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Abstract
We report a computational comparative study of the ground and excited states properties of graphene
nanoribbons, analyzing the case of coronene (C24H12) and ovalene (C32H14) and their silicon-atoms
substituted counterparts with single, double and triple atomic insertions.We used density functional
theory (DFT) and time-dependentDFT to quantify the effects on the electronic and optical properties
as a result of the chemicalmodifications. In particular, we compared ground-state total energies,
electron affinities, ionization energies, fundamental gaps and optical absorption spectra, between the
original systems and each substituted one. For both themolecules, we observed a general reduction of
the fundamental gap after chemicalmodification. Concerning the optical properties, therefore, we
observed a redshift of the optical onset in all the cases; in particular, we have found that, in one ovalene
and coronene trimer-substituted configuration, the absorption edge takes place in the IR.

1. Introduction

The importanceof 2Dsystems (like graphene and silicene) [1, 2]has rapidly andhighly increasedduring the last years
and isnow in incessant development, thanks to their advantageous electronic,mechanical andoptical properties
(planar feature,flexibility, resistance....). Thesematerials are, in fact, considered among themost promising candidates
fordozensof different technological optoelectronicdevices. In the contest of optoelectronic, silicon is oneof themost
useful elements tomankind, covering a considerable position for several reasons, especially for those linked to its
electronic andoptical properties that canbe easilymodulated and controlled [3].Moreover, optoelectronic, that is a
branchbasedon the study and theoperationof electronicdevices that produce, detect, andcontrol light, actually is an
esteemedand rapidly growingfield [4]: recently, 2Dmaterials, carbonnanotubes, and semiconductorquantumdots
are elements of great attention thanks to their potential use innanoandoptoelectronicdevices. In thisfield, the role of
polycyclic aromatichydrocarbons (PAHs) in their crystalline and thin-film statehas largely increased. In fact, they are
employedas active elements in several optoelectronic applications, ranging from light-emittingdiodes, solar arrays,
transparent andflexible displays toorganic thin-filmfield-effect transistors and liquid crystals.Among them, the
‘Circumacenes’ (coronene, ovalene, circumanthracene, circumtetracene, andcircumpentacene)have recently aroused
scientific interest [5, 6]. These systemsarehere considered for their interesting andpromisingproperties: they are the
smallest in size among theCircumacenes, showingananometric dimensionwith a characteristic symmetric structure
andaplanar geometry, asfigure 1 shows. Furthermore, thesemolecules areofwide interest inmany contests of
research (fromcondensedmatter physics to astrochemistry) andalso for solid state applications [7].

We selected the coronene (also known as ‘superbenzene’), which is a symmetricmolecule composed by the
union of six benzene rings (with chemical formula C24H12) and ovalene (C32H14), that can be obtained from
coronene by the addition of three benzene rings. Thefirst one occurs in nature as the very raremineral
carpathite, that is characterized byflakes of pure coronene embedded in sedimentary rock and it can be
synthesize through the petroleum-refining process of hydrocracking [8]; the second one is a reddish-orange
compound that can be likewise producted. These small-sizemolecules, with respect to polymers, offer several
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advantages, such as the easy purification through various techniques and the possibility to be tractable by both
evaporation and solution-processingmethods [5].

The principal aim of this work consists in the study of the effects that silicon-atoms substitutions induce in
coronene and in ovalenemolecules considering their electronic and optical properties.We have evaluated single,
double and triple-atom substitutions of silicon into thesemolecules, analyzing their consequences. One of the
goals of this work in fact is the analysis offinite-size effects in the electronic and optical properties of the
nanometric portions of graphene compounds after silicon-atoms substitutions, with possible subsequent
extentions to their infinite counterparts and in connectionwith other previous studies [9–11]. Through the
density functional theory (DFT) technique [12]wehave computed and compared the electronic properties of
the systems under study (e.g. electron affinities, ionization energies, quasi-particle (QP) gaps)within a gaussian-
based localized orbital all-electrons scheme.We have also calculated the optical absorption spectra of the above
clusters via the time dependentDFT (TDDFT) scheme[13], examining the differences as a function of different
silicon substitutions, trying tofindpossible trends.Moreover, a connection of the results with existing outcomes
of previous theoretical and experimental workswill be considered.

2. Computationalmethods

Carrying on previous works [5, 6], we have performed geometry optimizations using the hybrid exchange-
correlation functional B3LYP [14–16], combinedwith the *- G6 31 basis-set, a valence double-ζ set
augmentedwith d polarization functions for each atom.We used the B3LYP exchange-correlation potential,
sincewith respect to other possible choices (e.g. the Perdew−Burke−Ernzerhof [17]), it has been proved to
reproduce better results for different families of PAHsmolecules, whether for ground-state or the excited
properties [5, 18–20]. Geometry optimizations have been obtained using tight convergence criteria, specified by
maximumand rootmean square gradient thresholds of 1.5×10−5 and 1.0×10−5, respectively, and
maximumand rootmean square thresholds of theCartesian step respectively of 6.0×10−5 and 4.0×10−5; all
the values are given in atomic units. All themolecular relaxations have been computedwithout symmetry
constraints. At the optimized geometry of the neutral puremolecules, we have evaluated the vertical ionization
energies (IEV) and the electron affinities (EAV). This allows the calculation of theQP gap (also known as
‘fundamental gap’), which is rigorously defined in theΔSCF scheme as [21, 22]:

= - = - - -- +( ) ( ) ( )E E E E EIE EA , 1V V N N N Ngap 1
0 0 0

1
0

where EN indicates the ground-state total energy of theN-electron system. According to thismethod, we have
computed vertical transitions, considering the differences between the ground-state total energy of the neutral
system,E0N, and the energies of the charged species (the anion +EN 1

0 and the cation -EN 1
0 , respectively), calculated

at the neutral geometry. To obtain the electronic absorption spectra in the visible/near-UV regions, we
performedTDDFT calculations, using the frequency space implementation present in the computational
package, at the same level B3LYP *- G6 31 set for the electronic ground-state. According to thismethod, the
poles of the linear response function correspond to the vertical excitation energies and the pole strengths
represent the oscillator strengths [23]. In particular, from the knowledge of the first optically active transition,
Eopt, we could estimate the exciton binding energy expressed by the difference Ebind=Egap−Eopt. It is well

Figure 1.Coronene (left) and ovalene (right)with Si-atoms substitutions. C atoms are in cian color, while Si atoms are reported in
yellow andH atoms on the boundaries inwhite.
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known that the technique here used to evaluate the exciton-binding energy is an approximatedmethod to obtain
that observable. However, in the case of systematic studies on severalmolecules, this scheme turns out to be
particularly useful and straightforward in order to obtain the correct trend and the order ofmagnitude of the
observables. This without recurring to the use ofmost demanding computational techniques [24, 25]. All the
calculations have been performed usingNWChem [26] computational package. This computational package is
based on a numerical resolution of theKhon–Sham equations after aDFTHamiltonian [12]. The exchange and
correlation effects are treated resorting to a particular functional inserted in theHamiltonian after the B3LYP
scheme [14–16].

3. Results and discussion

3.1. Configurationswith silicon atoms substitutions
The possible non-equivalent substitutions of silicon atoms, based on themolecular symmetries, are the
following (see figure 2):

• 6 (9) configurations after single Si-atom insertions in coronene (ovalene);

• 4 (9) configurations after double Si-atom insertions in coronene (ovalene);

• 4 (10) configurations after triple Si-atom insertions in coronene (ovalene).

Moreover, in the case of coronene, the configurations number is reduced from6 to 3 for single substitutions,
because of the equivalence betweenA–F, B–E andC–Datoms (see figure 2). Considering the ovalene structure,
the addition of three benzene rings implies an increase of possible configurations number, involving a reduction
of themolecular symmetry. Among all these arrangements, in the following lines, we have presented only one
system for each substitution, for both coronene and ovalene. The selection criterion is based on the evaluation of
the energy stability of the substituted clusters. In particular, we have found that, from the energetic point of view,
themost favorable configurations are the following ones: for single substitutions the atomplaced inA (H)
position in the case of coronene (ovalene), for the double insertions the dimer composed byA–F (H–I) atoms for
coronene (ovalene) andfinally for the triple substitutions the trimer formed by the union of B–A–F (H–I–B)
atoms for coronene (ovalene). Aside from these particular cases here analyzed in detail, all the optical absorption
for all the possible substitutions are reported in the appendix.

In general, the energy stability tends to decrease, in the substituted systemswith silicon atoms, from the
external to the innermostmolecular regions: thismeans that, themost stable configurations are potentially those
inwhich the substitutional site is placed in the peripheralmolecular areas (for amore in-depth explanation see
tables A1 andA2 in the appendix). A possible physicalmotivation of this occurrence is that in the outer regions
there are less constraints which colud bound the deformations after Si-atoms insertions. This fact could cause
larger total energies when the insertions are performed in the periphery of the cluster: silicon has, in fact, a larger

Figure 2.Coronene and ovalenemolecules. TheC atoms selected to be replaced by Si atoms are indicated by letters fromA toH for
coronene (left), while fromA to I for ovalene (right). Dimers and trimers are composed by the union of the neighbor individual ones.
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covalent radius than carbon and therefore, if inserted in aCmatrix can provoke distortions of the original
structure. The configurations of substituted species were found to preserve the planar 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 inwhich the insertion ismade. On the contrary, for both coronene and ovalene, the insertion
of a trimer, in some case, breaks their planar appearance (see figure 3), in which are reproduced the substitution
of the trimer composed by the atoms placed on the central ring for coronene and by the atoms BCD for ovalene.
In these cases the distortions are extended in the ‘out-of-plane’ directions. This effect seems to bemore
pronounced for ovalene than for coronene, as demonstrated by the variation of the interatomic bonds
connecting Si–C atoms.Details of the silicon insertions on themorphological properties have been given in a
previouswork [27].

FromDFT calculations (see table 1), we recorded that ovalene ground-state total energy (−33.4 keV) exceeds
the 33% that of coronene (−25.1 keV): this is a consequence of the larger number of electrons. The increase in
the energy stability shownby substituted-ovalene configurationswith respect to the corresponding substituted-
coronene are of about 26%, 21%, 18% for single, double and triple insertions, respectively. Exploring the effects
of silicon insertions, we have recorded that the ground-state energy increases, in absolute value, in the range
between∼27%and 82% (∼20%–61%) comparing the coronene (ovalene) and itsmodified configurations,
going from single to triple substitutions, respectively.

Thismeans that in the case of each substituted configuration, the effects of silicon inclusions imply an
increase of the energy stability with respect the corresponding original parent and in addition, this result is larger
for coronene as compared to ovalene. In this workwe limited our study on the linear inclusions only, even if it is
well known that these structures, which could be obtained by non-equilibriumprocesses (e.g. synthesis process
with use of plasma [28]) aremetastable.

3.2. Electronic properties
Tables 1–3 report the computed data for ground and excited states of coronene and ovalenemolecules and their
selected substituted configurations, as previous indicated. The percentage deviation (Δ) is calculatedwith
respect to coronene.

Wefirst considered the comparison between the originalmolecules, indicating the percentage variation for
each observable, passing from coronene to ovalene and then for their substituted geometries. In relation to
ground-state total energies, all ovalene configurations showdeeper energies than those of coronene (that is an

Figure 3. Lateral view of coronene (left) and ovalene (right)molecules with the Si-trimer substitutionwhich do not preserve the planar
geometry, typical of their pure parents as shown in figure 1.

Table 1.Ground-state total energies, En
0 ,

for coronene and ovalene substituted
molecules (single, dimer and trimer
substitution).The percentage deviation,
Δ, passing from coronene to ovalene
corresponding system is also indicated.

Ground-state total energies

En
0 (keV) Δ(%)

Coronene −25.1 —

Single-sub −31.9 —

Double-sub −38.8 —

Triple-sub −45.6 —

Ovalene −33.4 +33%

Single-sub −40.2 +26%

Double-sub −47.1 +21.4%

Triple-sub −53.9 +18.2%
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increase, in absolute value, of the ground-state total energy (En
0 ) and this is a consequence of the increase in the

number of electrons). The ovalene vertical electron affinity, EAV, is∼26 times larger as compared to the
coronene one, while the situation is reversed for the ionization energy, IEV,which results larger by∼9.8% for
coronene (6.85 eV) than ovalene (6.18 eV). As a consequence, the correspondingQP gaps (Egap) are of the same
order ofmagnitude, 6.82 (5.40) eV for coronene (ovalene), respectively. Only in the case of coronene vertical
electron affinity, EAV, the calculation has been performed using the *- + G6 31 basis-set (which includes the
atomic diffuse functions), instead of the *- G6 31 , to heal an anomaly in the value obtained for that observable
[29], with the resultant value of EAV=0.39eV.Wehave decided to report in table 2 all the data, calculated for
coherencewith the same basis-set *-( )G6 31 but a connectionwith the available theoretical/experimental data
for the coronene EAVneeded the implementation of the diffuse functions included in the *- + G6 31 basis-
set (see table 4). Figure 4 shows some of the same data through a diagrammatic plot for coronene and ovalene3.
Finally, theHOMO–LUMOgap,ΔHL, is reduced by∼24% fromcoronene (4.03 eV) to ovalene (3.05 eV).

We now consider the effects induced by Si-atoms substitutions, switching from coronene on ovalene and
then the same effects passing from the puremolecule to the substituted ones. As shown in table 2, there is an
increase in the vertical electron affinities, going from coronene to ovalene, for each type of substitution (from

Table 2.Electron affinity (EAV), ionization energy (IEV) and fundamental
gap (Egap) for coronene and ovalene substitutedmolecules (with single,
dimer and trimer substitutions). The percentage deviation,Δ, passing
from coronene to ovalene corresponding system is also reported.

EAV IEV Egap

Coronene 0.03 6.85 6.82

Single-sub. 0.11 6.43 6.32

Dimer-sub. 0.31 6.37 6.06

Trimer-sub. 0.6 6.24 5.64

Ovalene 0.77− 6.18 (−9.8%) 5.38 (−20.8%)
Single-sub. 0.80(+600%) 5.95 (−7.5%) 5.15 (−18.5%)
Dimer-sub. 0.81 (+161%) 5.96(−6.4%) 5.14 (−15.2%)
Trimer-sub. 0.87 (+45%) 5.80 (−7%) 4.93 (−12.5%)

Table 3.HOMO–LUMOgapΔHL for
coronene and ovalene substituted
molecules (with single, dimer and trimer
substitution)with indicated also the
value of the percentage deviationΔ.

HOMO–LUMOgap

ΔHL (eV) Δ(%)

Coronene 4.03 —

Single-sub 3.59 —

Double-sub 3.66 —

Triple-sub 3.61 —

Ovalene 3.05 −24%

Single-sub 2.89 −19%

Double-sub 2.90 −21%

Triple-sub 2.91 −19%

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 after [30, 31], respectively.

EAV IEV

Coronene 0.38 (0.47 ± 0.090) 7.08 (7.29 ± 0.03)
Ovalene 1.10 (–) 6.41 (6.71)

3
The representation byfigure 4 takes into account the coronene EAV=0.39 as obtainedwith the *- + G6 31 basis-set, tomake possible a

more consistent connectionwith the data from the literature reported in table 4. For the optical onsets and exciton binding energies see the
dedicated section.
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45% to 600%), while, on the other hand, the vertical ionization energies and the fundamental gaps show a
general decrease (of about 7% and from∼12% to 18%, respectively). The deviations of theHOMO–LUMOgaps
(see table 3) for the ovalene-substituted systemswith the corresponding coronene ones remain almost constant
(the reduction oscillates around 19%–21%). The analysis of the substitutional effects on the electronic
properties, with respect to its original compound, follows.

We have found that for coronene (ovalene) vertical electron affinity the variation range is between
∼+300%–1900% (4%–13%), considering theminimumand themaximumvalue. For the vertical ionization
energy, we recorded a decrease included in the range of∼6%–9% (∼3%–5%) for coronene (ovalene). For the
fundamental gap the reductionwith respect to the corresponding original parent is of about∼7%–10%
(∼4.5%–8.5%) in the case of coronene (ovalene). Finally, for what concerns theHOMO–LUMOgaps (see
table 3), we have calculated that the percentage reduction oscillates around the average value of∼–10% for
coronene and∼–5% for ovalene, considering all the substitutions, respectively.

Moreover, table 4 reports the theoretical and experimental data (in brackets) for the vertical electron affinity
(EAV) and the vertical ionization energy (IEV) of coronene and ovalene, as obtained by [30, 31], respectively. For
the electron affinities, we have found that the theoretical (experimental) values differ fromour calculated data by
∼+2%(−17%) and by+30% for coronene and ovalene, respectively.While for the ionization energies we
recorded theoretical (experimental) values larger by+3.2% (+6%) and+3.6%(+8%) for coronene and ovalene,
respectively.

3.3.Optical properties
For the optical absorption concerning the substituted systemswe have performed the calculations for all the
possible substitutions considered in the present work. The overall data are reported in the appendixwith a
corresponding comment. In the following lineswe analyze in detail the optical properties of only the substituted
systemswhichwe have selectedwith the criterion of theminimumground-state total energy (see the dedicated
subsection ‘Configurationswith silicon atoms substitutions’). Figure 5 shows the comparison between the pure
molecules absorption spectra, whilefigures 6 and 7 represent the absorption spectra for coronene and ovalene in
the visible/near-UV region up to 5.5 eV, as given by *- GB3LYP 6 31 TDDFT calculations, for each
substituted configurationwith the corresponding original counterpart.

Table 5 reports thewavelengths of themain peaks appaering in the cross-section of coronene and ovalene
here calculatedwith the dominant peak in the experimental absorbance of graphene after [32].While coronene
and ovalene, considered as nanometric portions of infinite graphene sheets, show spectra characterized by a rich
structure with different peaks, the experimental absorbance of graphene is distinguished by the presence of a
single dominant structure, quite broaden, which covers roughly the samewavelength range. In fact, it presents
only one absorption peak localized around 275 nmand it is also characterized by a steep rise for wavelengths
shorter than 250 nm.

On the other hand coronene and ovalene present both dominant peak at larger wavelengths, namely 300 and
340 nm. Table 6 reports the computed data for the coronene and ovalene optical properties and those of their
substituted systems. From these results it is possible to note that a general reduction of the optical onsets (Eopt)
and of themain peaks between the substituted-systems (for single, dimer and trimer insertions) and their
originalmolecule takes place as a function of the number of the inserted silicon atoms, either for coronene
and ovalene. In particular, in the case of coronene (ovalene) the optical onset reduction oscillates in the range

Figure 4. (Left)Vertical electron affinities (red lines), vertical ionization energies (blue lines) and fundamental gaps (black arrows) for
ovalene (left) and coronene (right). (Right) Fundamental gaps (green lines), optical onsets (light blue lines) and exciton binding
energies (black arrows) for ovalene (left) and coronene (right).
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27.6%–37.3% (7.7%–17.6%) considering the single and the triple Si-atoms substituted configurations. For what
concerns the dominant peak the variation is included in the range of about−7.2%–6.3% (−4.3%–10.8%), in the
case of coronene (ovalene). Finally, analyzing the exciton-binding energies (Ebind)deviations take place for both
themolecules around+13.9%–24.4% for coronene and+0.4%–1.5% for ovalene, respectively.

Figure 5.Absorption spectra of coronene (blue curve) and ovalene (red curve) after present calculations. The visible range is also
reported.

Figure 6.Absorption cross-sections [a.u.] of the selected coronene substituted systems (with single, double and triple Si-atom
insertions) in comparisonwith the corresponding original compound (black curve).
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Figure 7.Absorption cross-sections [a.u.] of the selected ovalene substituted systems (with single, double and triple Si-atom
insertions) in comparisonwith the corresponding original compound (black curve).

Table 5.Dominant
peaks positions (in
wavelength) in the
cross-sections of
coronene and ovalene
after the present
calculations and in the
experimental
absorbance for
graphene after [32].

λ (nm)

Coronene 300

Ovalene 340

Graphene 275

Table 6.Optical onset (Eopt), exciton binding energy (Ebind) and the energy
corresponding to themain peak in the absorption spectrum for coronene
and ovalene substitutedmolecules (with single, dimer and trimer
substitution). The percentage deviation,Δ, passing from coronene to
ovalene corresponding cluster is also reported.

Eopt Ebind Dominant peak

Coronene 4.16 2.66 4.16

Single-sub. 3.01 3.31 3.86

Dimer-sub. 2.87 3.19 3.62

Trimer-sub. 2.61 3.03 3.48

Ovalene 2.72 (−35%) 2.68 (+0.8%) 3.73 (−10%)
Single-sub. 2.51 (−17%) 2.65 (−20%) 3.57 (−8%)
Dimer-sub. 2.49 (−13%) 2.64 (−17%) 3.41 (−6%)
Trimer-sub. 2.24 (−14%) 2.69(−11%) 3.33 (−4%)
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In detail, from figure 5we can observe that coronene absorption spectrumpresents two principal peaks: the
main one, which corresponds to the optical onset (Eopt), falls at 4.16 eV and an other transition at 6.14 eV, both
in theUV range. On the other hand, in the case of ovalene,more peaks appear in the same range. In particular,
the ovalene optical onset is separated by the dominant peak and it is redshifted by 1.44 eVwith respect to
coronene onset, with themain structure located at 3.73 eV. Therefore, ovalene starts the absorption in the visible
region, rather than in theUV range, as coronene.

For themodified systems, we have found that, for all the type of substitutions (single, dimer, trimer ones),
the insertion of silicon atom/s has as general relevant effect the redshift of either the optical onsets and the
dominant peaks. Consequently, eachmodified compound presents a redshift of its optical absorption range and
a redistribution of absorption structures in theUV.With respect to the corresponding substitution, the redshift
of the absorption spectra, relative to themain peak, either for coronene and ovalene is of the order of about 10%.
Wehave also found that for one of the trimer-substituted clusters, either for ovalene and coronene, the
absorption edge takes place in the IR (at∼1 eV) (see the appendix formore details).

The global general tendency in the substitutedmolecules spectra is a reduction of the peaks amplitude,
associatedwith a redistribution of the intensity in the considered range and a greater variety and richness as
compared to the pure systems. Themore consistent analogy between coronene and ovalene is that all the Si-
substituted clusters show the optical absorptionmore concentrated in theUV, rather than in the visible.
Moreover, a significant consequence after silicon insertions is represented by a translation of the optical
absorption structure for the substituted systemswith 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 byΔSCF calculations [18] (see table 2).

3.3.1. Details of the optical transitions
In this sectionwe reported the details linked to the optical transitions as previously presented, focusing the
attention on the nature of the optical onset and themain peak of each original and substituted selected system.
The results, that came from theTDDFT calculations, are displayed in tables 7 and 8. For each optical structure it
is possible to give information about the transition intensity (quantified by the ‘oscillator strength’), the
transitionweight (that indicates which is the dominant transition), the type of the transition itself (e.g an
HOMO–LUMO transition) and the specification of the polarization along a determined spatial coordinate [6].
In tables 7 and 8 ‘H’ indicates theHOMO-level, while ‘L’ the LUMO-one. If we use the same notation as in [33]
theπ orbitals involved in the electronic transitions are numbered as a function of the increasing energies:

*p p p- ( ),1 0 0 and *p1 denote respectively, the highest doubly occupiedπ orbital, the singly occupied (unoccupied)
π orbital and the lowest doubly unoccupiedπ orbital. Based on this notation theHOMO level (H)will be
indicated byπ0, while the LUMO (L) one by *p0 and the other transition states will follow the natural numeration
order subscripted, that is:±1, 2, 3.

For what concerns the optical onsets, all the transitions involve an excitation of theHOMO–LUMO states
with a polarization along the x axes of the reference system, that corresponds to the longitudinal one among the
three principal symmetry axis of themolecule (see figure 2). In fact, in general, the onset transition involves the
HOMO–LUMO levels (see [30]). On the contrary, for themain peaks a greater variety for the states is involved in
the corresponding transitions (see table 8).With respect to the optical onsets, all the dominant peaks of the
systems under study show larger values of the oscillator strengths, that are reflected in a greater amplitude of the
peaks, as is observable in the absorption spectra (see tables 7 and 8 and the appendix formore details).

Table 7. Singlet-singlet lowest-lying permitted excitation
energies (eV) of pure and substituted coronene and ovalene
as obtained byTDDFT. The corresponding oscillator
strengths (O.S.) are given. Each excitation is given in terms
of the occupied and virtualmolecular orbitals contributing
significantly to it (with the correspondingweight in
brackets).

Eopt O.S. Transition

Coronene 4.16 0.66 H L (0.5)
Single-sub. 3.01 0.03  +H L 1 (0.56)
Dimer-sub. 2.87 0.06 H L (0.72)
Trimer-sub. 2.61 0.06 H L (0.76)

Ovalene 2.72 0.16 H L (0.92)
Single-sub. 2.51 0.18 H L (0.94)
Dimer-sub. 2.49 0.14 H L (0.88)
Trimer-sub. 2.24 0.13 H L (0.92)
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4. Conclusions

Wehave presented a systematic comparative investigation on the electronic and optical properties of coronene
and ovalenemolecules in their unsubstituted and substituted forms: with individual silicon atoms, Si-dimers
and Si-trimers. In the framework ofDFT andTDDFT computational schemes, we have computed electron
affinities, ionization energies, fundamental gaps, optical onset energies and absorption spectra.We have found
larger values of the ground-state energies for all the substituted configurationswith respect to the original
counterparts. In both coronene and ovalenemolecules, we recorded a general reduction of the fundamental gap
and optical onset energies as a consequence of the chemicalmodification.

Concerning the optical properties, for each type of substitution, the absorption spectra show a redshift of the
optical onsets and a remodeling of themain 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
(ovalene) or in theUV (coronene). The present evaluation of the effects of Si-atoms substitutions, on the
electronic and optical properties of the twofirst Circumacenesmembers, could help in the choice of the best
substitutional path to be found to enhance specific excitation properties of thesemolecules for different
applications in optoelectronic devices.
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Appendix

In this sectionwe have reported the computed absorption spectra of all the systems in exam: i.e. for both
coronene and ovalene, all the allowed configurationswith single, dimer and trimer Si-substitutions with the
corresponding ground-state energy value, as obtained afterDFT calculations. Infigures A1–A6 the y-axes give
the peak amplitude representation, each cluster is identified by a number and the corresponding pure parent is
represented by a black curve on the top of each plot. In addition to this, the numbers corresponding to the
configuration selected for the stability from the energetic point of view are 0, 3 and 2 (7, 7, 6) respectively for
single, double and triple coronene (ovalene) substituted systems (see themain text for explanations and the
corresponding tabulated energy value). From table A1 in the case of coronene, the energy differences (in
absolute value) between themost and the less stable configurations are of about 1.9, 5.5 and 3.6 eV, for single,
dimer and trimer-substitued systems. It follows that the energy variations, calculatedwith respect the original
parent, oscillate between 6.337–6.339 keV, 13.673–13.678 keV and 20.514–20.518 keV, for single, dimer and
trimer substitutions, respectively.While considering ovalene, according to table A2, we have recordered that
the energy differences (in absolute value) between themost and the less stable configurations are of about
3.2, 2.7 and 3.4 eV, for single, dimer and trimer-substitued systems.Moreover, the energy variations, calculated

Table 8.Main peaks (M.P.) of pure and substituted coronene and
ovalene as obtained byTDDFT. The corresponding oscillator
strengths (O.S.) are given. Eachmain transition is given in terms of the
occupied and virtualmolecular orbitals contributing significantly to it
with the correspondingweight in brackets.

M. P. (eV) O.S. Transition

Coronene 4.16 0.66 H L (0.5)
Single-sub. 3.86 0.52 -  +H L1 1 (0.59)
Dimer-sub. 3.62 0.47 -  +H L1 2 (0.67)
Trimer-sub. 3.48 0.44 - H L1 (0.43)

Ovalene 3.73 1.03 - H L1 (0.45)
Single-sub. 3.57 0.8 - H L1 (0.53)
Dimer-sub. 3.41 0.4 - H L2 (0.21)
Trimer-sub. 3.33 0.5 - H L2 (0.41)
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with respect the originalmolecule, oscillate between 6.836–6.839 keV, 13.675–13.678 keV and
20.515–20.518 keV, for single, dimer and trimer substitutions, respectively. The detailed description for each
individual plot will be followed by a comment on the general trend. For the details related to the different
configurations, tables A1 andA2 report the corresponding atomic positions and the composition for single
atom, dimers and trimers of each substituted cluster, with the letters as indicated infigure 1, for coronene and
ovalene, respectively.

Figure A1.Computed absorption cross-sections [a.u.] for coronenes with an individual Si-atom substituted (from0 to 2), while the
curve relative to the originalmolecule is at the top (black one).

Figure A2.Computed absorption cross-sections [a.u.] for coronenes with a dimer of Si-atom substituted (from0 to 3), while the curve
relative to the originalmolecule is at the top (black one).
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For single-substituted coronenes (see figure A1), a redshift either for the dominant peaks (apart from the
system labeled by number 2) and all the optical onsets with respect to their original parent takes place (with an
average shift value of about 10% and 25% for themain peaks and the onsets, respectively). This fact is true also
for the double and the triple substitutions (see figures A2 andA3), with in addition the presence of a split in the
main peak’s structure, accompanied by a gradual loss in amplitude. Only in the case of the configuration

Figure A3.Computed absorption cross-sections [a.u.] for coronenes with a trimer of Si-atom substituted (from0 to 3), while the
curve relative to the originalmolecule is at the top (black one). The red arrow indicates the only case, for the trimer-substitued
configurations, inwhich the onset position is placed in the IR.

Figure A4.Computed absorption cross-sections [a.u.] for ovalenes with an individual Si-atom substituted (from 0 to 8), while the
curve relative to the originalmolecule is at the top (black one).
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indicated by number 0, for double substitutions, themain peak is blue-shiftedwith respect to the pure coronene
(with blueshift of 0.3 eV).

In particular, concerning trimer-substituted coronenes, the absorption spectrum is characterized by a nearly
regular alignment of the optical onsets around 2.7 eV,with the exception of trimer 0, whose onset falls in the IR
region. In this case the onset redshift is consistent and of the order of∼75%, passing from4.16 eV (coronene) to

Figure A5.Computed absorption cross-sections [a.u.] for ovalenes with a dimer of Si-atom substituted (from 0 to 8), while the curve
relative to the originalmolecule is at the top (black one).

Figure A6.Computed absorption cross-sections [a.u.] for ovalenes with a trimer of Si-atom substituted (from0 to 9), while the curve
relative to the originalmolecule is at the top (black one). The red arrow indicates the only case, for the trimer-substitued
configurations, inwhich the onset position is placed in the IR.
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1.02 (system 0). The onsets’ alignment arises also in the case of single and double-substituted ovalene, with a
gradual loss of the alignment order and a larger decrease of the peaks amplitude. In these cases, the absorption
structures are variegated and different from each other. The situation becomes different for the trimer-
substituted ovalenes because the optical onsets’ alignment is globally lost and eachmain peak is characterized by
a reduction of its amplitude. In particular, for ovalene trimer-substituted spectra (see figure A6) the decrease of
peaks amplitude aside from5 to 7 cases is dramatic and onemight expect that the trend could continue
increasing the number of silicon atoms substitutions.

One can consider as a general trend, valid for each type of insertion, that a redshift of the optical onsets takes
palce for each substituted system: the redshift increases according to the number of inserted silicon atoms.
Moreover, in one case, for both coronene and ovalene trimer-substituted configuration, we have found that the
optical onset is placed at around 1 eV, in the IR. This is the case of the system labeled by number 0 (8) for
coronene (ovalene), while the onset point is indicated by the red arrow infigures A3 andA6.

Forwhat concerns themain peak behavior for ovalenes, in some substituted systems spectra, the dominant
peak is separated in two ormore different curves, redistributed in several structures between 3 and 5 eV, as
compared to their original parent. These are, for example, the cases of single-substituted configuration indicated
by number 2 (0), the double-substituted system0 (4) and the trimer-substituted geometry 3 (6) for coronene
(ovalene). However, this feature is quite different for coronene, whosemodified configurations for themain
peak in the absorption spectrum showmore localized structures.

The othermain tendency, as a consequence of silicon inclusions, is the general attenuation of the intensity
in the amplitude of the dominant peaks (verifiable quantitatively through the value of their corresponding
oscillator strengths, see table 8) and a remodeling in the spectral profile. Each system tends to show a
particular optical behavior and this is valid for each type of substitution, for both coronene and ovalene. The
extreme dependence on the Si-atoms substitutional site causes the evident peculiarity of each spectra among
the different configurations. This fact demonstrates the strong relationship between the Si-atom
substitutional site and the corresponding optical absorption spectrumof the substitutedmolecule: aside from
the above discussed general trends, there is, in fact, one correspondence between Si-atoms substitutional site
and corresponding optical spectrumof the substituted clusters; the spectra therefore turn out to be different
from each other.

Table A1.Correspondence table for the curves’ number in the absorption spectra (seefigures A1–A3) and the
atomic position, indicated by letters in the clusters (seefigure 1), for single, double and triple substituted
coronenes. For each system the corresponding ground-state energy value (eV) onwhich is based the selection
criterion is also reported.

Curve Single (eV) Dimers (eV) Trimers (eV)

0 A −31423.77 CD −38757.73 CDG −45599.34

1 B −31423.72 DE −38761.18 CBA −45601.99

2 C −31421.87 EF −38763.04 BAF −45602.96

3 Coronene −25084.84 AF −38763.22 EFH −45602.11

4 — Coronene −25084.84 Coronene −25084.84

Table A2.Correspondence table for the curves’number in the absorption spectra (see figures A4–A6)
and the atomic position, indicated by letters in the clusters (see figure 1), for single, double and triple
substituted ovalenes. For each system the corresponding ground-state energy value (eV) onwhich is
based the selection criterion is also reported.

Curve Single (eV) Dimers (eV) Trimers (eV)

0 A −40253.06 AB −47092.37 ABC −53931.29

1 B −40253.03 BC −47090.47 BCD −53930.55

2 C −40251.17 CD −47089.85 CDE −53928.84

3 D −40251.14 DE −47089.86 EDG −53929.50

4 E −40250.67 DG −47090.37 FGH −53931.14

5 F −40252.95 FG −47092.07 GHI −53932.03

6 G −40252.89 GH −47092.08 HIB −53932.26

7 H −40253.92 HI −47092.55 IBA −53931.38

8 I −40253.06 IB −47091.65 CDG −53929.30

9 Ovalene −33414.13 Ovalene −33414.13 DGF −53931.19

10 — — Ovalene −33414.13
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