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Highlights

* DFT computations on the dimers of group 14 hetero-closo-
dodecaborates resulted in stable clusters except carbon.

* Anintra-cage electron delocalization improves the stability of the
dimers.

e The dimers of tin clusters with ‘Sn-B’ bond has 1.3eV more stable than
that of ‘Sn=Sn’ bond.

* An ELF analysis shows has strong bonding with good electron density
for the cluster (2).

* The predominant dimer formation with ‘Pb=Pb’ multiple bond
promises their application in solid state electrolyte.
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Abstract

The geometric and electronic structural features of group-14 hetero-closo-dodecaborates such as monomers
[HEBHHH]_, [EB11H11]2_ [E=C (la), Si (23), Ge (33), Sn (43) and Pb (53)] and dimers [(EBHHH )2]2_ [E=C (1), Si (2), Ge
(3),Sn (4) and Pb (5)] analyzed using density functional theory (DFT) method at BP86/Def2-TZVP level of theory.
The structural features such as the geometry, metrical parameters and bonding interactions are theoretically
studied. The dispersion correction method has been used to get more insight which improves the metrical
parameter of group-14 elements towards experimental parameters. The electronic structure of the clusters has
been studied using frontier molecular orbital analysis (FMO). It shows the group-14 elements electronic
contribution and possible electron delocalization between the cages to stabilize the dimeric clusters. DFT
(BP86/Def2-TZVP) calculations on the clusters confirm the thermal stability of the newly modelled dimeric clusters
(2-5) which could have diverse applications. The 13C, 'H, 2%Si, and "B nmr chemical shift values computed at DFT
(BP86/Def2-TZVP) level are highly useful in identifying and assigning the individual atoms of the monomeric and
dimeric clusters. From the global reactivity descriptors and local descriptors analysis, an identification of reactive
sites with respect to electrophilic and nucleophilic centers of the reactant has been reported.

Graphical abstract

'ﬁrﬁ#

O =, 8i, Ge, Snand P

@ ‘:ﬂ“‘ "‘l.;'f‘ ~

Download: Download high-res image (291KB)

Download: Download full-size image

< | Previous Next | >

Keywords
[EB11H11]%; [(EB13H11)2]%7; DFT-D3; Group-14; Stanna-closo-dodecaborate

1. Introduction

Multiple bonding interactions between group 14 elements have a unique electronic structure and bonding [[1], [2],
[3], [4], [5]] which attracts most of the theoretical researchers especially through the density functional theory
(DFT) method [[6], [7], [8]]. The bonding interactions of RE/ER [(/— -, =, =), (E=C, Si, Ge, Sn, Pb)] molecules are
studied by Shigeru Nagase et al. [9] The heavier group multiple bonds are calculated by using Grimme's dispersion
correction D3 method [10]. Icosahedral heteroborates are the kind of Lewis acid-base in which the electrophilicity
or nucleophilicity of the clusters mainly depends upon the heteroatoms [11,12]. Boron is a special kind of element
that is capable of forming extended binary hydrides, called boranes. This precise species was discovered by Alfred
Stock in 1912 [13]. In contrast to hydrocarbons, boranes avoid the formation of chain structures and clearly prefer
the formation of polyhedral clusters to overcome the electron deficiency. It can form 2c-2e, 3c-2e, and 4c-2e
bonding. This architecture of boranes was proposed by Lipscomb in 1963, and the Nobel Prize was awarded to him
for his excellent work on explaining the bonding in these boranes in 1976 [[14], [15], [16]]. Icosahedral borates
[B12H12]% are the twelve vertices of BH units exhibiting perfect Ag symmetry, these dianionic closo-dodecaborates
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arise from the symmetric arrangement of electrons throughout the molecular orbitals of the 12 vertices.
Icosahedral borate structures are a kind of three-dimensional configurations made up of triangular B-B-B units. The
clusters in this category possess different bonding characteristics compared to typical boron cluster compounds.
These clusters exhibit sigma aromaticity or three-dimensional aromaticity due to the spatial delocalization of
electron density. The delocalization of two surplus electrons in a dianionic center contributes stability to the sigma
bonds of the entire cage, resulting in distinctive steric and electronic properties [[17], [18], [19]]. The heteroatom
present in the apical vertex causes slight distortion in Ag symmetry. These distorted icosahedral hetero-closo-
dodecaborate clusters possess very unique structural characteristics. The Todd group found the first organometallic
derivative of dianionic dodecaborate in 1992 [20]. The lone pair electrons at the tin vertex impart Lewis acidity to
the stanna-closo-dodecaborates, resulting in reactivity towards Lewis bases. It functions as a strong sigma donor
and a notable 1 acceptor, which contributes to ligation, thermodynamic trans influence, and so forth [17,18]. These
icosahedral clusters have been used in boron neutron capture therapy (BNCT), HIV inhibitors, solid state
electrolytes, super acids, ligation and etc. [[21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33]].

Hetero-closo-dodecaborate (C, Si, Ge, Sn and Pb) can possess outstanding superionic conductivity, especially above
the transition temperatures at which they occur. These anionic closo-dodecaborates are found in salts like
LiCB11H12, NaCB11H13 and Li,PbB11H; which have excellent ionic conductivity and frequently surpass that of liquid
electrolytes. At high temperatures, the dodecaborate structure of these salts changes, causing phase transitions that
improve superionic conductivity. By removing the possibility of leaks and combustible components, solid-state
electrolytes provide a safer substitute for liquid electrolytes. Hetero-closo-dodecaborate salts enhance ionic
conductivity may contribute to batteries increased energy density. Due to their strong ionic conductivity, better
cycle performance, long life and possibility for property tuning, hetero-closo-dodecaborates show promise as a
novel class of solid-state electrolytes for rechargeable batteries. The goal of ongoing research is to optimize them
for real-world use in next-generation batteries and increase their stability, especially at room temperature [[26],
[27], [28], [29]].

Boron drugs are specifically designed to target the tumor cells of the patient. The drugs are administered via
intravenously, the beam of slow neutrons passes. Boron atoms have the better cross section to capture the neutron
particles, then dissociate into lithium ions and high energy alpha particles. It has high linear energy transfer (LET),
which is a measure of biological effectiveness of radiation in a more localized manner. So, it can specifically kill the
tumor cells, with the minimum damage of healthy cells present in the adjacent areas. Currently, Boron delivery
agent researchers are fueling continuous creativity towards better activity and clinical trials with minimum damage
[[23], [24], [25], [26]].

The local descriptor and global reactive descriptors are key factors to determine the chemical nature of the system
[[34], [35], [36]]. The amphiphilic nature is that the system has both nucleophilic and electrophilic nature which
can also be calculated through computational methods [[37], [38], [39]]. This factor is mainly determined by Fukui
functions, the global reactive descriptors such as chemical potential (u), hardness (1]), softness (S) and
electrophilicity (w). These descriptors can be calculated by using DFT method [38,40].

The chemical softness and hardness play a major role in the behavior of the system, this concept first introduced by
Robert S. Mulliken at 1952 [41]. Then Hard and Soft Acid Base (HSAB) principle evolved by Pearson postulates. The
absolute hardness was introduced by Pearson and Parr. Then Pearson published maximum hardness principle MHP,
these two MHP and HSAB are used for the hardness and chemical potential. The Koopmann's theorem mainly used
to derive the global reactive descriptors [42]. According to Koopmann's theorem, we can calculate the adiabatic
ionization potential (AIP) and vertical ionization potential (VIP). The first ionization energy is derived from the
highly occupied molecular orbitals (HOMO), the negative value of the highly occupied molecular orbital's energy
plus the electrostatic potential energy of the electron removed from the system. Similarly, we can calculate the
ionization potential (IP) average of the highly occupied molecular orbitals (HOMO) of the neutral system (N) and
the lowest unoccupied molecular orbitals (LUMO) of the cationic system (N-1) [43].

A dimeric cluster of group-14 icosahedral geometry is reported in 2015 by Wesemann et al.,. The first synthesized
hetero-closo-dodecaborate dimer is [BusMeN], [(GeB11H11)3], a colourless crystalline solid synthesized by the



oxidation of germa-closo-dodecaborate using iodine and ferroceniumhexafluorophosphate. The dimer is dianionic
in nature with the structural formula [(GeB1;Hq1);]?” [44]. Here we have studied the monomers 1a-5a and their
corresponding dimers 1-5 using the DFT method to analyze their molecular structural features, stability and
bonding interactions (Scheme 1). Computational chemistry techniques are being used as valuable tools to help with
both the modeling of novel compounds and to study the complete structural characterization of existing
compounds [[45], [46], [47], [48], [49], [50]]. The following approaches were used to study each of the clusters: the
geometry optimization by DFT method at BP86/Def2-TZVP level, molecular orbital analysis, frequency computation,
nmr property calculation and reactivity descriptor analysis.
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Scheme 1. The schematic diagram representing the molecules studied [E=C (1a), Si (2a), Ge (3a), Sn (4a), Pb (5a)].

2. Computational details

The hetero-closo-dodecaborates are optimized by using BP86/Def2-TZVP level and the interactions are studied by
D3BJ method. All of the density functional theory computations in this work were done using ORCA software
developed by F. Neese and colleagues [51]. From the Vosko-Wilk-Nusair parameterization [52], the Becke 88
gradient correction for exchange and Perdew 86 correlation inside the local density approximation (LDA) were
applied [[53], [54], [55]]. The DFT functional BP86 highly favors the theoretical values with experimental values in
metallaboranes [12,[56], [57], [58]]. For each clusters, the Def2-TZVP (triple zeta valence with polarization function)
basis set with ZORA (zeroth order regular approximation) was employed. TightSCF convergence requirements were
used for all calculation [59]. The bonding interactions of group-14 elements are analyzed by using DFT-D3 method.
The Grimme's dispersion correction D3 [60] with BJ (Beck-Johnson) damping [[61], [62], [63]] has been used to
approach the closer value of experimental values for the heavy atom system [9,10]. An electron localization
function (ELF) analysis done by using ORCA and Multiwfn analyzer. Using the ORCA software's EPRNMR module,
the DFT-optimized geometries were utilized to compute nmr parameters such as chemical shifts and shielding
constants [64]. The tetramethylsilane (TMS) has been used as reference compound, for computing 'H and 13C nmr
chemical shift values [65]. The calculated "B nmr chemical shift values were translated to the standard BF;. OEt,
scale using the experimental value of +16.6 ppm for B,Hg, with B;Hg serving as the major reference point [65,66].
The idea of generalized philicity was presented by Chattaraj et al. It includes information on the
electrophilic/nucleophilic power of a specific atomic location in a molecule, as well as nearly all of the previously
known various global and local reactivity and selectivity characteristics [67,68]. Further, local descriptors on cluster
systems are also explored through DFT method. The binding site of atomic hydrogen on silicon clusters using the
local descriptor Fukui Functions [69] and they found the criteria of “maximum matching” between the Fukui
functions to predict the best interaction between small (Si,-Sig) silicon clusters to form larger (Siz-Sig) ones [70].
DFT methods have already been used to find out stable clusters and molecules in the potential energy surface, by
kick-Fukui method [71]. The stable global minimum structures of Na(Sis-, (BH),)- and Sis_, (BH),2™ (n=0-5) cluster
systems are explored successfully using DFT method by substituting NaSis~ and Sis2~ for B-H units [72].

3. Results and discussion

3.1. Geometrical structure
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The geometrical structures of the group-14 clusters are studied by using BP86/Def2-TZVP level. The optimized
geometries are given in Fig. 1. We have optimized monomers and its respective dimers of the group-14 closo-
dodecaborates. The DFT (BP86/Def2-TZVP) computed metrical parameters and dispersion corrected values of
heteroborate monomers (1a-5a) are provided in Table S1 and Table S2 respectively. Similarly the DFT (BP86/Def2-
TZVP) computed metrical parameters and dispersion corrected values of heteroborate dimers (1-5) are provided in
Table S3 and Table S4 respectively. The bonding distance of E (C, Si, Ge, Sn and Pb) and B atoms are around 1.7091A
for [HCB11H11]™ (1a), 2.1346A for [SiB1;H11]% (2a), 2.0326A [2.0241A] for [MeSiB11Hi1]' (2b) [73], 2.2204A for
[GeB11H11]% (3a), 2.4029A [2.389 (3) A] [74] for [SnB1;H11]% (4a) and 2.4917 A for [PbBy1H11]% (5a). The increasing
order of bond length is 1a < 2a < 3a < 4a < 5a < 2b, the increasing order depends upon the increasing the radii of
group-14 elements and interatomic repulsions between B and group-14. The increasing order of bond interactions
between E and B atoms using D3BJ] method is 1.7061A (1a)<2.1307A (2a)<2.2143A (3a)<2.3973A [2.389 (3) A]
(4a)<2.4822A (5a2)<2.0276A [2.0241A] (2b). Both DFT-D3 calculated and x-ray crystal structure E-B bond distance
of [MeSiB11H11]' (2b) is 2.02-2.03A and [SnBy;H11]% (4a) is 2.38-2.40A. The DFT-D3 calculated cage vertical
distances [CVD] are 3.2286 (1a)<3.9071 (2a)<4.0052 (3a)<4.2298 (4a)<4.3346 (5a), the CVD values are gradually
increasing from carborate to plumbaborate cage. The dispersion correction method (D3BJ) improves the bonding
distances, which are closer to experimental values. The bond angles of B1-E-B2 are 62.834° (1a)>54.904 [54.488] °
(2b)>50.578° (2a)>48.974° (3a)>45.502 [45.380] * (4a)>43,998° (5a). The DFT-D3 method B1-E-B2 bond angles are
62.849 (1a)>54.934 [54.488] (2b)>50.576 (2a)>48.976 (3a)>45.522 [45.380] (4a)>44.043 (5a). The cluster (2b) and
(4a) have a good agreement with an experimental value [73,74].
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Fig. 1. DFT optimized geometries of group-14 hetero-closo-dodecaborate monomers (1a - 5a) and dimers (1-5) at
BP86/Def2-TZVP level.

The DFT computed dimeric clusters are [(CB11H11)2]%7(1), [(SiB11H11)2]%7(2), [(GeB11H11)2]27(3), [(SnB11H11 )2]2 (4A),
[(SnB11H10) (SnB11H11)]?"(4B) and [(PbB1;H11)2]27(5) have E/E bonding interactions with 1.5535, 2.3290, 2.4048,
2.7377 and 2.8687A for the clusters (1-5) respectively. The dispersion corrected E/E interactions are 1.5386, 2.2955,
2.3715, 2.6986 and 2.8236A. An experimental values of the E/E bond of Germa-closo-dodecaborate dimer
[BuzMeN]; [(GeB11Hq1)2] is 2.329 (1) A, which is very closer to the DFT-D3 computed value of [(GeBy1Hy1)2]% (3) is
2.3715A, the remaining compounds are not synthesized [44]. So, we have compared an experimental value of the
related compounds for the clusters (1), (2), (4A), (4B) and (5). The C-C interaction of cluster (1) is 1.5386A which
similar to the alkanes C-C bond distance around 1.540A [75], confirming the single bond nature. DFT computed
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Si=Si bond length of 2.2955A is similar to the various disilene distance 2.304 (2) A of 1-methyl-2-phenyl-1,2-disila-
closo-dodecaborane (12) [(PhSi) (MeSi)B1gH1o] [76], the distance 2.2294 (11) of [L,Si=SiL;] (L=:C [N (2,6-
PriyCgH3)CH],) [77], 216 p.m. or 2.1600A presents in (Mes),Si=Si(Mes), [Mes — mesityl group (CgH,-2,4,6-Me3)]
[78,79]. The DFT-D3 and DFT computed Sn=Sn double bond distance 2.6986 and 2.7377A is very close to the
stannylene or distanene (Sn=Sn) double bond 2.6683 (10) A presents in (‘Bu;MeSi),;Sn=Sn(SiMe‘Bu,), [[80], [81]],
and 2.702 in ((Me3Si)3Si);Sn=Sn(2,4,6-Mes-CgH>), [84]. The experimentally available structure for stannaborate is
[(SnB1;H11) (SnB11H10)]3" (4B) [44], shown in Fig. 2 and the two stannaborate clusters are inter-connected by ‘Sn-B’
bonding with 2.2877A inter atomic distance. The dispersion corrected (D3BJ) ‘Sn-B’ bond distance is 2.2445A. Both
of these DFT and DFT-D3 Sn-B distance is smaller than the usual Sn-B bonds in our monomers and experimental
structures [12,74]. The DFT-D3 and DFT computed Pb=Pb bond length of 2.8236A and 2.8687A is similar to the
Pb=Pb bond length 2.833A of L:Pb=Pb:L, 2.844A of Ph3Pb-PbPh; and 2.903A of Si(SiMes);MesPb=PbSi(SiMe3);Mes
(Mes=2, 4, 6 - trimethylphenyl) [9].
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Fig. 2. DFT optimized geometry of [(SnB;;Hq1) (SnB11H10)]?~ (4B) cluster at BP86/Def2-TZVP level.

The B1-E1-E1 angles are gradually increasing from the left to right of the C to Pb series, 119.485° (1)<128.660°
(2)<130.149° [128.095°] (3)<134.409° (4A)<137.629° (5). The cluster (3) has closer value with experimental values.
The E1-B1-E2 bond angle of cluster (4B) is 177.466°. All the DFT and dispersion corrected DFT-D3 binding
interactions, bond length and bond angles are in good agreement with experimental values and related
experimental values (Table S3 and S4).

3.2. Chemical descriptors

The chemical descriptors are the indicators of the molecule nature such as reactivity and reactive center. The
frontier molecular orbitals (FMO) of the clusters studied are provided in Figure SF3-Figure SF5. Those are divided
into two categories, local descriptors like highly occupied molecular orbitals (HOMO), lowest unoccupied molecular
orbitals (LUMO), energy gap (AE) and global reactive descriptors like chemical potential (u), hardness (1]), softness
(S), electrophilicity (w), dipole moment, ionization potential (Ip), electron affinity (E4). These parameters are
calculated by using Eyomo and Ejypmo. All these descriptors are the major key factor for identifying the natures of
the clusters. These descriptors are derived by using Koopmann's theorem.

3.2.1. Local descriptors

We have computed (Table 1) the descriptors for monomers (1a, 2a, 2b 3a, 4a and 5a) and dimers (1, 2, 3, 4A, 4B and
5). The energy gap determines the reactivity and kinetic stability of the geometry, energy of the group-14
monomers are around 3.8368-6.4526eV. The energy gap range of group-14 dimer is 1.5361-6.3217eV with highest
ELumo-Homo energy gap values of 6.3217eV for carborate dimer cluster 1. The increasing order of energy gap for
monomer is 5a < 4a < 3a < 2a <1a and the dimer is 5 < 4A < 4B<3 < 2<1. The increasing order shows that the size of
the group-14 element increases the energy gap of the clusters decreases.
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Table 1. DFT calculated chemical descriptors (eV) of the monomers (1a-5a) and dimeric clusters (1-5) at BP86/Def2-
TZVP level.

Cluster 1a 1 2a 2 3a 3 4a 4A 4B 5a 5

HOMO (eV) -3.3197 -0.9054 23009 -1.4080 1.9679 -1.2635 17134 -0.9958 2.7506 19674 -0.7430
LUMO (eV) 31329 54163 6.7607 3.6702 6.8277 3.0466 5.9550 18011 6.8949 5.8040 0.7931
Erumo - Homo 6.4526 6.3217 4.4598 5.0782 4.8598 43101 4.2416 2.7969 4.1443 3.8368 1.5361

Chemical potential(n) -0.0934 2.2555 45308 2.2622 43978 18116 3.8342 0.4026 4.8228 3.8858 0.0251

Hardness(n) 3.2263 3.1609 2.2299 2.5391 24299 21551 21208 1.3985 2.0722 19184 0.7681
Softness (S) 0.3100 0.3164 0.4485 0.3938 0.4115 04640 04715 0.7151 04826 0.5213 1.3019
Electrophilicity(w) 0.0014 0.8047 4.6029 1.0077 3.9797 0.7614 3.4659 0.0580 5.6122 3.9354 0.0004

Dipole Moment (Debye) 2.65 0.00 0.42 0.03 5.49 0.07 9.14 0.1 8.38 14.11 0.17
Ionization potential(eV) 3.3197 0.9054 -2.3009 1.4080 -1.9679 1.2635 -17134 0.9958 -2.7506 -1.9674 0.7430

Electron Affinity (eV) -3.1329 -5.4163 -6.7607 -3.6702 -6.8277 -3.0466 -5.9550 -1.8011 -6.8949 -5.8042 -0.7931

Fukui function has been used to calculate the local descriptors and reactivity sites. Hirsh field analysis lead to the
local philicity of the system from which we can determine either it is nucleophilic, electrophilic, neutral or
amphiphilic in nature. The following equations 1, 2, 3 have been used to calculate nucleophilic, electrophilic and
radical attack [38].

£ = e (N+1) — g (N) 1
£ = (N) - q (N 1) 2
£ = lax (N+1) — g (N—1)] /2 3

The dimerization of germa-closo-dodecaborate gives the dimeric ‘Ge=Ge’ bonded [(GeB1;H;1)]* (3) cluster. But, in
the case of stanna-closo-dodecaborate produces the ‘Sn-B’ bonded [(SnBq;H;1) (SnB11H10)]?~ (4B) cluster. The
quantum chemical computation favors the remaining group-14 dimeric product. The stanna-closo-dodecaborate
computation possess the favorable results for both the ‘Sn=Sn’ (4A) and ‘Sn-B’ (4B) bonded cluster system. But, the
energy gap for the ‘Sn-B’ system is 4.13eV with 8.55 Debye dipole moment and 2.7920eV for the ‘Sn=Sn’ bonded
system. The energy difference for these two systems is around 1.3eV. So, we have done Fukui function analysis to
confirm the product formation.

The calculation of electrophilic Fukui function (fi*), nuclophilic Fukui function (f,”) and neutral Fukui function (f,°)
through N-1, N+1 and N systems. The calculation shows that the f;~, fi.° favours the B2 vertex with —0.0190, -0.0197
and fi.*favours B4 vertex with —0.0197. So, B2 and B4 vertex is electrophilic and nucleophic respectively, in nature.
So, this analysis highly favours the ‘Sn-B’ bonded [(SnB1;H11) (SnB11H1g)]?” (4B) cluster formation. But, in the tin
vertex, the calculations gives fi*, fi~ and fi° -0.5402, -0.2689 and -0.4046. Hence, tin vertex is highly nucleophilic
in nature and less electrophilic nature. So, the ‘Sn=Sn’ (4A) bonded dimeric cluster is less favored.

3.2.2. Global reactive descriptors

The global reactive descriptors are calculated by using below equations (4)-(8), the equation solved by using
frontier molecular orbital HOMO and LUMO [45]. The DFT computed chemical descriptors are given in Table 1.

Electronegativity = —% (Erumo + Enomo) 4

Global Chemical Potential (1) = % (ELumo + Enomo) 5



Global Hardness (T]) = % (ELUMO — EHOMO) 6
Global Softness (S) = 1/n 7

Global Electrophilicity (w) = ’;—: 8

Chemical potential (u) of the carboratecluster (1a) and plumbaborate (5) has very lower values -0.0934 and 0.0251,
the lowest value obtained due to higher nucleophilicity of the cluster. The monomers have the higher (u) value than
the dimers except carborate system. It determines that the dimers are highly nucleophilic in nature than the
monomers; the heavy group clusters Sn and Pb dimers are good at this criterion.

Hardness (n) determines the overall stability of the clusters. The harness increases the stability of the system
increases. The hardness of the carborates (1, 1a) has higher value around 3.2263 to 3.1609 than the remaining
group-14 clusters. But, in the case of electrophilicity (w), the carborates (1, 1a) have lower value than the remaining
group-14 clusters. The hardness values are gradually decreases from the silaborates to plumbaborates except (4B).

Softness (S) of the clusters is lower in all geometries except the dimeric plumbaborate (5) geometry as 1.3019eV.
The higher softness value indicates that the cluster has the possibility to better reactivity. Similarly, the better
reactivity of this cluster is supported by the lower energy gap than the remaining group-14 geometries with less
hardness and electrophilicity. Hence, we can find the stability and reactivity of the clusters through hardness (n)
and softness (S).

Electrophilicity(w) of the monomeric clusters (2a, 2, 3a, 4a, 4B and 5a) are higher than the dimers except
carborates. In the dimeric system, the silaborate only has the considerable electrophilicity value at 1.0077eV. The
dipole moment of the dimeric clusters (1, 2, 3,4 and 5) are almost zero except dimer (4B) with 8.3763 Debye dipole
moment and the monomers are in the order of 14.1067 (5a)>9.1407 (4a)>5.4925 (3a)>2.6467 (1a)>0.4212 (2a).
Among the monomers studied the plumba-closo-dodecaborate (5a) polar cluster has highest dipole moment (DM)
value of 14.11 Debye (D) when compared to the than the remaining group-14 monomeric clusters. According to
Koopmann's theorem negative value of HOMO is termed as ionization potential (IP) and negative value of LUMO is
termed as electron affinity (EA). The carborate shows the highest IP 3.3197eV and dimeric plumbaborate shows
highest EA -0.7931eV.

3.3. Polyhedral skeletal electron pair theory (PSEPT) and cluster valence electron (CVE)
count

The skeletal electron pair count and electronic structure of the clusters are studied by PSEPT theory [[82], [83],
[84]]. The PSEPT and CVE suggests that the icosahedral borate [Bi;H1,]% cluster has 13 skeletal electron pair (SEP)
possess the closo geometry, with the general formula of the closo geometry [B,H,]% [82].

12x2 (BH) +2 (2¢7) =26¢ s

26/2 = 13

SEP = (n+1) = (12+1) = 13

n = 12 (12 — vertex icosahedral geometry)

Similarly, the group 14 clusters also possess the closo geometry with 13 SEP and n=12. So, the monomers of the
group 14 clusters obeys the wades rule, the geometrical formula of the group 14 clusters are [HCB11Hy1],
[SiB11H111%, [GeBy1Hy1 1%, [SnBy;Hyp ]2~ and [PbByHyy 2.

11x2 (BH)+1x3 (C) +1 (le”) = 26 electrons
11x2 (BH) +1x2 (E) + 2 (2~ ) = 26 electrons (E = Si, Ge, Sn, Pb)

26/2 = 13



SEP=(n+1)=(12+1) =13
n=12

Hence, the clusters possess closo icosahedral geometry, the structure is slightly distorted at the hetero atom vertex.
So, the geometrical structure of the group-14 cluster is distorted icosahedral structure and termed as distorted
hetero-closo-dodecaborate.

3.4. Bond order

The Mayer bond analysis used to determine the bond order and charge density of the atoms. The E/E bond orders of
dimeric compounds are given in Table 2. The bond order of the E/E bond presents in the carborate (1) is 1.1633,
0.8227 in silaborate (2), 0.8299 in germaborate (3), -3.3836 for stannaborate (4A) and 0.8944 for plumbaborate (5)
clusters. Hence, the bond order of all clusters proves that the bonding interactions presents in the group-14 clusters
except stannaborates. The stannaborate shows that the negative bond order value in DFT (-3.3836) and DFT-D3
(=0.3721) method which could be due to the restriction or bugs in the method/software for this specific system. The
bond order values obtained from the DFT-D3 methods are slight lower than the DFT method for C and Si systems.
But, in the remaining cases, the E-E (Ge, Sn, Pb) bond order is slightly higher than the DFT method. The difference
for the Ge cluster is 0.0813 and Sn cluster is 3.0115. The DFT-D3 computed Sn2-B1 bond order of cluster (4B) is
0.9361. The Pb cluster is DFT-D3 (1.0439) value is higher than the DFT (0.8944) method. The difference between
these two methods proves the D3 method is highly favorable for the heavy atoms.

Table 2. The E/E bond order of group 14 hetero-closo-dodecaborate dimers at BP86/Def2-TZVP level using normal
DFT and DFT-D3 method.

Clusters C Si Ge Sn Pb
DFT D3 DFT D3 DFT D3 DFT D3 DFT D3
Mayer 1.16 1.04 0.82 0.77 0.83 0.91 - - 0.89 1.04

3.5. Electronic structure

The frontier molecular orbitals (FMO) of the clusters studied are provided in Fig. SF3 - SF5. The highly occupied
molecular orbitals (HOMO) of the monomers (1a-5a) mainly involve the electron density located at the boron
vertices. In contrast, in the lowest unoccupied molecular orbitals (LUMO), electron density is localized at the
group 14 elements. In the dimeric clusters, also similar trend continues. In the case of LUMO and LUMO+1 of
disilaborate (2) electrons are delocalized over the two closo clusters, which is seen in the picture Fig. SF3 - SF5.
The LUMO+1 and LUMO+2 of germaborates (3) has electron density over the Ge-Ge bonding. The LUMO+1 and
LUMO+2 of stannaborate (4A) and plumbaborate (5) have the electron density over the E-E bond. The HOMO of the
cluster (4B) shows the electron density over the two closo clusters, shown in Fig. 2.

3.6. Electron localization function (ELF) analysis

Electron Localization Function (ELF) Analysis from computations are highly useful I confirming the metal-metal,
multiple bonding interactions [56]. The bonding nature using ELF analysis of group 14 elements presents in the
dimeric hetero-closo-dodecaborates are shown in Fig. 3. The colour bar range is 0-1, the highest electron
localization at red and lowest electron localization at dark blue. The electron cloud value below 0.5 shows the low
electron density [56]. The carborate has good electron density between two carbon atoms as red colour range 0.9-1.
The order of electron cloud density from carbon to lead is
carborate<silaborate>germaborate>stannaborate>plumbaborate. But, In the case of stannaborates electron
density, the Sn-B density (0.7-0.8 orange) overcomes Sn-Sn electron density (green 0.6). The overall ELF analysis
shows very good electron density of group 14 elements for sila-closo-dodecaborate dimer (2).
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Fig. 3. ELF diagram for the DFT optimized geometries of dimers (1-5) at BP86/Def2-TZVP level using Multiwfn
analyzer.

3.7. Thermochemistry

The thermochemical calculations of the monomers and dimers through frequency analysis give no imaginary
frequency and the obtained optimized geometries also minima in the potential energy surface. The DFT
(BP86/Def2-TZVP) computed thermal energy, enthalpy, entropy, Gibbs free energy are given in Table 3. The DFT
computed free energy of the dimer-forming reactions, confirming the stable nature of the modelled dimers and
supports their viable synthesis.
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Table 3. DFT calculated thermochemical properties of group 14 hetero-closo-dodecaborate monomers and dimers at

BP86/Def2-TZVP level.

Clusters Total thermal energy (U) Enthalpy (H) Entropy (S) Gibbs free energy (G)
[HCBy1Hyp ] -318.8699Eh -318.8689Eh 0.0397Eh -318.9087Eh
[SiByHy 1> -569.6334Eh -569.6324Eh 0.0414Eh -569.6738Eh
[GeByHyi 1% -2357.3931Eh -2357.3922Eh 0.0428Eh -2357.4350Eh
[SnByHy [+ -494.5461Eh -494.5452Eh 0.0440Eh -494.5891Eh
[PbB;Hyy % -4731383Eh -473.1374Eh 0.0451Eh -473.1824Eh
[(CBy1H11)2)% -636.4633Eh -636.4623Eh 0.0562Eh -636.5185Eh
[(SiBy1Hy1)1% -1139.3379Eh -1139.3369Eh 0.0621Eh -1139.3989Eh
[(GeBy1Hyp)2]* -4714.8216Eh -4714.8207Eh 0.0649Eh -4714.8855Eh
[(SnBy Hyq )2 -989.0885Eh -989.0875Eh 0.0676Eh -989.1551Eh
[(SnBy1Hyp) (SnBy;H1p)]* -988.4279Eh -988.4276Eh 0.0648Eh -988.4924Eh
[(PbByH1q)2]* -946.2364Eh -946.2354Eh 0.0708Eh -946.3063Eh

The energy of the reactions for the dimers are given in Table 4. This energy is derived from the subtracting the total

thermal energy (U) of the product and 2mol of reactants, then the Hartree value is converted to kcal/mol.

Table 4. DFT calculated Energy of the reaction using total thermal energy (U), enthalpy (H), Gibbs free energy (G) and

entropy (S) for group 14 hetero-closo-dodecaborate dimers at BP86/Def2-TZVP level.

Dimers AU AH AG AS
Hartrees kcal/mol Hartrees kcal/mol Hartrees kcal/mol Hartrees Kcal/mol

1 1.2765 801.0 1.2755 800.4 1.2989 815.1 -0.0232 -14.6
2 -0.0710 -44.6 -0.0721 -45.2 -0.0513 -32.2 -0.0207 -13.0
3 -0.0354 -22.2 -0.0363 -22.8 -0.0155 -9.7 -0.0207 -13.0
4A 0.0037 24 0.0029 1.8 0.0231 14.5 -0.0204 -12.8
4B 0.6643 416.9 0.6628 415.9 0.6858 430.3 -0.0232 -14.6
5 -0.0401 25.2 0.0394 24.7 0.0585 36.7 -0.0194 -12.2

Energy of the reaction by using total thermal energy (U),

AU = UProduct - UReactants

Enthalpy of the reaction,

AH = HProduct - HReactants

Gibbs free energy,

AG = AH- (T x AS)

Gibbs free energy of the reaction,

10

1



AG = G"Pl‘oduct - GReacta.nts 1a

The borates of silicon and germanium have the energies using total thermal energy is —44.5531kcal/mol and
-22.2138kcal/mol respectively, which indicates that the reactions are feasible in which germa-closo-dodecaborate
dimer is an experimentally known cluster. The energy of the reaction for the formation of diplumba-closo-
dodecaborate is 25.2kcal/mol. Interestingly for the stanna-closo-dodecaborate dimer with Sn=Sn (4A) and Sn-B (4B)
has 2.3835kcal/mol and 416.9kcal/mol. The cluster (4A) has 2.3kcal/mol which is lower energy than an
experimentally known cluster hetero-closo-distannaborate (4B) with Sn-B bond [44] and confirming the viability of
the modelled cluster hetero-closo-distannabotrate (4A) with Sn=Sn bonding.

The change in entropy of the reaction, has been calculated using equation (12)
2 [EBuHu)*” — [(EBuHu),*
Two moles of reactant — 1mol of dimer

AS = SProduct - SRea.cta.nt 12

The DFT (BP86/Def2-TZVP) computed entropy of the reaction values for the experimentally known dimers (3) and
(4B) are -0.0207Eh and -0.0232Eh respectively, Table 4. The plumba-closo-dodecaborate dimer (5) has the slightly
higher value —0.0194 Hartrees than the remaining dimers. The change in Gibbs free energy for the dimer forming
reaction confirm the more feasible nature of dimers 2, 3, 4A and 5 and less feasible nature of 1 with 1.2989
Hartrees. From the free energy values of the dimer forming reaction, the following order has been depicted for the
formation of dimer, 2>3 >4A>5 > 4B.

3.8. Spectroscopic properties

The hetero-closo-dodecaborate has three types of protons and borons which lead to three types of chemical shifts
(8), upper belt (5B (1-5) and 5H (1-5)), lower belt (5B (6-10) and H (6-10)) and apical vertex (B11 and H11). The
DFT computed chemical shift values are given in Tables S10-S14. The "B nmr chemical shifts are resonates in 1:5:5
ratio. Usually upper belt borons and protons has lower chemical shift than lower belt and apical position through
the higher shielding effects presents in the upper belt than in the remaining atoms. According to the presence of
group-14 heteroatoms, the upper belt obtains higher shielding effect. The difference between the lower belt and
upper belt is around 2-4ppm. When comparing these two belts with apical vertex, the chemical shift of apical
position is very high. The apical vertex B and H atoms are highly deshielded, these elements utilize higher
resonating energy around 4-10ppm than the remaining atoms. The DFT (BP86/Def2-TZVP) computed chemical shift
for C atom of cluster (1a) is 58.74 which is close to the experimental value of 51.5ppm. An upper belt boron
resonates around -21.22 to —21.26ppm which is close to the experimental value of -16.31 ppm. The lower belt boron
resonates around -17.24 to —17.27 ppm which is also close to the experimental value of -13.30ppm. The apical
boron B11 [DFT -11.21 ppm; Experimental -6.90ppm]. Is less shielded when compared to those of upper best and
lower belt boron atoms. The H nmr shows that the chemical shift values of hydrogen atoms are in1:5:5 ratio, the
proton connected with the C atom resonates at 2.17 ppm which is close to the experimental value of 2.24ppm
[85,86]. Similarly, each monomers (2a-5a) and dimers (1-5) except (4B) computed chemical shifts of 1'B, H
resonates like 1:5:5 for monomers and both cages of dimers. The >C nmr of carborate dimer [(CB11H11)2]% (1)
resonates around 86.0ppm. The silicon atom of the methyl substituted sila-closo-dodecaborane (2b) The 2°Si nmr of
experimentally known cluster (2b) has been computed at DFT (BP86/Def2-TZVP) level as -36.84ppm which is close
to the experimental value of -28.0ppm [2,20,73]. The [(GeB11H11)2]% (3) cluster resonates 1:5:5 ratio [44]. In the
stannaborate (4a) and plumbaborate (5a) monomers the "B nmr shows peaks in the 1:5:5 ratio. The DFT and
experimental values are —=8.72 [5.1]: 16.23 [-10.6]: 18.14 [-11.9] ppm for (4a) and -7.74 [-2.9]: 18.53 [-10.3]: 14.46
[-5.0] ppm for (5a) [20], whereas the dimers resonates at —14.0: 21.0: 19.0 and -21.0: 24.0: 17.0 (B11:B6-B10:B1-B5).
The boron atoms of (SnB;H1g) (SnB11H11)]?" (4B) cluster resonates at -11.36 [-13.6] (B1); -17.59 [-8.0] (B8); -8.57
[-3.6] (B11); -14.83 [-10.0] (B2), -14.92 [-10] (B5); —14.92 [-8.6] (B3), —-14.92 [-8.6] (B4); -17.60 [-11.4] (B6), -17.44
[-11.4] (B10), -17.58 [-11.4] (B7), -17.41 [-11.4] (B9); -21.91 to -22.50 [-15.8] (B12-B22) ppm. An experimentally
reported "B nmr ratio is 1:1:1:2:2:2:2:11. But, the ratio of cage 2 in (4B) normal icosahedrons 1:5:5 ratio peakas



-21.19 (B1-B5): 22.51 (B6-B10): 15.36 (B11) ppm. The apical vertex H11 resonates at 2.447 ppm which is less
shielded as expected, than the 'H nmr chemical shifts of the remaining hydrogen atoms of (SnBy;Hio) (SnB11H11)]?
(4B) cluster [44]. The DFT (BP86/Def2-TZVP) calculated "B, 13C, 'H and 2°Si nmr chemical shift values are helpful in
assigning the individual atoms of the monomeric and dimeric clusters.

4. Conclusions

The bonding interactions of hetero-closo-dodecaborates (1a — 5a) and their dimers (1-5) are analyzed using density
functional theory (DFT) and DFT-D3 method at BP86/Def2-TZVP level of theory. The viable nature of the dimeric
hetero-closo-dodecaborate clusters (2-5) are confirmed through DFT computations. Although, normal DFT
optimization leads to the closer values towards experimentally obtained bond parameters, inclusion of dispersion
correlation suggested by Grimme et al. improves the metrical parameters significantly (~0.04A in bond length)
towards an experimental value. Further, inclusion of dispersion correction provides the energies more accurately.
The DFT computed global and local descriptors have predict correctly the labile nature of the stannaborate dimer
(4A) with ‘Sn=Sn’ double bond. Both DFT and experimental studies confirm the more stable nature of the
stannaborate dimer (4B) with possible Sn-B bonding interaction. The global electrophilicity index (w) of the
monomeric clusters (2a, 2, 3a, 4a and 5a) are higher than the dimers except carborates. DFT (BP86/Def2-TZVP)
calculations on the clusters confirm the thermal stability of the newly modelled dimeric clusters (2-5) which could
have diverse applications. ELF analysis confirm the high electron density around, 0.5 to 0.9 range for E=E bond in
each dimers except the dimer (5). From the free energy values of the dimer forming reaction, the following order,
2>3>4A>5 > 4B., has been depicted for the formation of dimer. The DFT (BP86/Def2-TZVP) computed
spectroscopic values are in good agreement with the experimental values when available or with similar clusters.
The 13C, 'H, 2°Si, and "B nmr chemical shift values computed at DFT (BP86/Def2-TZVP) level are highly useful in
identifying and assigning the individual atoms of the monomeric and dimeric clusters.
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