S 0.80(+600%) 5.95 (-7.5%) 5.15 (-18.5%)

D 0.81 (+161%) 5.96 (-6.4%) 5.14 (-15.2%)

T 0.87 (+45%) 5.80 (-7%) 4.93 (-12.5%)

Table 4: Theoretical and experimental data (in brackets after literature) for
the electron affinity (EAV ) and the ionization energy (IEV ) for
Coronene and Ovalene, as obtained by Ref. [83] and Ref. [97], re-
spectively.

EAV IEV

CORONENE 0.38 (0.47 ± 0.090) 7.08 (7.29 ± 0.03)

OVALENE 1.10 (–) 6.41 ( 6.71 )

and the maximum value. For IEV , we recorded a decrease included
in the range of ∼ 6− 9% (∼ 3− 5%) for Coronene (Ovalene). The re-
duction of Egap with respect to the corresponding original parent is
of ∼ 7− 10% (∼ 4.5− 8.5%) in the case of Coronene (Ovalene).

Moreover, in Tab. 4 have been presented the theoretical and experi-
mental data (in brackets) for EAV and IEV of Coronene and Ovalene,
as obtained by Ref. [83] and Ref. [97], respectively. For the electron
affinities, we have found that the theoretical (experimental) values
differ from our calculated data by ∼ +2%(−17%) and by +30% for
Coronene and Ovalene, respectively. While for the ionization ener-
gies we recorded theoretical (experimental) values larger by +3.2%
(+6%) and +3.6%(+8%) for Coronene and Ovalene, respectively [93].

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



3.6 optical properties 49

Figure 18: (Left) Vertical electron affinities (red lines), vertical ionization
energies (blue lines) and fundamental gaps (black arrows) for
Coronene (left) and Ovalene (right). (Right) Fundamental gaps
(green lines), optical onsets (light blue lines) and exciton binding
energies (black arrows) for Coronene (left) and Ovalene (right).

3.6 optical properties

For the optical absorption of the modified systems we have performed
the calculations for all the possible substitutions considered in the
present work, but for brevity, we present the results for the selected
systems, because of the large number of molecules (all the details
can be found in the additional material of Ref. [93]). In what follows
we particularly analyze the optical properties only of the modified
systems selected with the criterion of the minimum ground-state to-
tal energy (see the dedicated subsection "Silicon-atoms substituted
configurations"). In particular, our calculated spectra reproduce the
absorption cross-section (in arbitrary units [a.u.]) as a function of en-
ergy (in [eV].) Fig.19 displays the pure molecules absorption spectra
in comparison, while Fig. 20 and 21 show the absorption spectra for
Coronene and Ovalene in the visible/near-UV region up to 5.5 eV, as
obtained after B3LYP/6− 31G∗ TDDFT calculations, for each substi-
tuted configuration with the corresponding original counterpart.

Tab. 5 reports the wavelengths of the main peaks appearing in
the cross-section of Coronene and Ovalene here calculated with the
main peak in the experimental absorbance of Graphene after Ref.
[146]. While Coronene and Ovalene, can be considered as nanometric
portions of infinite Graphene sheets, show spectra with a rich struc-
ture of different peaks, the experimental absorbance of Graphene is
distinguished by the presence of a single dominant structure, quite
broaden, which covers roughly the same wavelength range. In fact,
the presence of only one absorption peak, located around 275 nm
and the characteristic steep rise for wavelengths shorter than 250 nm,
could be observed.
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Figure 19: Absorption spectra of Coronene (blue) and Ovalene (red) after
present calculations. The visible range is also highlighted. Figure
taken from Ref. [93].

Table 5: Dominant peaks positions (in wavelength) in the cross-sections of
Coronene and Ovalene, after the here presented calculations as
compared to the experimental absorbance peak for Graphene as
obtained by Ref. [146].

λ (nm)

GRAPHENE 275

CORONENE 300

OVALENE 340

On the other hand, both Coronene and Ovalene, present the dom-
inant peak at larger wavelengths, at around 300 and 340 nm. The
computed data for the Coronene and Ovalene optical properties and
those of their substituted systems are reported in Tab. 6. From these
results we noted that a general reduction of the optical onsets (Eopt)
and of the main peaks between the substituted-systems (for single,
dimer and trimer insertions) and their original parent takes place
as a function of the number of the inserted Silicon atoms, for both
Coronene and Ovalene. In particular, in the case of Coronene (Ova-
lene) Eopt reduction oscillates in the range 27.6− 37.3% (7.7− 17.6%)
considering the single and the triple Si-atoms substituted configura-
tions. For what concerns the dominant peak position in energy the
variation is included in the range of ∼ −7.2− 6.3% (−4.3− 10.8%), in
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Table 6: Optical onset (Eopt), exciton binding energy (Ebind) and the energy
corresponding to the dominant peak position (D. P. P.) in the ab-
sorption spectrum for Coronene and Ovalene substituted molecules
(with single (S), dimer (D) and trimer (T) insertions). The percent-
age deviation has been calculated with respect to each Coronene
configurations. All the values are given in eV.

Eopt Ebind D. P. P.

CORONENE 4.16 2.66 4.16

S 3.01 3.31 3.86

D 2.87 3.19 3.62

T 2.61 3.03 3.48

OVALENE 2.72 (-35%) 2.68(+0.8%) 3.73 (-10%)

S 2.51 (-17%) 2.65(-20%) 3.57 (-8%)

D 2.49 (-13%) 2.64 (-17%) 3.41 (-6%)

T 2.24 (-14%) 2.69(-11%) 3.33 (-4%)

the case of Coronene (Ovalene). Finally, analyzing Ebind, for both the
molecules deviations take place around +13.9− 24.4% for Coronene
and +0.4− 1.5% for Ovalene, respectively.

More in detail, from Fig. 19, we observed that the absorption spec-
trum of Coronene is characterized by the presence of two principal
peaks: the main one, corresponding to the optical onset (Eopt), falls
at 4.16 eV and an other transition at 6.14 eV, both in the UV range. On
the other hand, in the case of Ovalene, more peaks appear in the same
considered range. In particular, Eopt of Ovalene is distinguished by
the main peak and it is redshifted by 1.44 eV with respect to Coronene
Eopt, with the main structure placed at 3.73 eV. Therefore, Ovalene
starts to absorption in the visible, rather than in the UV, as Coronene.
For the modified systems, for all the types of substitutions (single,
dimer, trimer ones), we found that the insertion of Silicon atom/s has
as general prevailing consequence the redshift of either the optical
onsets or the dominant peaks. Hence, the optical absorption range of
all the modified compound is redshifted with respect to those of the
pure parents with a redistribution of the absorption structures in the
UV range. At fixed substitution, the redshift of the absorption spectra,
relative to the main peak, either for Coronene and Ovalene is of the
order of ∼ 10%. In addition, we have also found that in one case of
the trimer-substituted clusters, for both Ovalene and Coronene, the
absorption edge takes place in the IR (at ∼ 1 eV).

The main tendency registered for the substituted molecules spec-
tra is a reduction of the peaks amplitude, combined with a redistri-
bution of the intensity in the considered energy range and a greater
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Figure 20: Absorption cross-sections [a.u.] of the selected Coronene substi-
tuted systems (with single, double and triple Si-atom insertions)
as compared to the corresponding original compound (black
curve).

structural richness with respect to the pure systems. The most consis-
tent analogy between Coronene and Ovalene has found to be that all
the Si-substituted clusters show optical absorption more focused in
the UV, instead of in the visible. Moreover, a meaningful result after
Silicon insertions, is represented by a translation of the optical absorp-
tion structure for the substituted systems with respect to their pure
counterparts towards the visible. In particular, for both substituted
Coronenes and Ovalenes, Silicon insertions give rise to a redshift of
the absorption onset as predicted by the fundamental gap reduction
reported by ∆SCF calculations [21] (see Tab.3).

3.7 final discussion

We have presented a systematic comparative investigation on the elec-
tronic, optical and morphological properties of Coronene and Ova-
lene molecules in their original and substituted forms (with individ-
ual Silicon atoms, Si-dimers and Si-trimers). Concerning the morpho-
logical properties, we observed that some trimeric insertions (either
for Coronene or Ovalene) are the responsible substitutions which pro-
voke consistent deformations extended in the out-of-plane molecular
directions. Other calculations, executed with different substitutional
sites, have shown different behaviors in terms of out-of-plane distor-
tions: for example, some peripheral substitutions did not manifest
this effect, keeping the planar appearance. We expect that as a func-
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Figure 21: Absorption cross-sections [a.u.] of the selected Ovalene substi-
tuted systems (with single, double and triple Si-atom insertions)
as compared to the corresponding original compound (black
curve).

tion of increasing Si atoms substituted, there would be larger or mor-
phologically different molecular deformations.
We have computed electron affinities, ionization energies, fundamen-
tal gaps, optical onset energies and absorption spectra. We have found
larger values of the ground-state energies for all the substituted con-
figurations with respect to the original counterparts. In both Coronene
and Ovalene, we have ascertained a general reduction of the funda-
mental gap and optical onset energies as a consequence of the chemi-
cal modification.
Dealing with the optical properties, for each type of substitution, the
absorption spectra present a redshift of the optical onsets and a re-
modeling of the main peaks intensity. In addition, in one case of Si-
trimer substitution, for both Coronene and Ovalene, the absorption
edge takes place in the IR (at ∼ 1 eV), rather than the in visible (Ova-
lene) or in the UV (Coronene).
The here presented evaluation on the Si-atoms substitutions effects
on several physical observables, considering the two first members
of Circumacenes, could be helpful in the choice of the best substitu-
tional path to be found to enhance specific excitation properties of
these molecules for both applications in optoelectronic devices and
condensed matter physics fundamental research.
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4
E L E C T R O N I C A N D O P T I C A L P R O P E RT I E S O F
B O R O N - N I T R I D E ( B N ) C I R C U M A C E N E S

4.1 introduction

One of the main properties of PAHs is that they show tunable elec-
tronic and optical features and, as compared to polymers, their mod-
ification with strong electronegative substituents may be an effective
approach for converting p-type organic semiconductors to n-type. In-
deed, typically, n-type materials based on PAHs are obtained by the
attachment of strong electron withdrawing groups, such as CN, to
the conjugated core, or by the peripheral substitutions of hydrogens
with halogen atoms (in particular F and Cl), as previous studies show
(see Ref. [111]). It has also been established that an efficient strategy
for tailoring the electronic, magnetic and physico-chemical properties
of Graphene-related materials consists on the controlled introduction
of substitutional defects (chemical doping)[108]. Among these com-
pounds, the role played by the Circumacenes (Coronene, Ovalene, Cir-
cumanthracene, Circumtetracene, and Circumpentacene are the first
five members of the family here analyzed) has recently pointed out,
thanks to their promising properties [56, 111], as already mentioned.
Moreover, these planar and symmetric molecules could cover a signif-
icant position since they can be considered as finite portions (typically
with a nanometric size) of Graphene, their infinite counterpart [48].
Beginning with the surge of Graphene and Carbon-based material
research, the way in the investigation of other 2D nanomaterials has
soon opened: this is the case of the two-dimensional Nitrides (AlN,
GaN, InN, TlN..) and in particular, in our case, the 2D Boron-Nitride
(BN)[91],[41]. 2D materials over Graphene show several advantages:
they show peculiar and versatile physical properties, like tunable
band gap or electron conductivity and, for this reason, they can be
employed in innovative optoelectronic or FET devices [131]. The BN,
compound formed by the union of Boron and Nitrogen atoms in the
same amount, presents different crystalline forms, isoelectronic with
respect to the elementary Carbon-made structure, among which there
are [18, 115]:

• the cubic form (c-BN), analogous of diamond (softer than dia-
mond but with higher chemical and thermal stability);

• the hexagonal form (h-BN), the counterpart of the C-made graphite
(this is the most stable and soft form among BN polymorphs);

55

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



56 electronic and optical properties of boron-nitride (bn) circumacenes

Figure 22: Coronene (up) and Circumpentacene (bottom) molecules and
their BN counterparts (right), which are the smallest and the
biggest member of the Circumacenes family here considered. C
atoms are indicated in gray, H in white, N in blue and B in pink.

Furthermore, the BN compound is also renowned to be one of the
most thermally and chemically resistant materials among those ac-
tually known [115]. c-BN shares many of its properties, structures,
processing and applications with carbon. Its extreme hardness, wide
energy band gap, low dielectric constant, and high thermal conduc-
tivity are very close to those own of diamond [19]. Nevertheless,
despite of these structural analogies among the two species, many
differences between the BN-made compounds and the C-based ones
also take place, especially from a chemical-physical side. These diver-
gences, manifested through properties own of each of the two ma-
terials, are mostly due to the different nature of the chemical bond
involved: for example, while graphite is a conductive semi-metal, h-
BN is an insulator [134]. However, it is certain that, 2D BN-based
nanostructures are believed to be promising candidates for different
technologic devices and applications: going from microelectronic de-
vices, wear-resistant lubricants, vacuum technology to deep UV LED,
Graphene-engineering, x-ray lithography masks [19]. Finally, their
emerging role could open new way into biological and medical fields
applications [77]. In this last context, the synthesized BN-nanotubes
(BNNTs), were investigated for their potential use as drug and gene
transporter in biomedical applications or tissue scaffolds, after the
evaluation of their non-toxicity and their biocompatibility [65][34]. In
particular, our results concerns the optical properties: we found that
the substantial difference between the two families is that the BN
molecules absorb in the UV, instead of in the visible as the C-made
parents.
In the following discussion we expose a comparative computational
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analysis on the electronic and optical properties of some representa-
tive BN planar molecules thanks to their attractive properties of in-
terest for potential applications in condensed matter physics [9, 100,
113]. In particular, we have selected the first five members of the Cir-
cumacenes family (from Coronene to Circumpentacene (see Fig. 22),
studying their BN-made counterparts. Our results with existing pre-
vious data from the literature, could have possible implications in
different theoretical branches and experimental applications, opening
new ways for a better comprehension of the BN clusters properties
as compared to their C-made counterparts. Implications on the band-
gap and exciton engineering behaviors, for example, could be useful
to envision potential new optical applications [96].

This part of the work is contained in a publication under revision
(see ...) focused on a systematic comparative study of BN-Circumacenes
opto-electronic properties versus their original carbonaceous counter-
parts.

4.2 computational details

According to recent studies [21, 92–94, 111], we have performed ge-
ometric optimizations using a localized gaussian basis-set, 6− 31+
G∗, in combination with the hybrid exchange-correlation functional
B3LYP [7, 73, 124]. The basis-set is composed by a valence double-ζ
set augmented with d polarization functions for each atom (the inclu-
sion of the diffuse functions is indicated by the + sign) [3]. The B3LYP
as exchange-correlation potential has been chosen, since, with respect
to other possibilities (e.g. the PBE - Perdew-Burke-Ernzerhof [38]), re-
produces better results for different clusters of PAHs molecules, for
both the ground-state and the excited one, as it has been previously
demonstrated[17, 21, 22, 71, 85] and presented in Chapter 3.
Actually, several works shows that even if B3LYP functional has been
developed in principle for ground-state calculations, this hybrid func-
tional also (in some limited cases) shows reliable behavior if em-
ployed to excited states calculations and yields accurate results in the
case of low lying valence excited states of both closed-shell [4] and
open-shell species [52, 53]. More precisely for the case of conjugate
aromatic molecules the work of Ref. [85] and other papers previously
published (see Ref. [21] and Ref. [22]) show a fair comparison between
experimental and calculated (B3LYP/6− 31+G∗ framework) values
for electronic properties (e.g electron affinity, first and second ioniza-
tion energy, QP gaps) and optical properties (optical onset and optical
absorption spectra in the range of near IR, visible and near UV). For
the above reason we decided to maintain the previous computational
framework (basis-set and XC functional) for the calculations of the
excited states of the molecules under study.
We performed all the DFT [69] and Time dependet-DFT (TDDFT)
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[89] calculations as implemented in the Gaussian16 computational
code[44] (an all electrons gaussian-based package). In particular, for
the ground-state and the electronic properties (e.g electron affinities,
ionization energies and quasi-particle (QP) gaps) the DFT method
has been employed, for all the molecules analyzed. Subsequently, we
have used the time-dependent DFT to obtain the optical properties
(optical onsets, exciton binding energies) and to work out the absorp-
tion spectra from the visible up to the UV range (covering the middle
ultraviolet (MUV [4.13-6.20 eV]) and far ultraviolet (FUV [6.20-10.16

eV])[70]). In particular, for the computation of the poles of the polar-
izability function in the frequency domain the Casida computational
scheme has been used (these poles correspond to the vertical excita-
tion energies, while their strengths represent the oscillatory strengths
[15]).
Finally, we used the ∆SCF scheme[62, 87], through which the vertical
electron affinities (EAV ) and ionization energies (IEV ) can be calcu-
lated as differences between the ground-state total energy of the neu-
tral system, E0N, and the energies of the charged species (the anion
E0A and the cation E0C, respectively), at the neutral geometry.
According to the ∆SCF method, we can obtain the quasi-particle (QP)
gap, as defined by the expression 36. Related to this, from the knowl-
edge of Eopt, the first optically active transition from the absorption
spectrum, an estimate of the exciton-binding energy could be given
through the difference expressed by equation 49 [29, 71]. More in
details, we have performed the geometrical optimizations for all the
considered structures: for all of them (neutral and ±1 charged) we
used the Tight convergence criteria as implemented in Gaussian16
[44]. The numerical values of convergence parameters correspond-
ing to the Tight keyword in the package are: Maximum Force 0.000015

Ha/Bohr, RMS Force 0.000010 Ha/Bohr, Maximum Displacement 0.000060

Åand RMS Displacement 0.000040 Å. Within TDDFT relatively to the
frequency-space implementation, for the absorption spectra, we set
the default integration grid of Gaussian16 and the default conver-
gence criteria for the SCF cycles (more precisely these values are 10−6

for the energies ∆Etot for each SCF cycle and 10−8 for the wavefunc-
tions).

4.3 morphological properties

Substitutions of carbon (C) with boron (B) and nitrogen (N), neigh-
bors of C in the periodic table, in PAHs and in their functionalized
compounds, have attracted a vivid interest for quite some years now.
B-N is isoelectronic with C-C, and h-BN has similarities to graphite.
B-N replacement of the C-C units in the PAHs, even if does not al-
ter the structural appearance, provokes deep modifications in their
chemical and physical properties [12].
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Figure 23: Coronene molecule (left) and BN-Coronene (right). C atoms are
represented in gray, H in white, N in blue and B in pink. The
distance a (b) connected two C-C (B-N) atoms is also indicated.

Table 7: Calculated interatomic distances (green) in comparison with the
data as obtained by Ref. [114] (red). All the values are given in Å.

Molecule Avg. A-A

C 1.41 1.41

BNC 1.44 1.38

In particular, we focus on the interatomic distances only in the
case of the smallest molecules of the cluster: Coronene (C) and BN-
Coronene (BNC) (see Fig. 23). After the optimization, we have calcu-
lated that the average bond length connected two C-C atoms, in the
case of C, is ā = 1.41Å, while in the case of the distance between B-N
atoms, for the BNC, the same length has found to be b̄ = 1.44Å.
The result for the C-made molecule is in accordance with that after
Ref. [114] (in red in table), while for the BN-one the percentage de-
viation is of the order of 4%. We have also calculated the average
distance between the two adjacent hexagons centers, indicated, as c̄
and d̄ for C and BNC, respectively (see Fig. 23). We found c̄ = 2.48
Åand d̄ = 2.51 Å, with a deviation of ∼ 1%. This fact is in analogy
with the slight larger value of the in-plane lattice parameter of the
bulk h-BN and that of graphite.
Finally, as previous our studies confirmed (see Ref. [92, 93]), all the
molecules under exam preserve the planar appearance typical of the
Circumacenes and this fact is valid also for each member of the BN-
made family (see Ref. [94] focused on the case of Coronene). On the
contrary, other calculations, performed considering Si-atoms substi-
tutions (see Ref. [92, 93] for more details), have shown different be-
haviors in terms of distortions: some substituted configurations, for
example, present large deformations extended in the ’out-of-plane’
directions. This phenomenon did not manifested in the case of the
BN compounds.
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4.4 electronic properties

In the following discussion, for brevity, the molecules under exam
will be indicated respectively by the acronyms in brackets: Coronene
(C), Ovalene (O), Circumanthracene (CA), Circumtetracene (CT) and
Circumpentacene (CP) and their corresponding Boron-Nitride coun-
terparts by the same acronyms with the suffix "BN". Figs. 24 and 25

show the behavior of the electronic properties (vertical electron affin-
ity (EAV ), vertical ionization energy (IEV ) and quasi-particle energy
gap (Egap) as a function of the molecular size for each family and
respectively for the Circumacenes and their BN counterparts, as ob-
tained after DFT calculations.

Figure 24: Computed electronic properties as a function of size for Circum-
acenes: vertical electron affinity (EAV ), vertical ionization energy
(IEV ) and QP energy gap (Egap). All data are reported in eV in
Tab.8.

Figure 25: Computed electronic properties as a function of size for BN-
Circumacenes: vertical electron affinity (EAV ), vertical ionization
energy (IEV ) and QP energy gap (Egap). All data are reported in
eV in Tab. 8.
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The same computed data are reported in Tab. 8, in which the devi-
ation for each observable has been calculated with respect to the cor-
responding C-made parent. We firstly propose a description on the
behavior of the electronic properties analyzed, separately, family by
family, followed by a final comparison between the two species. From
Fig. 24 we noted that an increase of EAV , a decrease of IEV and a con-
sequent reduction of Egap, take place as the molecular size rises. This
trend for each electronic observable is similar in the case of the BN-
made family, but with the difference that the deviations as a function
of the molecular size are strongly reduced: in fact, as shown in Fig.
25 the trends of the points simulate curves almost flat as the molecu-
lar dimension increases. To show a comparative depiction about the
size effects on the electronic properties, Fig. 26 presents the behavior
of the above mentioned observables (EAV , IEV and Egap) through a
level representation, analyzing the smallest and the largest molecule
of the two species (C vs BNC and CP vs BNCP, respectively). From
C (BNC) to CP (BNCP), we observe a rise of the vertical affinity, a
decrease of the ionization energy and a consequent lowering of the
QP gap.

Figure 26: Vertical electron affinities (red lines), vertical ionization energies
(blue lines) and fundamental gaps (black arrows) for C, BNC, CP
and BNCP, from left to right, respectively.

These effects are lightly higher in the C-made family, considering
that the percentage variation, going from C to CP, are ∼ +500%, −24%
and −54% for EAV , IEV and Egapvertical electron affinity, respec-
tively. In the case of BN compounds, for the same observables, we
found (going from BNC to BNCP) percentage deviations of the or-
der of ∼ +135%, −7% and −11%. Passing from a C-made molecule
to its corresponding BN-made counterpart, we found a general re-
duction of EAV and a rise of IEV and the Egap, while an increase of
IEV and Egap has been observed from the original Circumacenes to
their BN analogues. In particular, in the case of the C-made family,
we observed that EAV presents always positive values, while for the
BN-made counterparts this observable shows a change in the sign oc-
curring inside the family. In fact, the first three molecules (BNC, BNO

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



62 electronic and optical properties of boron-nitride (bn) circumacenes

Table 8: Vertical electron affinity (EAV ), vertical ionization energy (IEV )
and fundamental gap (Egap) for C, O, CA, CT and CP molecules
and their corresponding BN-made counterparts (BNC, BNO, BNCA,
BNCT and BNCP). The (%) variation of each observable is com-
puted with respect to the original C-made molecule. All the values
are given in eV.

Molecule EAV IEV Egap

C 0.39 7.07 6.68

BNC -0.26 (-167%) 8.45 (+19.5%) 8.71 (+30.4%)

O 1.11 6.41 5.30

BNO -0.14 (-112%) 8.13 (+26.8%) 8.27(+56%)

CA 1.63 5.94 4.31

BNCA -0.05 (-103%) 7.96 (+34%) 8.01 (+85.8%)

CT 2.02 5.60 3.58

BNCT 0.02 (-99%) 7.87 (+40.5%) 7.85 (+119%)

CP 2.31 5.35 3.04

BNCP 0.09 (-96%) 7.81 (+45.9%) 7.72 (+154%)

and BNCA) have a negative vertical electron affinity (in any case these
last values are, however, close to zero), while BNCT and BNCP report
positive values.
In general, the stability of either the neutrals or the anions increases
with the dimension of the molecule: the only exceptions are the an-
ions of BNC, BNO and BNCA, whose ground-state energies are lower
with respect to those of the neutrals (for more details see the Ap-
pendixl). For what concerns IEV , for both the families, this physical
observable show a monotone decreasing trend as the molecular size
increases. The effect of the trends for the ionization potential and the
electron affinity cause a reduction of the QP-gap with respect to the
rise of the cluster size. The other important point is that, considering
the fixed dimension, in the passage from the carbonaceous to the BN-
made molecules, a large increase of the QP gap takes place: e.g. going
from CP to BNCP the QP-gap is more than doubled.

4.5 optical properties

Figs. 27 and 28 display the optical absorption spectra for the Cir-
cumacenes and their BN-made counterparts, respectively, as obtained
after TD-DFT calculations. The above mentioned spectra have been
purposely represented with different x-ranges since the two families
present a different absorption range: in particular, the absorption of
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the Circumacenes takes place from the IR to the UV (∼1-7 eV), while
in the case of the BN-family it is shifted towards the UV region from 5

up to ∼ 9eV. Figs. 29 and 30 show the optical properties (main peak po-
sition (M.P.), optical onset (Eopt) and exciton-binding energy (Ebind)
as a function of the molecular size for each family and respectively for
the Circumacenes and their Boron-Nitride counterparts, as obtained
after TDDFT calculations. The same computed data are shown in de-
tails in Tab. 9, in which the deviation for each observable has been cal-
culated with respect to the original corresponding C-made molecules.
Similarly to the previous section, firstly, we propose a description of
the observed trend for each family a part, followed by a comparison
between the two species analyzed. From Fig. 27 a general redshift of
the optical onsets takes place as a function of the molecular size (from
4.09 eV (C) to 1.18 eV (CP)) can be observed. The absorption concerns
part of the visible and the UV range. The dominant peaks in the onset
region are located in the range 2.87-4.09 eV with a trend that follows
the molecular size. A similar behavior has been noted for the opti-
cal onsets and the exciton-binding energies (see Fig. 29). Moreover,
a monotonous trend can be found also for the exciton-binding en-
ergies, as the molecular dimension increases, that oscillates between
1.86-2.61 eV, following the cluster size (see Fig. 29). Please, consider
that only in the case of C Ebind has been calculated with respect to
the first root of the absorption spectra (with O.S. smaller than 10−4)
for the sake of consistency with the trend found for also for the other
member of the family.

Figure 27: Absorption spectra (absorption cross-section [a.u.] as a function
of energy [eV]) for the Circumacenes (from Coronene to Circum-
pentacene from top to bottom, respectively).
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Figure 28: Absorption spectra (absorption cross-section [a.u.] as a function
of energy [eV]) for the Boron-Nitride-made Circumacenes (from
BN-Coronene to BN-Circumpentacene from top to bottom, re-
spectively).

For the BN-clusters from Fig.28 and Tab. 9 we found that a general
redshift of the optical onsets takes place as a function of the system
size (from 6.22 eV (BNC) to 5.82 eV (BNCP)), with small variations
dependently on the cluster size. The main peaks in the onset region
are nearly localized around 6.4 eV. No BN-made molecule here stud-
ied absorb in the visible range: the absorption takes place in the UV.
For the exciton-binding energies a reduction takes place as a function
of the molecular size (going from 2.49 eV to 1.9 eV) (see Fig. 30) as
verified for the C-made parents.

Going from C-made molecule to its corresponding BN-one, we ob-
serve a blueshift of the dominant peaks and the optical onsets (see
Tab.9 and Fig. 27 and Fig. 28). In the case of the exciton-binding en-
ergy we confirm the decrease previously encountered for the C-made
family, but with a minor slope. (see Tab. 9 and Fig. 30).
Concerning the dominant peaks, while for the BN-made molecules
the position in energy of the main peak at the onset is almost fixed,
for the C-made original parents a redshift, from the smallest (C) to
the largest member (CP), takes place. Regarding the optical onsets,
both the families are characterized by an homogeneous redshift as
a function of the molecular size. On the contrary, dealing with the
exciton-binding energies, a general decrease as the molecular dimen-
sion increases takes place in both the species.

As in the previous section, we propose a comparative analysis of
the optical properties through a graphical depiction for the size ef-
fects, presenting the results for C to CP on one side and BNC and
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Figure 29: Computed optical properties as a function of size for Circum-
acenes. From top to bottom: energy relative to the main peak
(M.P.), optical onset (Eopt) and exciton binding-energy (Ebind).
All data are reported in eV in Tab.9.

Figure 30: Computed optical properties as a function of size for BN-made
Circumacenes. From top to bottom: energy relative to the main
peak (M.P.), optical onset (Eopt) and exciton binding-energy
(Ebind). All data are reported in eV in Tab. 9.

BNCP on the other (see Fig. 31). Passing from the smallest molecule
C (BNC) to the largest one CP (BNCP), there is a lowering of the QP
gap, a redshift of the optical onset and a reduction of the exciton-
binding energy. The effect is slightly stronger in the C-made family,
since the percentage decrease going from C to CP are ∼ −54%, −71%
and −28% for the QP gap, Eopt and Ebind, respectively. For the same
observables, we found in the case of the BN-made counterparts, go-
ing from BNC to BNCP, a deviation of the order of ∼ −11%, +6%
and −24%, for the fundamental gap, the optical onset and the exciton
binding-energy, respectively. Concerning the optical behavior compar-
ison between the two species, the main results may be summarized
as follows:
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Table 9: Energies relative to the main peak position at the onset region
(M.P.O.), optical onset (Eopt) and exciton-binding energy (Ebind)
for C, O, CA, CT and CP molecules and their corresponding BN-
made counterparts (BNC, BNO, BNCA, BNCT and BNCP). The (%)
variation of each observable is computed with respect to the origi-
nal C-made molecule. All the values are given in eV.

Molecule M.P.O. Eopt Ebind

C 4.09 4.09 2.59

BNC 7.44 (+82%) 6.22 (+52%) 2.49 (-4%)

O 3.68 2.69 2.61

BNO 6.29 (+70.9%) 5.86 (+117.8%) 2.41 (-8%)

CA 3.35 2.03 2.28

BNCA 6.38 (+90.4%) 5.84 (+187%) 2.23 (-3%)

CT 3.08 1.54 2.04

BNCT 6.35 (+106.2%) 5.82 (+278%) 2.05 (–)

CP 2.87 1.18 1.86

BNCP 6.34 (+121.7%) 5.82 (+393%) 1.9 (+2%)

• The systems here analyzed are characterized by very different
optical absorption structures, as observed in their spectra (see
Figs. 27 and 28);

• while the C-based molecules spectra present a well definite dom-
inant peak, roughly localized at the threshold of the visible, fol-
lowed by some secondary peaks of minor amplitude, the BN-
made compounds show spectra with a quite broaden absorp-
tion structure, located in a more restricted energy range.

• while in the case of the Circumacenes the absorption takes place
in range that includes the IR, the visible and a portion of UV (1-7
eV), the BN-made counterparts present a characteristic absorp-
tion spectrum limited in the UV (5-9 eV).
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Figure 31: Fundamental gaps (light-blue lines), optical onsets (green lines)
and exciton binding energies (black arrows) for C, BNC, CP and
BNCP, from left to right, respectively.

4.5.1 HOMO-LUMO levels

In several situations in which the molecules are studied or used, e.g.
optical or transport applications, one may be interested in a detailed
knowledge of the charge spatial distribution for states around the
gap: e.g. the HOMO and the LUMO states. Figs. 32 and 33 give a
pictorial representation of the HOMO and LUMO states, as obtained
after TDDFT calculations. Because of the large number of molecules
involved in this systematic study, we only report the smallest and the
largest molecule for each family, that is C and CP and their BN-made
analogues. The plots represent the wave function of the charge den-
sity relative to the frontiers molecular orbitals (FMOs): HOMO is the
acronym for the "highest occupied molecular orbital", while LUMO
indicates the "lower unoccupied molecular orbital". These electronic
levels are significant for both the establishment of the chemical bond
and for the spectroscopic response.

Figure 32: HOMO-LUMO states representation for Coronene and BN-
Coronene. A and C indicate the two HOMO levels, while B and
D refer to the LUMO ones, for the C-made and the BN-made
molecules, respectively.

From Fig.32 we observe that passing from the C-made molecule to
the BN-made one the shape of the wave function completely changes
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for the LUMO level. In this last case, the LUMO level of BNC (D)
present a redistribution of the charge density, which tend to be equal
to zero in the innermost molecular areas, joining towards the periph-
eral ones. A similar behavior for the largest molecule takes place with
a drastic change of the wave function’s shape (see Fig. 33 B and D),
characterized by a charge density accumulation on a side of the sys-
tem. The FMOs figures show that the HOMO and LUMO are delocal-
ized over the entire molecule in all the cases, while for the BNC (see D
Fig. 32) and BNCP (see Fig. 33) the LUMO are localized on the edge
atoms. We have found that our calculated isosurfaces of the C and
BNC as shown in Fig.32 result in accordance with the data available
from the literature, as obtained by Ref. [114] and [107]. In particu-
lar, we verified that our results are in agreement with respect to the
HOMO and LUMO states representation for the BNC as presented
in Ref. [114], despite of the slight difference in the computational
details. It is clear from Figs.32 and 33 that the charge density distri-
bution, either for the HOMO and LUMO states, differs in shape and
symmetry going from C to BNC and from CP to BNCP. This occur-
rence could be the origin of the different nature of the optical onset
transition in the BN clusters (H → L+1,2,3 transitions) with respect
to their carbonaceous counterparts (H → L transitions). This fact is
probably due to the more ionic nature of the BN structures as com-
pared to the original C-based compounds. Moreover, as predicted in
Ref. [114] the larger extent of orbital delocalization at the peripheral
rings could have repercussions on the electronic gap, implicating its
reduction.

Figure 33: HOMO-LUMO states representation for Circumpentacene and
BN-Circumpentacene. A and C indicate the two HOMO levels,
while B and D refer to the LUMO ones, for the C-made and the
BN-made molecules, respectively.
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4.6 perfluorination effect : the case of coronene

In the present section we have selected the Coronene molecule and
its BN-made counterpart to study the effect provoked by the presence
of halogen atoms (Fluorine, in this case) on the electronic and optical
properties 1. This part of the work has been the object of one of our
previous published paper (see Ref. [94] for more details).

Figure 34: Coronene molecule (I) in its BN (II), perfluorinanted (III) and
perfluorineted-BN-made (IV) counterparts. C atoms are indicated
in grey, H in white, F in light-blue, N in blue and B in pink.

4.6.1 Electronic Properties after Perfluorination

In the following discussion, the analyzed molecules will be indicated
by the acronyms in brackets, respectively: Coronene (C), BN-Coronene
(BNC) and the two perfluorinated-species are denoted by the suffix
”p”. Tab. 10 presents the computed data of the electronic properties
for all the molecules under study. For each observable the percentage
variation, calculated with respect to the original parent (C), has been
reported in brackets. Vertical electron affinity (EAV ), vertical ioniza-
tion energy (IEV ) and fundamental gap (Egap) are shown in Fig.35

(A) through a diagrammatic representation.
In the following lines, we have decided to focus in details in a com-

parative description on the electronic properties behavior, analyzing,
in particular, what happens switching from C to BNC and from BNC
to p-BNC. Considering the vertical electron affinity, going from C to
BNC, a decrease nearly ∼-170% takes place. On the other hand, the
perfluorination effect in BNC determines a large rise (of the order of
+200%) of the same observable. On the contrary, for the vertical ion-

1 The perfluorination corresponds to the total substitution of H atoms with F atoms
in the peripheral molecular areas. A similar analysis has been made by Ref. [72].
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Table 10: Vertical electron affinity (EAV ), vertical ionization energy (IEV )
and fundamental gap (Egap) for C, BNC, p-C and p-BNC. The
(%) variation of each observable is computed with respect to the
original C-made molecule (C). All the values are given in eV.

Molecule EAV IEV Egap

C 0.39 7.07 6.68

BNC -0.26 (-167%) 8.45 (+19.5%) 8.71 (+30.4%)

p-C 1.77 (+354%) 8.25 (+16.7%) 6.49 (-2.8%)

p-BNC 0.35 (-10.3%) 9.68 (+36.9%) 9.33 (+39.7%)

ization energy, from C to its BN-counterpart, we have registered an
increase of about 20%. For this observable, the presence of Fluorine
(F) atoms produced a rise of similar entity in p-BNC (of about 15%),
as compared to the corresponding original parent (BNC). For what
concerns the fundamental gap, we observed an increase of ∼ +30%
from C to BNC. In this case, for p-BNC the QP gap increases of ∼+7%
with respect to its original analogue (BNC). The transition from the
C-made molecule to the BN-made one provokes a lowering in EAV ,
an increase of IEV and a consequent rise of Egap.The perfluorination
effect, going to BNC to p-BNC, induces a general raise of all the above
mentioned observables.

Figure 35: (A)Vertical electron affinities (red lines), vertical ionization ener-
gies (blue lines) and fundamental gaps (black arrows) for C, BNC,
p-C and p-BNC, from left to right, respectively.
(B) Fundamental gaps (green lines), optical onsets (light-blue
lines) and exciton binding energies (black arrows) for C, BNC,
p-C and p-BNC, from left to right, respectively.

4.6.2 Optical Properties after Perfluorination

Tab. 11 reports the results for the optical properties, as obtained after
TDDFT calculations, while Fig. 35 (B) shows the trend of some of the
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Table 11: Energies relative to the main peak position (M.P.P.), optical onset
(Eopt) and exciton-binding energy (Ebind) for C, BNC, p-C and p-
BNC. The % variation of each observable is calculated with respect
to the original C-made parent molecule. All values are given in eV.

Molecule M.P.P. Eopt Ebind

C 4.09 4.09 2.59

BNC 7.44 (+82%) 6.22 (+52%) 2.49 (-4%)

p-C 6.44 (+57%) 3.91 (-4%) 2.59 (-)

p-BNC 6.38 (+56%) 6.07 (+48%) 3.26 (+26%)

previous observables through a diagrammatic representation. Also in
this case, we focus in details on the comparison between C and BNC
and BNC and p-BNC.

From the computed data, we noted that both the main peak and the
optical onset of BNC are blueshifted of ∼80% and ∼ 50%, respectively,
as compared to those of C. For what concerns the perfluorination
effect, the presence of F-atoms implicates a redshift of the optical
onset and the dominant peak in the p-BNC with respect to BNC and
respectively of the order of 2% and 14%.

Regarding the exciton-binding energy, this observable remains al-
most constant from a molecule to the following one: in particular, a
negligible reduction (∼ 4%) from C to BNC takes place, while a rise of
∼ 26% is determined as a consequence of the perfluorination in BNC.

Moreover, from Fig. 36 the optical onsets of the BNC and p-BNC are
blueshifted with respect to their C-made original parents: the absorp-
tion is mainly shifted towards the UV region. The typical absorption
structure of the C-based material, characterized by a peak close to 4

eV, in the BN-made molecules spectra is absent and a redistribution
of the intensity at higher energies takes place. In the BN-system the
presence of F-atom, produces a redshift for both the main peak (from
7.44 to 6.38 eV) and for the optical onset (6.22 from to 6.07 eV), as
previously discussed.
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Figure 36: Absorption spectra (absorption cross-section [a.u.] vs energy [eV])
for C, BNC, p-C and p- BNC, from the top to the bottom, respec-
tively.

4.7 final discussion

We have presented a comparative study of Circumacenes and their
BN analogues in the context of DFT and TDDFT methods. Dealing
with the electronic properties, we have found that a lowering of the
vertical electron affinities and a rise of either the ionization energies
or QP gaps take place passing from the C-made to the BN-based sys-
tems.
Dealing with the morphological properties, we confirmed that all
the BN molecules maintain a planar appearance, feature typical of
the Circumacenes. For what concerns the optical properties, we ob-
served that the absorption is localized in the UV for all the BN-based
molecules, unlike their C-made parents which present absorption
spectra located in the visible range aside for Coronene. We have veri-
fied a blueshift of the optical onsets and the dominant peaks for the
BN-made molecules with respect to the original C-made parents.
Moreover, the perfluorination effect, here analyzed in the particular
example only for the smallest member of the family, has similar be-
havior either for the Carbon or the BN compounds. Since one of
the aim of this work is to give a contribution to improve the micro-
scopic understanding of optoelectronic properties of novel 2D mate-
rials, a quantitative comparison of these Circumacenes compounds,
could offer the possibility to predict new properties, through an ap-
proach based on ab-initio simulations.The tunable electronic and op-
tical properties make these BN-nanostructures as promising candi-
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dates for different technological devices, complementary but also in-
novative with respect to the successful Carbon-based counterpart.In
particular, thanks to their UV-absorption feature here analysed, these
BN nanomaterials keep a promising role in the technology linked to
UV optoelectronics, beyond Graphene applications.One of the most
relevant result in the present work is that the electronic observables
and optical properties (e.g. ionization potentials or optical onset ener-
gies) of the BN Circumacenes here studied show slight dependence
from the cluster size. This occurrence is in contrast with the results
obtained for their Carbon counterpart, which, on the contrary, are
strongly related to the molecular size. This fact could have important
consequences on the strategies of choice of the best cluster for suitable
application goals or devices.
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5
C / S I / G E L I N E A R C L U S T E R S

5.1 introduction

Since 2004 the discovery and the synthesis of Graphene [48] has opened
the way to the new 2D-materials generation: its exotic and peculiar
properties leads to the further exploration of its silicon-made and
germanium-made counterparts (Silicene, Germanene)[60]. In fact, ger-
manium, silicon and carbon are very similar, since all three IV group
elements [1], even if each of them is characterized by its own signifi-
cant peculiarities. For example, in their infinite structural appearance,
unlike Graphene, the presence of buckling in Silicene and Germanene
provides an added advantage for them to be integrated with sub-
strates [60]. Secondly, because of the larger atomic number of Ge and
Si as compared to C, these materials present a stronger spin–orbit
coupling, which imply that also a small buckling may increase the
spin–orbit coupling by orders of magnitude [1]. However, these ma-
terials exhibit favorable mechanical, electronic and optical proper-
ties (resistence, flexibility, planar feature, thermal nature, chemical
response... )[90] so much to become ideal systems as for fundamen-
tal research and promising candidates for nanoelectronic applications
[63].
Furthermore, in the optoelectronic context the position occupied by
the linear acenes, compounds composed of laterally fused benzene
rings [37] and the polyciclic aromatic hydrocarbons (PAHs), a large
class of conjugated π−electron systems [85], should be considered
since they are usually used, both in their crystalline and thin-film
state, as active elements in many diverse optoelectronic devices, spac-
ing from solar arrays, light emitting diodes (LEDs), flexible and traspar-
ent displays to liquid crystals and organic thin-film field-effect tran-
sitors. In addition, these systems are of great importance and wide
interest in several research field, ranging from astrochemistry to con-
densed matter physics and material science [86].
These molecules are here analyzed to be nanometric portions of their
infinite counterparts, in their C-Si-Ge made shapes. In the present
work, we consider the Si and Ge-made analogues of the carbon lin-
ear acenes clusters (e.g. Benzene, Naphtalene, Anthracene, Tetracene,
Pentacene and Hexacene, see Fig. 37) up to the sixth member of each
family, in order to explore the different behavior switching from C to
Si and Ge, as compared to the passage from Graphene to Silicene and
Germanene. We present a comparative computational investigation
on the morphological, electronic and optical properties of the each

75
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Figure 37: The linear Acenes family C4n+2H2n+4, with n = 1, .., 6 (Benzene,
Naphthalene, Anthracene, Tetracene, Pentacene and Hexacene).
C atoms are indicated in grey, while H atoms are in white.

above mentioned systems, analyzing the possible similarities and the
differences existing between the various families and the trend char-
acteristic of each cluster as a function of the molecular size.

5.2 computational details

For the ground/excited-state and optical absorption we used the same
DFT and TDDFT as described in chapter 2.Geometry optimizations
have been executed in this case using the B3PW91 hybrid exchange-
correlation functional [7, 73, 138], combined with the TZVP basis-set,
triple-zeta valence basis-sets that results in the extended set plus one
set of d-functions on the heavy atoms and one set of p-functions
on hydrogen from [36, 116, 117]. Previous DFT calculations at this
level (B3PW91/TZVP) have demonstrated that this scheme produced
best results showing, for example, that the puckering distortion of sil-
icenes is preserved with the increasing molecular size [36, 95].
Finally, a possible link with the results of theoretical and experimen-
tal previous works could be proposed. In all the cases, structural op-
timizations have been obtained imposing tight convergence criteria.
The minimum-energy configurations of Si and Ge species were found
not to preserve the planar geometry of their parent original C-made
molecules, from the first member of the family.

5.3 morphological properties

In this section, we present an evaluation on the morphological effects
linked to the change of the atomic type, going from C to Si to up to
Ge, in the same molecular structures. What we have found, in fact,
is that in Si and Ge-made clusters, considerable "out-of-plane" defor-
mations take place, for all the considered molecules. On the other
hand, in the C-made clusters, the planar appearance is preserved in
all the six systems. The entity of the distortions in the Si/Ge-made
clusters could be expressed in terms of the variation of the "out-of-
plane" quota (that is the coordinate perpendicular to the molecular
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Figure 38: C10H8, Si10H8 and Ge10H8 from left ro right, respectively. C
atoms are indicated in light-blue, Si atoms are in yellow, Ge atoms
are in pink and H in white.

plane in the reference molecular system, which differs from one sys-
tem to an other one, after the optimization), analyzing the optimized
geometries derived from the DFT ground-state calculations. We have
given an estimate on the average deviation from the out-of-plane di-
rection for each cluster, considering the C, Si and Ge atoms and not
the H peripheral atoms, and making a comparison among the differ-
ent families. For what concerns the Linear Acenes clusters, we have
found that globally each member of the family does not present de-
formations in the out-of-plane direction, maintaining a global flatness
along the quota. As expected, this fact is confirmed by the literature
(see Ref.[37]).

Considering, the silicene clusters, we have found that distortions
(see Fig. 38) take place from the first family member, with a devia-
tion of about 0.195 Åalong the z axis. The maximum deviation is, in
this case, obtained for the 2nd-molecule (with 2 rings), with a corre-
sponding deviation of ∼ 0.1972 Å, in absolute value. On the average,
as the molecular size increases, from 1 to 6 rings, the deviation is of
the order of 0.1961 Å. Finally, for the germanene clusters, we have
recorded that, also in this case, similarly to the Si-made molecules,
distortions along the out-of-plane direction take place:the maximum
deviation has been registered for the 1th member of the family, with a
deviation of ∼ 0.3161 Å. The average deviation along the out-of-plane
direction in germanene clusters is of ∼ 0.307 Å. The Ge-made clusters
show greatest distorsions in the out-of-plane direction, as compared
to the Si-made and C-made ones.
All the data relative to the deviation along the out-of -plane direc-
tions (expressed in Å), for each member of each family (indicated by
numbers form 1 to 6, that follow the rings numeration) are reported
in Tab. 12. We do not report the data concering the C-made family
since the deviation along the z axis are close to 0 ( ∼ 10−4 Å) from the
smallest to the largest molecular system.

As an illustrative example Fig.38 presents the 2 rings member for
each cluster (C10H8, Si10H8 and Ge10H8, from left ro right, respec-
tively) The C-made cluster maintains the planar geometry typical of
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Table 12: Average deviations (expressed in Å) along the ⊥-axis (with respect
to the plane), quota corresponding to the out-of-plane direction,
with respect to the reference molecular system, for the C-Si-Ge-
made clusters (see Fig. 38). Each molecule is labeled by a number
from 1 to 6, corresponing to the number of rings that composed
each system.

Number of Rings Si Ge

1 0.1952 0.3161

2 0.1972 0.3127

3 0.1968 0.3081

4 0.1960 0.3044

5 0.1953 0.3015

6 0.1964 0.2993

Figure 39: Lateral views of C26H16, Si10H8 and Ge6H6, from top to bottom,
respectively. C atoms are in light-blue, Si in yellow, Ge in pink and
H peripheral atoms in white.

the family: on the contrary, distrorsions in the out-of-plane directions
are evident from the second molecule, for both the silicene and ger-
manene clusters. Previous studies (e.g. see Ref [92] and Chapter 3),
focused on Silicon insertions into C-made matrix, show that defor-
mations of the original structure could take place after the substitu-
tions of Silicon into a Carbon-based material. Fig. 39 shows the lateral
views for C26H16, Si18H12 and Ge14H10 : while in the C-made fam-
ily even the largest member (C26H16) preserves the planar feature,
typical of these compounds, in Si-made and Ge-made analogues the
flatness is lost. Si10H8 (2nd molecule) and Ge6H6 (1st molecule) are
shown as examples to present the largest distortions along the per-
pendicular axis with respect to the reference molecular system, as
compared to the largest C-made molecule.

These results could be compared with the theoretical ones, present
in the literature (see Tab. 13), obtained for the corresponding infinite
systems (Graphene, Silicene and Germanene), through the evaluation
of the "buckling amplitude", parameter which estimates the average
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distortion into a solid medium, as calculated by Ref. [91]. Multiplying
our calculated values by a factor of 2, we could make a comparison
with the data for the corresponding infinite systems from Ref. [91],
finding an average buckling of 0.39 Å(0.61 Å) for Silicon (Germa-
nium). The percentage deviation with respect of the printout previ-
ous results (see Tab. 13) are of the order of 13 % (11%) in the case of
Silicene (Germanene) cluster.

Table 13: Buckling amplitude (∆) in Åcalculated for the infinite 2D systems
(Graphene, Silicene and Germanene) as obtained by Ref. [91].

C Si Ge

∆ (Å) 0.00 0.45 0.69

In any case, the sheet buckling in Silicene and Germanene exhibits
strong deviations from the sp2 hybridization of planar Graphene to-
wards an sp3 hybridization similarly to bulk Si and Ge crystallizing
in diamond structure. Deviations from the planar geometry and sp2

bonding are usually important for avoiding a metallic character of
the 2D honeycomb crystals, in particular in the Ge case. Nevertheless,
despite the buckling, the π and σ bands remain decoupled in Silicene
and Germanene for symmetry reasons with the resulting gap to be
zero as for Graphene [91].

Comparing Tab.12 and Tab. 13, we note that in the case of finite
clusters deviations for planar geometry are always limited with re-
spect to the infinite 2D systems.

5.4 electronic properties

Figures 40, 41 and 42 show the observables EAv, IEv and Egap as a
function of the number of rings for the C-Si-Ge linear acenes clusters,
respectively.

For all the species, indipendently by the constituent atom, IEv (EAV )
is found to decrease (increase) at increasing molecular size. Concern-
ing the C-made family we noted that as the molecular size increases,
EAv rises (assuming negative values for the first two members of the
family), while IEv and Egap tend to decrease. For the Si-made cluster,
EAv presents always positive values, showing an increase as a func-
tion of the molecular size. IEv and Egap have a reduction going from
the smallest to the largest structure. Also for the Ge-based clusters we
have registered that a rise of the EAv is accompained with a decrease
of both IEv and Egap as a function of the molecular size. The per-
centage deviations, calculated with respect the first-family member,
are more pronounced for the electron affinities (from +76% to +209%
for C-made clusters, from +65% to +170% for Si-made clusters and
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Figure 40: Computed electronic properties as a function of Linear Carbon
Acenes size. Vertical electron affiniy (EAV ), vertical ionization en-
ergy (IEV ) and fundamental gap Egap.

from +49% to +128% for Ge-made clusters) than the ionizations en-
ergies (from −14% to −36% for C-made clusters, from −9% to −23%
for Si-made clusters and from −9% to −22% for Ge-made clusters).
In particular, in the case of the IEv the deviation range are similar
passing from carbon, to silicon up to germanium.

Figure 41: Computed electronic properties as a function of the Silicene clus-
ter size. Vertical electron affiniy (EAV ), vertical ionization energy
(IEV ) and fundamental gap Egap.

Moreover, for the Egap we only observed a similar trend: the reduc-
tion range is of the same order of magnitude in all the cases (from
−62% to −23% for C-made clusters, from −61% to −23% for Si-made
clusters and from −59% to −24% for Ge-made clusters). Analyzing
these observed behaviors of the electronic properties we should con-
clude with the following statements:
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Figure 42: Computed electronic properties as a function of the Germanene
cluster size. Vertical electron affiniy (EAV ), vertical ionization en-
ergy (IEV ) and fundamental gap Egap.

• the rise of EAv as a function of the molecular size implies a gain
in terms of energy stability of the systems, since the number of
electron involved in the molecular stucture grows;

• the decrease of IEv, on the other hand, means that it is easier
the estraction of electrons from the molecules as the dimension
increases;

• the reduction of Egap as the number of rings increases in the
molecular structure is reflected in a lowering of the optical gap
of the material (e.g. in the case of C, this is true for graphite,
that is a zero band gap material).

5.5 optical properties

For the optical absorption we have reported all the data, representing
for each molecular family the corresponding spectra as obtained after
TDDFT calculations and the details of the transitions in the following
dedicated section. Figures 43, 44 and 45 show the absorption spec-
tra for all the molecules considered. Firstly, we describe, separately,
the observed trends for each family and then the global behavior, an-
alyzing the possible similarities and differences among the atomic
species considered. Tables 14, 15 and 16 report the optical onset and
dominant peaks energies for all the systems considered.

From Fig.43, in the case of C linear acenes, we noted that as the
number of the molecular rings increases, both the optical onsets and
the main peaks are redshifted (for the first and the second system
the onset and the dominant peak correspond). The absorption is ex-
tended in the visible range up to the UV (3-7.5 eV). The main peaks
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Figure 43: Absorption cross-section [a.u.] vs energy [eV] for the linear acenes
cluster C4n+2H2n+4 (n = 1, ..., 6), from top to bottom, respec-
tively.

amplitude increases as a function of the molecular size. The spectra
do not show rich absorption structures, but they are caracterized by
a single dominant peak and a series (2 or 3) of secondary structures
with decreasing intensities, localized at higher energies.

Table 14: Energies relative to the optical onset (Eopt) and the main peak
(M.P.) in the absorption spectrum for C4n+2H2n+4 (n = 1, .., 6).
The percentage deviation, with respect to C6H6, is also re-
ported.All the energies are reported in eV.

C4n+2H2n+4 Eopt M. P.

1 7.18 7.18

2 4.44 (-16%) 6.01 (-16%)

3 3.27 (-54%) 5.25 (-27%)

4 2.49 (-65%) 4.72 (-34%)

5 1.93 (-73%) 4.32 (-39%)

6 1.53 (-79%) 4.01 (-44%)

From Tab. 14 we found that the optical onset redshifts by 10− 80%
the value relative to the smallest cluster between. Similarly, for what
concerns the main peaks, the redshift deviation oscillates between
10− 80%.

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



5.5 optical properties 83

From Fig. 44, also in the case of Si clusters, we have observed that as
the molecular size increases, both the onset and the dominant peaks
show a general redshfit. The absorption takes place between the IR
and the UV (1-6.5 eV). The main peaks amplitude raises as a function
of the number rings which constitute the molecules. The absorption
spectra do not present variegated or rich absorption figures and they
are characterized by the presence of an individual dominant peak and
a series of some secondary peaks with lower amplitude, localized at
higher energies.

Figure 44: Absorption cross-section [a.u.] vs energy [eV] for the silicene clus-
ter family Si4n+2H2n+4 (n = 1, ..., 6) from top to bottom, respec-
tively. The visible range is also highlighted.

Considering the increase in the number of rings, the optical onsets
redshift (see Tab. 15) in the range ∼ 30− 80%, similar to the case of
C-clusters, while the redshift range for the main peaks spaces from
∼ 20− 50% (values reduced with respect to the C-made linear acenes).

From Fig. 45 also for the Ge clusters, as the rings number increases
in the molecular structure, both the optical onset and the main peaks
are redshifted. The absorption ranges over the IR to the near UV (in
the range ∼ 1-4 eV). The dominant peaks amplitude show an ampli-
fication as a function of the molecular dimensions. The absorption
spectra are characterized by the presence of a single main peak and
a group (2 or 3) secondary peaks of lower amplitude, localized at
higher energies, as in the two previous cases.

From Tab.16 we have recorded that the redshift percentage range
for the optical onset in germanene clusters oscillates between 30 −
75%. In the case of the dominant peak the redshift deviation is in-
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Table 15: Energies relative to the optical onset (Eopt) and the main peak
(M.P.) in the absorption spectrum for Si4n+2H2n+4 (n = 1, .., 6).
The percentage deviation, with respect to Si6H6, is also reported.
All the energies are reported in eV.

Si4n+2H2n+4 Eopt M.P.

1 2.84 3.39

2 1.93 (-32%) 2.78 (-18%)

3 1.39 (-51%) 2.41 (-29%)

4 1.04 (-63%) 2.16 (-36%)

5 0.81 (-71%) 1.98 (-41%)

6 0.64 (-77%) 1.85(-45%)

Figure 45: Absorption cross-section [a.u.] vs energy [eV] for germanene clus-
ter family Ge4n+2H2n+4 (n = 1, ..., 6), from top to bottom, respec-
tively. The visible range is also highlighted.
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Table 16: Energies realtive to the optical onset (Eopt) and the main peak
(M.P.) in the absorption spectrum for Ge4n+2H2n+4(n = 1, .., 6).
The percentage deviation, with respect to Ge6H6, is also reported.
All the energies are reported in eV.

Ge4n+2H2n+4 Eopt M.P.

1 2.66 3.17

2 1.82 (-31%) 2.57 (-19%)

3 1.34 (-50%) 2.24 (-29%)

4 1.03 (-61%) 2.02 (-36%)

5 0.82 (-69%) 1.87 (-41%)

6 0.67 (-75%) 1.74 (-45%)

cluded in the range 20− 45%. Also in this case the range is limited as
compared to the linear acenes and the silicene clusters.

Therefore, the main trend, occuring in all the three families, is a
redshift of the optical onsets and the dominant peaks as a function of
the molecular dimension, going from the first to the last structure. Fol-
lowing the rise of the molecular size also the main peak amplitudes
increase and this fact is valid for each cluster, due to the larger num-
bers of electrons at disposition for the optical transitions. Secondly, at
fixed size of the cluster (going from to C-Si-Ge clusters), increasing
the atomic type, the absorption moves toward lower energies. Consid-
ering the main absorption structure Carbon clusters are characterized
by the more extended absorption range (about 3.5 eV), with respect
to that of Si acenes (∼ 2.7 eV) and that of the Ge clusters (∼ 2 eV)
(see Figs. 43, 44 and 45.) Moreover, an other point concerning the op-
tical properties is that, while for all the members of C-linear acenes
the absorption spectrum lies in the UV, for Si and Ge linear clusters,
aside from Si6H6 and Ge6H6, all the other members do absorb in the
visible. This is an important finding with respect to possible optical
applications.

Within our scheme we are able also to estimate the exciton bind-
ing energy. In Tab. 17 the exciton binding energies relative to each
cluster is reported. This observable is one of the key parameters that
govern the optical absorption in many opto-electronic devices [81].
These data are also shown in Fig. 46 which presents the behavoir of
Ebind for each family, in different colors (red=C, blue=Si, green=Ge
clusters), as a function of the molecular size. Firstly, concerning the
Carbon linear acenes, there is a decrease of Ebind as a function of
the molecular size. The reduction oscillates between ∼ −44 and −16%
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Table 17: Exciton binding energies(Ebind) for C4n+2H2n+4, Si4n+2H2n+4
and Ge4n+2H2n+4 molecules, with n = 1, ..., 6, from left to right,
respectively. The percentage deviation, going from the smallest
member of each family to each other one, is also reported. All
values are given in eV.

Exciton binding energy

C4n+2H2n+4 Si4n+2H2n+4 Ge4n+2H2n+4

1 3.78 3.36 3.34

2 3.96 (+4.7%) 2.81 (-16.4%) 2.76 (-17.4%)

3 3.47 (-8.2%) 2.42 (-27.9%) 2.37 (-29%)

4 3.12 (-17.5%) 2.16 (-35.6%) 2.11 (-36.8%)

5 2.87 (-24%) 1.95 (-41.9%) 1.92 (-42.5%)

6 2.65 (-29.9%) 1.8 (-46.4%) 1.77 (-47%)

with respect to Ebind for the smallest cluster 1 Analyzing the case
of the Si-made molecules, a general reduction of the exciton binding
energy takes place, from the smallest to the largest member and the
deviation range is included between ∼ −46 and −16%. A similar be-
havior has been verified also for the Ge-made linear clusters, in which
we observe a lowering of Ebind as the molecular size increases, with
a deviation range oscillating between ∼ −47 -and −17%. We should
conclude stating that a general decrease of the exciton binding energy
takes place as a function of the molecular size, in all the three fami-
lies. This fact could be ascribed to the decrease of confinement effects
and a reduction of the screening as the molecular size increases [81].
While the Si/Ge-based clusters present the same variation range, the
C-made family shows a slighlty smaller deviation range of the exciton
binding energies.

5.5.1 Details of optical transitions: α, β peaks and p band

This subsection is dedicated to present other details linked to the opti-
cal transitions, after TDDFT calculations, making a comparison with
previous results found in the literature (see Ref. [138] and Ref. [83]).
We here compare our results to those from those of the above publi-
cations referred to C/Si Linear Acenes with n=1,..,6. The three princi-
pal spectral features in the absorption spectra, α, β and p-bands for

1 Please consider that (for the sake of consistency), we use for the calculation of the
Ebind only for benzene as optical onset, the second root in the absorption spectrum
as found also for the other single ring clusters. Even if this transition in benzene
results of small oscillatory strength. This fact is also related to the lowering of the
symmetry of the molecule going from benzene (D6H) to the Si/Ge single ring cluster
(D3D).
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Figure 46: Exciton binding energy (Ebind) values as a function of the molec-
ular size, for C/Si/Ge-made linear clusters in red, blue and green,
respectively.

C-made linear acenes [83], could be found also in the case of silicene
clusters. The α and β peaks arise from the same transition polarized
along the long axis of the molecule. In particular, the β peak corre-
sponds to the main peak of the absorption spectrum, while the α
peak corresponds to a transition with lower oscillator strength (often
this peak is not observable in the absorption spectrum because of its
negligible oscillator strength [138]). On the other hand, the p-band
is originated by the transition polarized along the short axis of the
molecule and corresponds to the optical onset of the absorption spec-
trum. In the C linear acenes, the β peak is found to fall in the UV
region, while the α and p-bands are in the visible range, with charac-
teristic lower oscillator strengths [138]. The slight deviation could be
ascribed to the differences in the computational scheme and the code
used. A detailed comparison for the C-made clusters with previous
results by Ref. [83] available from the 2nd member of the family is
reported in Tabs. 18, 19 and 20, since the excited state symmetries of
the first molecule could not be determined.

All the data are in a good agreement with the tabulated ones, ex-
cept for the β peak belonging to the largest member of the family
(see Tab. 19), that according to Ref. [83] is not identifiable. In par-
ticular, we have found that our data differ from the tabulated ones,
on the average, of ∼ 2%, 3% and 2%, respectively for the α, β peaks
and p-band. For the Carbon linear acenes we have registered that as
a function of the molecular size the peaks tend to redshift, showing
greater oscillator strengths, with increasing dimension of the cluster.
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Table 18: Excitation energies, oscillatory strenghts (O.S.), transitions and as-
sociate weights corresponding to the α peaks of Carbon linear
acenes (in red the results as obtained by Ref. [83]).

C4n+2H2n+4 α (eV) O.S. Transition

2 4.52 4.44 0.001 <0.001 H→ L+1 (0.25)

3 3.91 3.85 0.0002 <0.001 H-1→ L (0.25)

4 3.52 3.47 0.0014 0.002 H-2→ L (0.27)

5 3.26 3.21 0.0041 0.005 H-2→ L (0.27)

6 3.07 3.02 0.0087 0.01 H-2→ L (0.27)

Table 19: Excitation energies, oscillatory strenghts (O.S.), transitions and as-
sociate weights corresponding to the β peaks of Carbon linear
acenes (the results as obtained by Ref. [83] are presented in red).

C4n+2H2n+4 β (eV) O.S. Transition

2 6.01 5.85 1.27 1.26 H-1→ L (0.25)

3 5.25 5.14 1.98 1.99 H→ L+1 (0.26)

4 4.72 4.62 2.68 2.69 H→ L+2 (0.26)

5 4.32 4.24 3.34 3.35 H→ L+3 (0.27)

6 4.01 - 3.95 - H→ L+3 (0.28)

Table 20: Excitation energies, oscillatory strenghts (O.S.), transitions and as-
sociate weights corresponding to the p band of Carbon linear
acenes (the results as obtained by Ref. [83] are presented in red).

C4n+2H2n+4 p-band (eV) O.S. Transition

2 4.44 4.36 0.06 0.061 H→ L (0.47)

3 3.27 3.21 0.06 0.058 H→ L (0.49)

4 2.49 2.45 0.05 0.049 H→L (0.50)

5 1.93 1.91 0.04 0.041 H→ L (0.50)

6 1.53 1.51 0.03 0.034 H→ L (0.50)
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It is important to find possible corresponding features for Si-made
clusters typical of the C-made analogues. A similar comparison can
be proposed only partially for the Silicon-made clusters. In particular,
a brief discussion on the p-band of the polysilo-acenes is difficult, as
verified by Ref. [138], who observed a close analogy analyzing just
the case of Si10H8 and C10H8.

About that, we report only the complete comparable results with
the data found in literature (see Ref.[138]) for the α and β peaks (this
last corresponding to the dominant peak of the absorption spectrum).
Tabs. 21 and 22 report our results for the silicene cluster as compared
from those available from literature (previous results are shown in
blue).

Table 21: Excitation energies, oscillatory strenghts (O.S.), transitions and as-
sociate weights corresponding to the α peaks of buckled polysilo-
acene (in blue the results as obtained by ref. [138]).

Si4n+2H2n+4 α(eV) O.S. Transition

2 1.98 1.79 0.0001 >0.0001 H→ L+1 (0.25)

3 1.71 1.52 >0.0001 0.0003 H-1→ L (0.25)

4 1.54 1.35 0.0002 0.0018 H-2→L (0.25)

5 1.43 1.24 0.0011 0.0048 H-2→ L(0.25)

6 1.35 1.16 0.003 0.0099 H-3→ L (0.25)

Table 22: Excitation energies, oscillatory strenghts (O.S.), involved transi-
tions and associate weights corresponding to the β peaks of buck-
led polysilo-acene (in blue the results as obtained by ref. [138]).

Si4n+2H2n+4 β(eV) O.S. Transition

2 2.78 2.56 0.76 0.549 H-1→ L (0.25)

3 2.41 2.18 1.27 0.942 H→ L+1 (0.25)

4 2.16 1.92 1.83 1.16 H→L+2 (0.26)

5 1.98 1.71 2.41 1.27 H→ L+2 (0.27)

6 1.85 1.56 2.98 1.30 H→ L+2 (0.27)

A satisfactory agreement with the tabulated data can be found
also in this case, confirming that, despite the different computational
framework, the results are consitent, especially for what concerns the
α peaks. In this case, our calculated data differ from those coming by
the literature of average values of 2% and 12%, respectively for the α
and β peaks.
Similarly to the C-made linear acenes, we noted that both the α and
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β peaks also in the case of Silicene clusters are redshifted as a func-
tion of the molecular size with increasing values of the amplitude.
For what concerns the Ge-made clusters we have not found in the
literature the same feature typical of the C-based counterpart and
partially found in Silicon-based cluster spectra. Therefore, this is the
first systematic study of these Ge-made cluster (as far as we know).
We propose a similar study, showing our calculated data, considering
the same feature in the Ge-made clusters. We only report the values
for the presumed α peaks (see Tab. 23), since those relative to the β
peaks (main peaks) and the p-band (optical onset) have been treated
in the dedicated section (see section 5.5). Also in this last case the
main peaks positions are redshifted as the molecular size increases,
showing growing values of the oscillator strengths.

Table 23: Excitation energies, oscillatory strenghts (O.S.), transitions and
weights, corresponding to the α peaks of the Germanene cluster.

Ge4n+2H2n+4 α(eV) O.S. Transition

2 1.87 <0.0001 H→ L+1 (0.25)

3 1.63 0.0013 H-1→ L (0.26)

4 1.49 0.006 H-2→L (0.26)

5 1.39 0.017 H-2→ L(0.27)

6 1.33 0.035 H-3→ L (0.29)

The general trend, after the present outcomes, is that the α peak
is located in all the cases at lower energies with respect to the β one,
even if it has the same symmetry and it is characterized by a lower
value of the oscillatory strength. Moreover, the characteristic spectral
features of linear acenes can be also found in the Si/Ge-made linear
clusters.

In Fig.47 the wavelength of the β peaks, the strangest structure in
the absoprtion spectra of the clusters under study, as a function of the
length of the clusters, i.e. the number hexagonal rings, has been re-
ported. In Tab. 24 it has been also reported the straight line fitting the
data after the present simulations with the corresponding formula.
For all the families here studied a linear relationship between the β
peak positions and the length of the Carbon linear acenes, silicene
and germanene clusters may be observed.

In the case of the Si-made clusters, the depicted results are in fair
agreement with those after Dimuthu et al. in Ref. [138], for the case
of the buckled polysilo-acenes. In the case of the Si-made clusters
and Ge-made ones, the fitting lines show almost the same slope with
the peak positions for the Si clusters positioned at lower wavelength
with respect to the Germanium ones. On the other hand, the posi-
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Figure 47: β peak excitation wavelengths of C-Si-Ge Acenes from two to six
rings. The linear-relationship between the wavelengths of the β
peak and the clusters size (number of rings) can be observed.

Table 24: β peak excitation wavelength (nm) for the C, Si, Ge linear clus-
ters under study as a function of the rings number. The straight
lines (S.L.) fitting the data after the present simulations with the
corresponding formula have been reported.

C Si Ge

2 206.3 445.9 482.4

3 236.2 514.4 553.5

4 262.7 574.0 613.8

5 287.0 626.2 663.0

6 309.2 670.2 712.5

S.L. y=25.66x+157.64 y=56.04x+341.98 y=56.97x+377.16
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tions of the β peaks for the Carbon acenes are at shorter wavelengths
distributed along a straight line with a slightly lower angular coeffi-
cient. The presents outcomes demonstate than for all the families of
linear clusters here considered the strongest structure in the absorp-
tion spectrum report similar behavior with respect to the longitudinal
plasmon peak found for noble metals linear nanostructures [138].

5.6 final discussion

The outcomes of the present chapter propose a systematic compara-
tive study on the morphological, electronic and optical properties of
C-Si-Ge-made linear clusters. Within DFT and TDDFT schemes, we
have computed electron affinities, ionization energies, fundamental
gaps and optical absorption spectra.
The analysis on the morphological properties confirmed that, while
the C-based compounds preserve the planar appareance from the
smallest to the largest system, for both the Si-made and Ge-made
clusters, distortions in the out-of-plane direction take place ever for
the smallest molecule of the family.
For what concerns the electronic properties, we have found for each
species, a general increase (decrease) of the vertical electron affinities
(ionization energies) as a function of the molecular size and devia-
tions of the fundamental gaps of the same order of magnitude. Con-
sidering the systems at fixed dimension, we verified that for Si and
Ge based clusters the above observables (EAV and IEV ) result smaller
that those of the Carbon Acenes; the same happens for the fundamen-
tal gap.
Dealing with the optical properties, we have observed a general red-
shift for both the optical onsets and the dominant peaks positions as a
function of the molecular size indipendently by the nature of the con-
stituent atom. In particular, for the wavelength positions of the main
absorption peaks (β structures), a linear dependence with respect to
the number of the rings composing the linear systems has been found.
For the Si/Ge acenes we found nearly parallel straigth lines. At fixed
dimension of the clusters, we found for both the dominat peaks and
the optical onsets, a redshift in the case of Si and Ge made family,
with respect to the Carbon counterpart.
A similar behavior, at the same size, could be found for the exciton-
binding energies. The present investigation focused on the effect of
atoms substitutions in linear acenes cluster, could be of interest for
the search of complementary materials to carbon structures for new
applications and devices.
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In this Thesis, using different forefort computational techniques, we
performed a systematic comparative study, focused on the effects of
partial/total chemical substitutions on the electronic, optical and mor-
phological properties of several Polycyclic Aromatic Hydrocarbons
(PAHs) compounds. In particular, we have widely analyzed the effects
of partial or total substitutions with atoms of different nature (Si, B,
N, Ge) into Circumacenes and Linear Carbon Acenes. This study has
been connected with the intriguing world of 2D materials, since the
systems analyzed could be considered as finite portions (with a nano-
metric size) of their infinite counterparts (Graphene, Silicene, Ger-
manene,..). We have selected the hybrid exchange-correlation func-
tional B3LYP in combination with a gaussian localized basis set as
implemented in two of the most actually performing all-electrons
codes: NWChem and Gaussian. We computed the electron affinity (EA),
ionization energy (IE), Quasi-Particle (QP) gap, exciton binding ener-
gies, and the optical absorption spectra for the various systems under
study.

The inclusion of Si atoms into Coronene and Ovalene has pro-
voked larger values of the ground-state energies for all the substi-
tuted configurations with respect to the original counterparts. In both
Coronene and Ovalene molecules, we recorded a general reduction of
the QP gap and optical onset energies as a consequence of the chemi-
cal modification.
Concerning the optical properties, for each type of substitution, the
absorption spectra show a redshift of the optical onsets and a remod-
eling of the main peaks intensity. For the morphological properties,
we observed that some trimer insertions (as for Coronene and Ova-
lene) deform consistently the molecule in the out-of-plane directions.

The comparative study of Circumacenes and their BN analoguos
give rise to the following results: dealing with the electronic proper-
ties, we have found that a lowering of EA and a rise of IE and QP gap
take place passing from the C-made to the BN-based systems.
Dealing with the morphological properties, we verified that all the
BN molecules maintain a planar appearance, as their carbonaceous
parents. For the optical properties, we observed that the absorption
is localized in the UV for all the BN-based molecules, unlike their
C-made analogues which present an absorption spectrum located in
the visible range (except for Coronene). In this case we have veri-
fied a blueshift of the optical onsets and the dominant peaks for the

93

[ November 23, 2019 at 16:41 – classicthesis version 4.2 ]



94 conclusions

BN-made molecules with respect to the original C-made parents. In
particular, thanks to their UV-absorption feature here analysed, the
BN nanomaterials keep a promising role in the technology related to
UV optoelectronics.
One of the most relevant result in the present work is that the elec-
tronic observables and optical properties (e.g. IE or optical onset ener-
gies) of the BN Circumacenes here studied show slight dependence
from the dimension of the cluster. This is in contrast with the results
obtained for their Carbon counterparts, which are strongly related
to the molecular size. This occurrence could have important conse-
quences on the strategies of choice of the best cluster for suitable
applications or devices.

Considering the linear C/Si/Ge clusters, the analysis on the mor-
phological properties confirms that, while the C-based compounds
preserve the planar appareance from the first to the last molecule,
for both the silicon-made and germanium-made clusters distortions
in the out-of-plane direction take place ever since from the smallest
member of the family. Extending ideally to the infinite dimension,
the previous molecules could form a rippled Si/Ge-surfaces, in accor-
dance with the experimental finding. For what concerns the electronic
properties, as a function of the molecular size, we have found for each
species, a general increase (decrease) of EA (IE) and deviations of the
QP gaps of the same order of magnitude. Moreover, a general red-
shift for both the optical onsets and the dominant peaks positions, as
a function of the molecular size, indipendently by the nature of the
constituent atom, takes place. At fixed dimension of the clusters, for
both the dominat peaks and the optical onsets, a redshift in the case
of Si and Ge made family, with respect to the Carbon counterpart has
been observed. Also for the exciton binding energy a similar behavior
for Si and Ge clusters has been found.

Overall, the present investigation, focused on the effect of different
atomic substitutions in Carbon-based clusters, could be interesting
for the search of new and complementary materials for many modern
applications and possible future optoelectronic devices.
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