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Chapter 1 )
A Vision on Organosilicon Chemistry e
and Silicene

Deepthi Jose, Chandra Chowdhury and Ayan Datta

Abstract Replacement of carbon atoms from aromatic molecules and their two-
dimensional extended analogues (graphene) have been predicted to have interesting
structural diversity and tunable electronic properties. Recent progress in the experi-
mental realization of such systems is discussed along with a conceptual understanding
of the structural properties of planar organosilicon compounds and silicene. Psuedo
Jahn-Teller (PJT) distortion is shown to contribute to the buckling distortions in
silicene which make them excellent materials for band-gap tuning through hydro-
genation. Chemical doping of silicene by cations is suggested to be a strategy to
suppress buckling of silicene and regain its perfect planar two-dimensional silicon
framework. TERS spectroscopy is proposed as a tool to probe the presence or absence
of buckling distortions in silicene and cation doped silicene respectively.

1.1 Aromatic Molecules and Silicon Substituted Cyclic
Rings

The concept of aromaticity or the special stability of cyclic w-conjugated molecules
occupies a special position in chemistry. Such molecules are associated with their
unusual stability. Manifestation of this stability is seen in their reluctance to undergo
several reactions like hydrogenation and oxidation which are much more facile for
non-conjugated cyclic molecules. Structurally these molecules are symmetric and
vibrationally stable towards distortions to lower symmetry configurations [1]. In
1930s, Hiickel proposed a simple model analogous to the tight-binding model popu-
lar in solid-state physics for simple cyclic 7 -conjugated molecules and proposed that
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2 D. Jose et al.

cyclic molecules with (4n+2) 7 electrons (where n=0, 1, 2...) should be stabilized
due to aromaticity [2—4]. As shown in Table 1.1, several such molecules with inte-
ger multiples of n have been synthesized chemically and characterized by various
spectroscopic tools. Of particular mention should be the X-Ray diffraction stud-
ies that have shown that these structures are highly symmetric and the bond length
alterations (BLA, Ar) are typically less than 1-2%. The concept of stitching small
aromatic molecules in-plane to generate massive two-dimensional graphene like two
dimensional materials has been achieved experimentally. Miillen and co-workers
have designed atomistically precise graphene nanoribbons based on bottom up syn-
thesis starting from a simple anthracene molecule [5] (linear (n=3) in Table 1.1).

Therefore, for generating two dimensional silicon analogue of benzene namely
silicene, one should have a clear understanding of small benzene like silicon rings
which might be fused to generate large silicene flakes. In fact, it is with this aim that
several groups have pursued the synthesis of silicon substituted aromatic and fused
aromatic systems.

In Fig. 1.1, we enlist the experimentally synthesized silicon substituted aromatic
molecule. Such sila-aromatic molecules are kinetically labile towards atmospheric
oxidation. Therefore, a general experimental strategy to synthesize such molecules
has been to use bulky protecting groups which create hydrophobic pockets around
these molecules. Tokitoh and co-workers have synthesized silabenzene and silanaph-
thalene [6, 7] (structures 1(a), 1(b)) and B3LYP/6-31G(d) calculations have revealed
that there is a small energy difference between Dewar silabenzene and silabenzva-
lene, while the planar silabenzene is by far the most stable among the isomers. Jutzi
etal. have synthesized the 1,1-dimethyl SiCsHs anion (structure 1(c)) which based on
structural and qualitative molecular orbital theory calculations has been shown to be
aromatic [8]. Sasamori and co-workers have synthesized 9-silaphenanthrene. Crys-
tal structure analysis of 9-silaphenanthrene have shown that the structure remains
planar (structure 1(d)) [9]. Based on NMR chemical shifts and NICS calculations,
the authors concluded that 9-silaphenanthrene has delocalized 14m electron aro-
matic configuration. Tanabe et al. have synthesized 1,1°-Disila-4,4’-biphenyl (struc-
ture 1(e)) [10]. X-ray studies show that both the phenyl rings remain planar and the
twist angle of the central C-C bonds between the silaaromatic rings are 41° which is
similar to that of biphenyl (45°). The UV-vis spectrum of 1,1’-Disila-4,4’-biphenyl
showed a red shift and a massive six times enhancement in absorbance compared to
that of Tbt-substituted silabenzene. This therefore suggests the existence of extended
conjugation through the single bond connecting two silaaromatic rings, a concept
well-known in the realms of carbon based on aromatic systems.

A significant experimental achievement in this area has been the synthesis of an
isomer of hexasilabenzene by Abersfelder and co-workers [11]. They synthesized
dark green crystals of an isomer of SigR¢ (R =Tip, 2, 4, 6-triisopropylphenyl and
2, 6-diisopropylphenyl) by the reduction of unsymmetrically substituted trichloro-
cyclotrisilane (see Fig. 1.2). It has a chair-like conformation in accordance with the
theoretical results [12, 13]. Authors propose the term dismutational aromaticity to
explain the bonding pattern of this molecule. In order to quantify the aromaticity
of the molecule, they calculated the nucleus-independent chemical shift, NICS(0),
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Table 1.1 Existence cyclic stable molecules in line with the predictions from the Hiickel model

n Molecule Structure and Symmetry
0 Cyclopropyl cation
Dsn
1 Benzene ©
Din
2 Naphthalene “
D2h
3 Anthracene (linear)
Don
3 Phenanthrene (bent) ‘
C2v
6 Coronene (circular) C‘
(Hiickel antiaromatic) .“
D6h
Graphene (flat 2D lattice) %
Cs
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Fig. 1.1 Experimentally synthesized Sila-aromatic molecules
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p Li.dme,
Fig. 1.2 Synthesis of the tricyclic isomer of hexasilabenzene (Tip: 2,4,6-triisopropylphenyl;
Li.dme,: 1,2-dimethoxyethane solvated Li)

at the center of the Siy ring (—23.8 ppm), which indicates substantial aromaticity
(benzene ~ —10 ppm) but may also include shielding effects from the o -framework.
To estimate these latter effects, they also computed the NICS(0) value for the hypo-
thetical saturated hydrogenation product of the molecule, SigRgHg. This in silico
reduction has the effect of sequestering the two Si lone pair electrons and hence
suppressing the dismutational resonance. The result (—6.4 ppm) suggests that the
strongly diatropic NICS(0) value of SigRg is truly due to aromaticity.
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Fig. 1.3 a Bonding in planar HoC=CH, b Bonding in trans-bent H,Si=SiH>. Reproduced with
permission from [14]

1.2 Chemical Bonding: Unsaturated Carbon Systems
Versus Silicon Systems

The contrasting behavior of the unsaturated carbon systems and their heavier ana-
logues have been discussed in details by Nagase recently [14]. Here we mention the
basic features which lead to different structures in silicenes and other two dimen-
sional materials.

One might envision bonding in CH,=CH, or higher unsaturated organic molecules
as composed of interaction between two or more CH, fragments. As shown in
Fig. 1.3a, each of these CH; units have two unpaired electrons (S = 1, triplet). These
two unpaired electrons are located in a hybridized sp? orbital and a perpendicular p,
orbital respectively. So, as these fragments are brought closer, a maximum overlap
between these two orbitals occurs when the overall HC=CH, unit adapts a perfectly
planar configuration (a D, point group). However, this case is altered in Silicon
hydrides. The ground state of SiH, does not contain unpaired electrons (S =0, sin-
glet). So, the two free electrons pair up and are localized as a lone-pair in the sp?
hybrid orbital (Fig. 1.3b). Hence, now approach of the two SiH, units along the
shortest path should lead to strong electron-electron repulsion between the two filled
orbitals. The only way to form a H,Si=SiH; bond will be to distort the structure either
in a cis-bent or a trans-bent fashion. Clearly, a cis-bent structure should still possess
this repulsion albeit in a relatively weaker angular fashion. Therefore, the best ori-
entation of the H,Si=SiH; unit is the distorted trans-bent structure. It is important to
remember that even though the H,Si=SiH; bond has a formal bond order of two, the
trans-bent distortion leads to a weaker and hence, relatively longer double bonded
system.
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Fig. 1.4 a Bonding in linear HC=CH b Bonding in trans-bent HSi=SiH. Reproduced with per-
mission from [14]

Similar to the ethylenic units, the silicon substituted acetylenes, HSi=SiH also
have a trans-bent structure. For both CH and SiH, the ground state has one unpaired
electron (S = 1/2, doublet). However, for CH, the excitation energy required to pos-
sess three unpaired electrons (S = 3/2, quartet) is very small (~16.7 kcal/mol). Hence,
the CH unit undergoes excitation to reach to a quartet state which facilitates it form
three carbon-carbon (one o and two 1) bonds. This results in a gain in binding energy
of 228.5 kcal/mol, a more than ten fold gain compared to the loss in terms of the
excitation energy. The formation of a triple bond in HE=EH is shown schematically
in Fig. 1.4a. This results in linear HC=CH molecule (D, point group). For SiH, the
doublet-quartet excitation energy is much more (~36.4 kcal/mol). Also, the strength
of a linear triple bonded HSi=SiH is expected to be smaller due to poor overlap
between the two diffused 3p, orbitals (formation of one o bond) and two diffused
3px and 3py (formation of two 7= bond, perpendicular to the o bond and with respect
to each other). Therefore, the SiH units prefer to react by orienting their lone-pairs
as far as possible as with respect to each other resulting in a trans-bent structure as
shown in Fig. 1.4b.

One might understand the preference of the HSi=SiH systems to possess trans-
bent geometries from the pseudo Jahn-Teller effects (PJTE) [15-17]. As shown in
Fig. 1.5, formation of a triple bonded HE=EH unit (E=C, Si) involves filling up
of a pair of electrons in one c-orbital and two pairs of electrons in the in-plane
(min) and out of plane (o) orbitals of w-symmetry. Distortion along the trans-
bent normal mode, Q(r,) leads to a symmetry allowed mixing of the filled m;,
orbital (77, symmetry) and the empty o * orbital (o, symmetry). In the case of C;H,,
calculations at B3LYP/aug-cc-PVTZ level show that the energy separation between
the i, orbital and the o * orbital is 8.4 eV making this interaction extremely weak
to effectively result in a structural distortion. However, for Si,H,, the mi,—o* gap
is only 3.6 eV at the same level of theory. This causes structural instability for
the Doy, linear structure in SiH, with an imaginary distortion mode (@, =610.8i
cm™!) which on relaxation leads to the trans-bent structure of Si,H, of a lower Cyy,
symmetry. Therefore, a small gap between the filled state (occupied molecular orbital,
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Fig. 1.5 a Bonding in linear HC=CH b Bonding in trans-bent HSi=SiH. Reproduced with per-
mission from [14]

OMO) and the empty state (unoccupied molecular orbital, UMO) leads to structural
instability in linear HSi=SiH systems. Such distortions belong to the general class of
molecular distortions arising out of small OMO-UMO gaps, a prime-facie condition
for PJT distortions. In fact, the preference for various heavier analogues of benzene
like hexasilabenzene and hexagermanabenzene to have a distorted D3y geometry
instead of the expected planar D¢, geometry has been explained by us based on PJT
effect [18]. We discuss this in details in the next section.

1.3 Effect of Buckling Distortions in Sig Rings: The Psuedo
Jahn-Teller (PJT) Effect

Ab initio calculations predict buckled honeycomb geometry for silicene unlike
graphene even though it possess similar electronic properties [19, 20]. The sym-
metry breaking in silicenes by buckling removes the instability associated with the
planar high-symmetry structure. Such an instability of high-symmetry geometries
of molecular systems is attributed to pseudo-Jahn-Teller (PJT) effect [15, 16]. As
suggested by Bersuker, the vibronic coupling between the nondegenerate electronic
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states of proper symmetry resulting in nonsymmetric vibrations leads to PJT effect
[17, 21, 22]. The sufficiently strong coupling between the unoccupied molecular
orbitals (UMOs) with occupied molecular orbitals (OMOs) has been identified and
proved to be the source of distortions in many molecular systems [17, 23, 24]. The
PJT effect can be suppressed by adding electrons to the UMOs, by increasing the
energy gap between the interacting UMO and OMO, or by the isolobal substitution
of atom or a group with their more electronegative analogues [25-27]. Puckering
in silicene makes it more versatile since, besides having all the exotic properties of
graphene, tuning the band gap is much easier [28, 29]. Unlike the ripples in graphene,
which are disordered, silicene is puckered in each of the six membered ring and is
symmetric across the surface. Because this short-range puckering has a pronounced
effect on the electronic properties of silicene it is important to explore the fundamen-
tal aspects of puckering distortions and the factors that lead to puckering in silicene.
A proper understanding of the buckling distortions is crucial to appreciate the novel
properties of silicene and to tune it for various applications.

The silicene clusters gain stability on puckering with increase in the number of
rings from SigHg to SizoH», [30]. As shown in Fig. 1.6, the puckering angle ¢ (the
dihedral angles between the atoms 1, 2, 3, and 4) for the optimized geometry of
SigHg at B3PW91/TZVP is 33.7° and that for Si7gHy; is 35.6°. Periodic calculations
for silicene using VASP plane wave based DFT code find the puckering angle for
the optimized silicene sheet is about 36.8° (part ¢ of Fig. 1.6). The puckering distor-
tion in the smallest silicene cluster hexasilabenzene is preserved as such in silicene
sheets. The structure, stability and aromaticity of isomers of hexasilabenzene has
been studied extensively by various research groups [12, 31, 32]. Among the various
isomers hexasilaprismane is computed to be the global minimum in the potential
energy surface. The silicon analogue of benzene is 22.7 kJ/mol less stable than hex-
asilaprismane at CCSD(T)/cc-pVTZ level [33]. Because this Ds; structure is the
smallest puckered repeating unit for silicene clusters and sheets, we chose chairlike
hexasilabenzene for understanding the puckering distortions.

The strong vibronic coupling of nondegenerate orbitals that are sufficiently close
in energy leads to vibrational instability in high symmetry configurations. The sym-
metry requirement for PJT effect is that the direct product of the symmetries of the
nondegenerate orbitals should contain the symmetry of the instability path [34]. The
onset of new covalence when a high symmetric configuration moves to a low sym-
metry configuration is responsible for PJT effect. Its well established in the literature
that the planar hexasilabenzene is not a minimum energy isomer and has a vibra-
tional instability (128.81 at M05-2X/6-31 + G(d,p) level of theory) that leads to a C3
puckered structure [12, 31]. The Si-Si bond length increases from 2.21 to 2.23 A as
hexasilabenzene gets puckered, which is still less than the single Si—Si bond length
of 2.35 A. The planar hexasilabenzene is in 'A; ¢ €lectronic structure. The distortion
along the unstable b,, vibrational mode results in the chairlike D3, structure and the
by, mode becomes totally symmetric (a) mode. The vibronic coupling between the
OMO-UMO pairs: HOMO and LUMO+2, HOMO-1 and LUMO+3 and/or HOMO-
4 and LUMO can lead to the distortion of the Dg, structure. The product of the
symmetries of OMO-UMO orbitals are:
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Energy (eV)

(c) $=36.8° 12

Fig. 1.6 Puckering Angle ¢ for a SigHg, b Large 2D molecular fragment: Si7;oHj,, and ¢ Infinite
2D Silicene Sheet with the computed band structure exhibiting the Dirac Cone. Reproduced with
permission from [18]

HOMO and LUMO + 2: €1g X €39 = blg + bzg +ejg
HOMO-1and LUMO + 3 : ayy X byy = by,
HOMO-4 and LUMO : ¢y, X ey, = blg + bzg +ejg

The energy gap between these OMO-UMO pairs are 6.83, 8.90, and 9.52 eV,
respectively. The vibronic coupling in the OMO-UMO pairs HOMO-1 and LUMO+3
and HOMO-4 and LUMO can be neglected because the energy gap is significantly
high. As shown in part a of Fig. 1.7, the PJT distortion due to the coupling between
HOMO and LUMO+2 orbitals leads to the puckered D3, geometry of hexasilaben-
zene. In the case of planar hexasilabenzene, the overlap of o and 7 orbitals is zero.
But puckering leads to o—m mixing resulting in a new covalence.

1.4 Chemical Functionalization on Silicon Rings to Make
Them Planar

The cation—r interactions are widespread and have considerable significance in
molecular biology, drug discovery, and supramolecular chemistry [35, 36]. Experi-
mental and theoretical investigations have shown that the cation—m binding energies
depend on the substituents on the aromatic surface and position and electronegativ-
ity of the cation [37, 38]. The origin of cation—7 interactions in benzene and other
aromatic molecules has been mainly attributed to the electrostatic interaction and
induction energy [39, 40]. Sergeeva et al. have reported the flattening of pentasila-
cyclopentadienide ring by suppressing pseudo Jahn—Teller effect using Mg?* ions
[26]. Ab initio calculations by Zdetsis predict that Sig can be made planar through
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Fig. 1.7 a Onset of puckering from D¢, — D3q via by, distortion in hexasilabenzene. The cor-
responding OMO and UMO involved in this vibronic mixing associated PJT are also shown.
b Suppression of distortion in hexasilabenzene---2Li*. The 1-1 correspondence between the OMO
and UMO are shown with respect to the undoped hexasilabenzene. (Calculations were done at
MO05-2X/6-31 + g(d,p) level.) Reproduced with permission from [18]

the reduction of Si¢® anion in the presence of counter cations. The resulting SigLig
is planar, stable, and aromatic [41]. We performed DFT calculations to investigate
whether the m-surface of hexasilabenzene can bind a metal ion. In the presence
of Li*, the puckered Si¢ ring of hexasilabenzene becomes planar to form a stable
Cey SigHg---Li* complex. The BSSE corrected binding energy for hexasilabenzene
with Li* is —45.3 kcal/mol. The corresponding value for benzene---Li* complex is
—39.9 kcal/mol. The distance between the metal ion and the centroid of the ring is
1.94 A. Li* ion not only binds with hexasilabenzene more strongly than benzene but
also suppresses the PJT distortion in hexasilabenzene ring. The energy gap of the
OMO-UMO pair of hexasilabenzene increased from 6.83 to 7.37 eV in the presence
of a Li* ion. The increase in energy gap in presence of Li* is sufficient enough to
quench the coupling of OMO-UMO pair thereby suppressing the PJT effect along
the by, mode. The m-surface of aromatic rings can be tuned to accommodate two
cations [42]. We calculated the binding energy of hexasilabenzene with two Li*
ions. Unlike benzene for which binding of two cations on either side of the aro-
matic ring is endothermic, hexasilabenzene forms a stable Dg), SigHg---2Li* complex
and the BSSE corrected binding energy is —3.5 kcal/mol. The distance between the
metal ion and the centroid of the ring is 2.18 A. The electrostatic field from the two
Li* ions increases the OMO-UMO energy gap to 7.68 eV restoring high symmetry
Degy, structure of hexasilabenzene. Part b of Fig. 1.7 shows the suppression of PJT
distortion of hexasilabenzene in the presence of two Li* ions. The one-to-one corre-
spondence between the OMO and UMO of hexasilabenzene and the 2:1 Li* doped
hexasilabenzene are also shown.

Inspired by the results for planarization for hexasilabenzene on mono and di
lithiation, material with planar silicene sheet decorated with Li* were designed and
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Fig. 1.8 a Transverse view, b lateral view of optimized Li+decorated silicene sheet, ¢ its band
structure (at the GGA/PBE level with plane wave basis). Reproduced with permission from [ 18]

|

periodic calculations were performed for such extended system. The unit cell was
constructed such that the Li* ions bind to the top and bottom surface of alternate
hexasilicon ring. In agreement with the results of hexasilabenzene, the silicene sheet
turns planar in the presence of Li* ions. The transverse and lateral view of a 3 x
3 supercell of the optimized Li* decorated silicene cluster is shown in Fig. 1.8.
The presence of Li* ions open up the band gap in silicene (part c of Fig. 1.5). The
band gaps for silicene---Li* and silicene---2Li* are calculated to be 1.29 and 1.25 eV,
respectively. The band gaps are estimated to be 1.70 and 2.14 eV (1.62 and 2.10 V)
at HSEO06 and B3LYP hybrid levels of calculations for silicene---Li* (silicene---2Li"),
respectively.

1.5 Electron and Hole Transport in Silicene

The Reorganization Energy (1) can give an insight into the charge transfer prop-
erties of the system. The reorganization energy is a key factor controlling the rate
of charge transport in a system within an incoherent charge transport method. The
energy required for the structural changes of the molecule when an electron is added
or removed is the internal reorganization energy, and the external reorganization
energy is due to structural modifications in the surrounding medium during the
electron transfer process. The molecules with small reorganization energies are in
high demand due to their numerous applications in the electronic and optoelectronic
industries. The internal reorganization energy for the silicenes has been calculated
at B3PWO1/TZVP level using the relation [43]:
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)‘-hole/electron - (E:T; - E:t) + ( :ation/anion - E)

where E is the energy of neutral state in the neutral geometry, E ston/anion™ 1S the
energy of the neutral state in the cationic/anionic geometry, £ is the energy of
cationic/anionic state in that geometry and EL* is the energy of cationic/anionic
state in the neutral geometry. The reorganization energy for the silicenes in the are
reported in Table 1.2. For all the silicenes the Ay value is smaller than Agjecyron. This
is an important result, since polyacenes are also known to be hole conductors. The
)\hole values for PAH, Clng, C14H10, C18H12 and C22H14 at B3LYP/6-31G** are
0.18, 0.14, 0.11 and 0.97 eV, respectively [44]. This is in good agreement with the
values that we calculated for the corresponding silicon analogues SijoHg (0.16 eV),
Sij4Hig (0.13 eV), SijgH;, (0.12 eV) and SippHjs (0.10 eV). Therefore, silicenes
might be considered as “sister molecules” to polyacenes. The reorganization energy
decreases as the value of m and n increases, which can be utilized for a wide variety of
applications in electronics. The Apge and Acjectron Values for various silicenes suggest
that with the increase in the values of m and n, silicenes show amphiphilic character.
The puckering in the dihedral of peripheral hexasilicene rings increases with the
addition of an electron and decreases with the removal of an electron compared to
the neutral species. This difference is negligible as the number of rings increase,
which implies that the charges get delocalized for larger clusters.

It is important to note that bulk Si is known to exist in only sp> covalently link
diamond-like structure, [45] which might be visualized as layers of puckered silicenes
stacked over one another with the C; distortions arising from the additional interlayer
Si—Si bonds. This is in contrast to carbon that exists additionally in the pure sp?
graphite structure. Thus, the absence of any other allotrope of Si similar to the graphite
form in carbon can be attributed to the puckering distortion that renders -stacking
interactions ineffective through the loss of planarity in each six-membered ring,
and favors an sp° bonding environment. Also, the diamond structure of Si ensures
that Si—Si interaction energies are identical both along the layer and in between
the layers. To understand the interaction between the layers, the bonding energies
of the interlayer structures were computed at the same level of theory. Basis set
superposition error (BSSE) was corrected using the counterpoise correction (CP)
method [46].

For the dimers the Si-Si bond length varies between 2.37 and 2.39 A along
the interlayer for different sized systems, which is comparable with the bulk Si—Si
bond length of 2.35 A. The Si-Si bond length in between the layers are in the range
2.38-2.47 A. AHOMO-LUMO gap of 2-3 eV suggests semiconducting behavior for
the dimers. A higher value of the HOMO-LUMO gap compared to the corresponding
monomers indicates that delocalization is more in the plane. The transfer integral in
between the monomers for the dimer was calculated using the relation [47, 48].

fhote = 1/2{E(HOMO) — E(HOMO — 1)}
fotection = 1/2{E(LUMO + 1) — E(LUMO)}
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Table 1.2 Binding energy per Si atom (eV), point group, HOMO-LUMO (eV), reorganization
energy for silicenes of various nuclearities at B3PW91/6-31G(d) level of theory

Molecule Average Binding HOMO- Ahole Aelectron
puckering energy/atom | LUMO
angle Gap
SicHs 33.7 —-0.90 3.22 0.26 0.96
SijoHg 343 —0.93 2.26 0.16 0.47
Sij4Hjg 34.4 —-0.94 1.68 0.13 0.25
SijsHjo 34.8 —0.95 221 0.16 0.48
SijgHi2 343 —0.95 1.31 0.12 0.15
SippHia 343 —0.95 1.06 0.10 0.14
SijeHio 35.0 —-0.97 1.80 0.13 0.31
SizoH12 35.2 —0.98 1.35 0.11 0.22
SipgHia 35.2 —0.99 1.03 0.12 0.17
SipaHpo 36.7 —1.00 1.89 0.11 0.20
SizgH14 354 —1.00 1.02 0.09 0.18
Siz4Hje 35.2 —-0.99 0.80 0.08 0.16
SizgHje 354 —1.00 0.78 0.08 0.15
SiscHig 35.5 —1.01 0.60 0.08 0.17
SisgHig 35.5 —1.01 0.59 0.07 0.13
SisgHag 35.6 —1.02 0.44 0.06 0.11
SizoH22 35.6 —1.03 0.33 0.06 0.10

The binding energies, reorganization energies, HOMO-LUMO gaps and the trans-
fer integral for the dimers are given in Table 1.3. The binding energies calculated at
B3PWO1 and M05-2X levels are consistent with each other, which implies that dis-
persion interactions do not make a significant contribution in stabilizing the silicene
dimers, unlike in the carbon analogues. The structures for the stacked dimers of the
monomeric layers are shown in Fig. 1.9. One clearly observes that unlike 7 -stacking
interactions in PAH, covalent Si—Si bonding stabilizes the interlayer bonding. It is
interesting to note that both the tqe and fejecron are about 20% of that for organic
molecules like TTF, TCNQ, BTQBT, benzene and naphthalene [47, 49]. The lower
values of the transfer integrals arise due to smaller spacing between the valence and
conduction levels as a consequence of the more diffused orbitals on silicon compared
to carbon.

1.6 Reactivity of Silicene Towards Hydrogen
and Band Gap Tuning

It has been already reported that the hydrogenation of a single-layer of graphene
causes remarkable changes in the electronic and atomic structures, and in the trans-
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Table 1.3 Binding energy of the co-facial dimers (in e V), hole and electron reorganization energies
(in eV) HOMO-LUMO (eV) and hole and electron transfer integrals (in eV) for silicenes of various
nuclearities at B3PW91/6-31G(d) level of theory

Dimer Binding Ahole Aelectron HOMO- Transfer integral | Transfer integral
energy per LUMO (thole) (Zelectron)
monomer gap

Si;pHip —-3.6 0.27 1.51 2.0 0.05 0.08

SizoHig —-9.2 0.90 0.35 3.1 0.15 0.17

SiogHpg | —12.3 0.76 0.34 2.8 0.11 0.03

SipgHyg | —12.0 0.56 0.28 2.5 0.19 0.21

SizpHpo | —13.0 0.52 0.15 2.3 0.15 0.019

SizgHog | —15.7 0.64 0.27 2.6 0.03 0.05

SigeHpq | —16.6 0.56 0.16 2.0 0.04 0.06

SigaHpg | —17.1 1.16 1.36 1.8 0.03 0.07

port properties. The successful synthesis of hydrogenated graphene (graphane) was
firstaccomplished by Elias et al. [ 50]. Though the hydrogenation process is reversible,
the graphane formed with sp* hybridized carbon atoms in the lattice is stable at room
temperature for many days. It is crystalline and retains the hexagonal lattice, but
the periodicity is considerably shorter compared to graphene. The hydrogenation
increases the energy gap in graphane and conductance becomes temperature depen-
dent. Annealing the graphane at high temperature restores many of the fundamental
properties of graphene, like metallic state, the lattice spacing and the quantum Hall
effect. An earlier theoretical calculation by Sofo et al. predicted that the chair-like
conformer, with hydrogen atoms bonded to carbon on both sides of the plane in
an alternating manner, is more stable than a boat-like conformer in which a pair of
hydrogen atoms occupy alternate positions. Graphane also has a very high volumet-
ric and gravimetric hydrogen density, and hence has promising applications [51]. It
is interesting to study the feasibility of the hydrogenation reaction of silicenes and
its effect on the different properties and structure of silicene. The stability of hydro-
genated silicon fullerenes has been studied by various research groups, and they are
proven to have a potential hydrogen storage capacity. An efficient and low cost stor-
age material for hydrogen is a major challenge for the current scientific community,
and this is an area of active research. The US Department of Energy hydrogen storage
system targeted a 6.0 weight percent gravimetric capacity and a volumetric capac-
ity of 0.045 kg L~! for the year 2010 [52]. Previous first principle calculations by
Cao et al. revealed that silicon nanotubes are better candidates for hydrogen storage
compared to iso-diameter carbon nanotubes. The denser and more localized electron
clouds of silicon nanotubes can adsorb hydrogen more strongly [53].

The structures of silicenes with different nuclearity were optimized after saturating
all the bonds with hydrogen atoms. The heat of hydrogenation is calculated using the
relation AH = H(Si,Hp:.) — (H(Si,Hp) +¢/2 Hy), where c is the number of hydrogen
molecules added for complete saturation (see Fig. 1.10). The result shows that the
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Fig. 1.9 The optimized “tiffin-box like” structures for the stacked dimers of the silicene strips at
B3PW91/6-31 G(d) level of theory. Reproduced from [30] with permission from PCCP Owner
Societies

reaction is more exothermic than the carbon counterparts. The heat of hydrogenation
for benzene, naphthalene, anthracene and phenanthrene is —2.16 eV, 3.5 eV, 5.0 eV
and 4.7 eV, respectively, [54] which in the silicon world for SigHg, SijoHg, the
anthracene analogue of Si, Sij4H;o and the phenanthrene analogue of Si, Si;4Hj),
are —4.63, —7.48, —10.40 and —10.25 eV. The instability of sp?silicon in silicene
compared to sp? carbon in graphene makes hydrogenation more feasible in the case
of silicene. The weight percent of hydrogen for various silicenes (values for carbon
analogues in the parenthesis) are given in Table 1.4, and it ranges from 6.6 to 4.5%.
The preference of Si to be in an sp? environment rather than an sp? environment
is evident from the structural parameters. The Si—Si bond length in hydrogenated
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Fig. 1.10 Schematic representation of structural changes in silicene clusters on hydrogenation.
Reproduced from [30] with permission from PCCP Owner Societies

silicenes is between 2.35 and 2.36 A, which agrees well with the standard value of
2.35 A. The Si-Si-Si bond angles are in the range 110-111°, and Si—Si—H bond
angles range between 107 and 109°. The HOMO-LUMO gap and polarizability of
the hydrogenated silicenes are also given in Table 1.4. All the silicanes under our
study have HOMO-LUMO gaps greater than 4 eV, indicating a shift from the zero
gap semiconductor realm to that of wide gap semiconductors. The increase of the
band gap during saturation of silicenes with hydrogens can be used for band gap
tuning by controlled saturation by hydrogen. Though the storage capacities of these
clusters are comparatively lower than PAH, coupled with their band engineering
properties silicenes can be seen as promising materials.

1.7 Tip Enhanced Raman Spectroscopy (TERS) as a Probe
for the Buckling Distortion in Silicene

Raman spectroscopy is a significant tool for the characterization of 2D materials.
The Raman spectrum of graphene has been shown to evolve with the number of
layers and can be effectively used to differentiate monolayer, bilayer and multilayer
graphene [55]. This non-destructive technique is also sensitive towards the quality
of layers, doping level and defects in the graphene sheet [56]. Scalise et al. have
calculated the Raman spectrum of free standing silicene and germanene and also
the nanoribbons of Si and Ge [57]. They found that silicene shows an intense G-
like peak at 570 cm~'. Corresponding to the D peak in graphene, Si nanoribbons
show a peak at 515 cm~'. Cinquanta et al. have reported the Raman spectrum of
epitaxial silicene [58]. They found that the interaction of Si atoms with the Ag(111)
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Table 1.4 Heat of hydrogenation, HOMO-LUMO gap, polarizability and weight percent of H for
hydrogenated silicenes (silicanes) of various nuclearities

Species | Heat of Heat of HOMO- Polarizability | % wt. of
hydrogena- hydrogenation/Si-atom | LUMO gap | (a.u.) hydrogen
tion (eV)

(eV)

SigH12 —4.63 -0.77 6.97 175.63 6.6

SijpHig | —7.48 —0.75 5.96 307.51 6.0

SijgHpg | —10.40 —0.74 5.35 42541 5.7

SijgHpg | —10.25 —0.73 5.54 445.59 5.7

SijgHzp | —13.34 —0.74 5.00 606.28 5.6

SigpHze | —16.29 —0.74 4.78 766.09 5.5

SijgHe | —11.35 —-0.71 5.48 507.29 34

SippHzg | —15.61 —-0.71 5.01 734.18 5.2

SipgHao | —19.77 —0.71 4.70 969.62 5.0

SipaH3ze | —17.70 —0.74 5.12 798.21 5.0

SizoHas | —20.94 —0.70 4.81 1037.82 5.0

SizgHso | —23.95 —0.70 4.49 1214.41 5.0

SizgHss | —26.32 —0.69 4.54 1357.97 4.8

SigeHgs | —31.68 —0.69 4.37 1690.37 4.7

SisgHge | —32.87 —0.68 4.45 1766.55 4.7

SisgH7g | —39.46 —0.68 4.28 2189.89 4.6

SizgHgy | —47.23 —0.67 4.22 2040.75 4.5

surface distorts the low buckled silicene structure and enlarges the unit cell. The
intense sharp peak at 516 cm™! resembling the G-peak of graphene is a fingerprint
of silicene. Calculations have been performed on free standing silicene clusters to
capture the signature of buckling distortion in the Raman spectrum and enhance
the intensity of this particular normal mode using metal clusters [59]. The vertical
displacement of alternate Si atoms of each hexagonal ring along the C3, axis leads
to the buckling distortion in silicene. Since the dipole moment of the molecule is not
changing during the buckling distortion, infrared (IR) spectroscopy cannot track this
effect.

The vibrational frequencies and Raman intensities for various clusters of silicene
were calculated. In order to examine the effect of metal clusters on Raman intensity,
the silicene clusters: SigHg, Si;4H;¢ and the fused cluster Si;gH;, were chosen. The
clusters of gold and silver are considered to be adsorbed on the silicene surface. The
M,, My and My clusters of Au and Ag were placed at a distance of 2.5 A from the
center of mass of silicene clusters from the tip of the cluster as shown in Fig. 1.11.
The distance of 2.5 A is selected based on the most stable vertical configuration of
the metal dimer (M;,). The ECP basis set LANLO8(f) [60-62] available from the
EMSL Basis Set Exchange Library [63, 64] was employed for the metal atoms.
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Fig. 1.11 Silicene fragments with metal clusters adsorbed over the surface (M = Au, Ag). Repro-
duced from [59] with permission from PCCP Owner Societies

The high sensitivity of surface-enhanced Raman scattering (SERS) has made
it a powerful analytical technique [65—67]. The combination of scanning probe
microscopy (SPM) and SERS, Tip-enhanced Raman scattering (TERS), is promising
with added advantages like uniform enhancement of the signal at all sample loca-
tions, high spatial resolution, coupling of topographic features with spectroscopic
data, quantitative measurement of SERS etc. [68, 69]. In TERS, the SPM tip is an
externally tunable hot spot and one can effectively use it to enhance the Raman signal.
Clusters of silver and gold to model the tip and study its effect on the Raman spectra of
the silicene cluster. The buckling frequency, Raman scattering activity, enhancement
in the scattering activity and binding energy for the silicene clusters SigHg, SijaHo4
and SijgHj; in the presence of metal clusters are given in Table 1.5. The enhance-
ment in the scattering activity is calculated as the ratio of scattering activity for the
buckling mode of the silicene---metal complex to the scattering activity of the most
prominent buckling mode of the corresponding silicene cluster. While, the enhance-
ments are modest (in between 2-5 times increase), the enhancements increase with
an increase in the size of the metal cluster. For example, for hexasilabenzene (SigHg)
the enhancement increases from 1.1 to 4 times as a gold cluster increases in size from
a simple linear dimer to a tetrahedral Au,o. Much stronger manifestation occurs when
the tip is considered to be silver. The enhancement increases from 3 times to 17 times
as the size of the Ag cluster increases from 2 to 20.
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Table 1.5 The buckling frequency, scattering activity, enhancement in scattering activity and bind-
ing energy for silicene fragments in the presence of metal clusters at the M05-2X/TZVP level of
theory

Species Buckling Scattering Enhancement in | Binding energy
frequency (cm™!) | activity (S.A) S.A (kcal mol~!)
(A*/AMU)
SigHep...Aup 104 25.87 1.1 —26.0
SigHs....Aug 97 52.11 222 —22.3
SigHe...Aupg 100 95.24 4.05 —-254
SigHs...Ag> 100 75.28 3.21 —18.0
SigHe...Aga 80 169.84 7.23 —14.1
SigHg...Ago 109 402.08 17.1 —18.6
Sii4Hio...Aup 139 76.75 1.36 —253
Sij4Hip....Ag2 142 103.5 1.84 —17.7
SijgHiz...Aup 97 18.38 1.47 —22.5
SiigHi2...Ago 131 91.43 1.81 —15.3

Outlook and Future Perspectives

The bottom up design of two dimensional silicon based materials from basic starting
point namely silicon substituted benzene and stitching atoms with perfection along a
honeycomb is challenging. Over the last decade, synthetic chemist aided by concepts
of theoretical chemistry have been able to design higher order molecular fragments
of fused aromatic molecules where the carbon atoms have been replaced by silicon.
One should expect bigger molecular fragments with 10-15 fused six membered rings
of silicon being synthesized.

Calculations and experiments have now established that unlike graphene, silicene
will be buckled which is understood on the basis of Psuedo Jahn-Teller distortions in
silicon systems. Computational studies predict that intercalation of cations between
the silicene layers led to suppression of the buckling distortion and the graphene
like structural feature can be regained. Aromatic organosilicon compounds have
excellent transport properties and the band gap can be tuned by chemical function-
alization. One might anticipate that rapid progress in synthesis of such molecules
would provide new insights into various aspects of the rich chemistry of silicon based
aromatic compounds. The possibility of depositing such molecules on bulk silicon
substrates should lead to devices which can be easily integrated into existing silicon
microstructures and should show superior performance under ambient conditions.
Such arational design of new materials based on molecular properties should gener-
ate excitement in the evolving area of molecular materials. A deeper understanding
of the basic forces between the substrate and the molecules can minimize dissipation
channels in the charge separation processes and would further augment the discovery
of new phases of in two-dimensional silicon physics. Clearly, such systems provide
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a possibility of synergy between chemical synthesis, computational materials design
and exotic physical properties.
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