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Abstract

In this study, the optimized molecular geometry and vibrational frequencies of novel germanium-phenyl
nanostructure were calculated using the hybrid functional B3LYP/Lanl2dz as implemented in
Gaussian 09 program. The obtained geometries from the calculations of density functional theory were
used to carry out natural bond orbital analysis. The stabilization energy E, that is related to the
delocalization trend of electrons from donor to acceptor orbitals was also computed. The higher the
stabilization energy E,, between a bonding orbital and an acceptor orbital the greater the interaction
between them, signifying clear evidence of stabilization that is originating from the hyperconjugation
of H-bonded interaction. Our results reveal strong stabilization energy E,, of orbital interaction
between the bonding orbitals (Ges-Ges) and non-lone pair Ges with value of 81.36 Kcal/mol. The NMR
isotropic chemical shift and magnetic shielding of [Ges(CsHs)] nanostructure were calculated using
Gauge-including atomic orbitals(GIAO) algorithm and results compared with experimental data. The

theoretically calculated values of the coupling constant in the gas phase are °J(H —H) =10.99 Hz,

*J(C-H)=10.99 Hz, and *J(C —C) =12.99 Hz respectively and are observed to be bigger than

the experimental value with a difference of about 3.29 Hz. The spin-spin coupling constant 3] was
calculated by means of the generalized Karplus-type relationship.

Keywords: DFT, stabilization energy, magnetic shielding, chemical shift, Natural bond
orbital.

INTRODUCTION

Materials are important for the development and technological growth of any society. How
far any society has advanced technologically is a good indication of its advancement in
material science and technology. Our lives have been made so comfortable today as a result
of availability of materials and devices made thereof. One such material that has emerged of
recent because of its superior properties for use in modern technology and smart devices is
the organic-inorganic hybrid nanostructure materials. Hybrids have demonstrated better
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material properties when integrated as device components compared to its individual
inorganic counterparts (Kagan et al., 1999; Carroro and Gross, 2014). This new material is
sought for improved optical and electrical properties, luminescence, ionic conductivity and
selectivity as well as chemical or biochemical activity (Mir, 2018). Hybrid organic-inorganic
crystalline materials have characteristic features that combine the highly optical nonlinear and
chemical flexibility of organic materials with the physical ruggedness of the inorganics on a
molecular scale with tremendous number of materials (Abbas et al, 2019). Organic molecules
show extremely large nonlinear optical response through the high polarizability of -
conjugated molecules. This allows charge transfer within the molecule as a response to the
external electric field. Other factors also that contribute to nonlinear response in these
molecules are the planarity of the molecules, molecular symmetry and dimensionality of
charge transfer networks. The inorganic elements cover most of the periodic table, often need
high-tech and high power equipment to be processed. However, their robust and high
performance electric and magnetic properties are unequalled and therefore the inorganic
materials are extensively used in conventional electronics. Organic-inorganic hybrid
functional materials are being utilized in many diverse areas including optics, micro-
electronics, transportation, health, energy, energy storage, diagnosis, housing, environment
and highly relevant area is internet of things. A lot of review articles concerning organic-
inorganic hybrid nanostructure materials have been reported for the design of hybrid
polymers and silicon-carbon networks (Chujo, 1996; Loy and Shea, 1995; Novak, 1993). A
variety of silicates, polysiloxanes etc modified with organic groups for the improvement of
mechanical properties have been investigated. Semiconductor organic-inorganic hybrids
have been reported for its tuning of band gap as well as enhancement of other optical and
electronic properties for versatile applications (Futscher et al, 2019; Chu et al, 2012). Kumar et
al, (2020), have reported band gap tuning and charge transport in perylene diimide (PDI) and
gallium nitride (GaN) interface of organic-inorganic hybrid nanostructure. The results
revealed that the energy levels of the hybrid perfectly align and there is efficient charge
transport from electron rich GaN to electron deficient PDI organic semiconductor.

Germanium is an important semiconductor element having use in both microelectronic
industries and academics because of its excellent intrinsic electronic mobility (

4, =3900cm?v's™), highest hole mobility ( z, =1900cm*v's™), suitable band gap (0.67 eV)
and high absorption coefficients at the wavelengths of interest 1.3 and 1.55 m (Miya et al,

1979). Nowadays, germanium is still a comparatively rare element, however, one with great
technological importance. Recently, considerable activity in the organo-germanium
interaction of the monoatom and the organic functional group has emerged. The most
investigated Organo-germanium compounds are the germsesquioxanes. Organic molecules
and polymers have inherent advantages such as high absorption coefficients, possibility to
modulate electronic properties by chemical tailoring, low manufacturing cost and easy
processing in large area (Kozma and Catellami, 2013). Organic based molecules have been
intensively studied as an electronic material because of their good conductivity due to
presence of conjugated m-orbital and easy manipulation of their properties through
substitution with functional groups such as amid or nitride (Woo et al. 2008). These organic-
based molecules have various applications in key components of electronic and optoelectronic
devices such as organic field effect transistors, organic photovoltaic and organic light-emitting
diodes. In the hybrid approach there is an immense variety of adducts that can be formed
between organic and inorganic species. The knowledge and understanding of this new class
of organic-inorganic hybrid materials is still very much limited particularly theoretical
calculation. Studying and improving these properties in Germanium-Phenyl nanocluster in
the gas phase is the focus of this research.
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Herein, we have intensely studied the properties of novel hybrid nine-atom germanium-
phenyl [Ge,(C,H.)] nanostructure for electronic applications. Therefore, we report the

results of the investigation of the properties of germanium-phenyl [Gey(CsHs)] nanostructure
in the gas phase using the hybrid DFT/CAM-B3LYP functional in conjunction with Lanl2dz

basis set. The nine-atom germanium-phenyl[Ge, (C,H;)] nanostructure is a hybrid organic-

inorganic material that we hope will possess interesting optoelectronic features. Little is
known about ab initio DFT structure parameter calculations of neutral nine-atom
germanium-phenyl nanocluster.

METHODOLOGY

DFT using the CAM-B3LYP functional and ab initio molecular orbital theory calculations
were carried out to investigate the nuclear magnetic resonance (NMR) properties and natural
bond orbital (NBO) analysis of germanium-phenyl [Gey(CsHs)] nanostructure. The PES scan
was performed to predict the most stable molecular structure of the nanostructure using
B3LYP/CEP-31g basis set. The most stable molecular structure was optimized at DFT/ MP2
and DFT/B3LYP methods with Lanl2dz basis set using Gaussian 09 program (Frisch et al,
2009) in the framework of unrestricted formalism. Harmonic vibrational frequencies were
computed at the same level of theory to ascertain the existence of true minimum at the
potential surface visualized via gauss-view 5.0.8 program (Frisch et al, 2009) in order to
characterize the structure. The long-range corrected functional CAM-B3LYP was utilized to
calculate within the framework the properties of germanium-phenyl [Ges(CsHs)] nanocluster.
GaussSum 3.0 (O'Boyle et al, 2008) was used to determine the density of state (DOS) spectrum
with Full Width at Half-Maximum (FWHM) of 0.3 eV of the nanostructure. The energy

convergence is achieved in the order of 10°eV in the current work. Furthermore, nuclear
magnetic resonance (NMR) properties were calculated by invoking the most popular Gauge-
Independent Atomic Orbitals(GIAO) method as implemented in Gaussian 09 package at
B3LYP/6-311+G(2d,p) level of theory. The H and 3C NMR chemical shifts have been
calculated by using the GIAO approach at the same level of theory.

The NMR chemical shift ¢ is obtained by subtracting the calculated chemical shielding tensor
o of [Gey(CsHs)] nanostructure from the calculated shielding tensor of a reference compound
(usually tetramethyl silane TMS or TMGe): (expressed in ppm)

o= Ot ~Oiso (1)

where o, is the Calculated shielding tensor of the reference compound(TMS for 'H, 13C,

2Si and 7*Ge NMR respectively, o,

s 18 the isotropic shielding constant defined as

&iso = %(O-xx + O-yy + Oy ) (2)

Also, the coupling constant between nuclei separated by 3 bonds °J varies with the dihedral
angle between the bonds according to the Karplus equation (Karplus, 1959),

*J =A+Bcosg+Ccosg, €)

where A, B, C are constants coefficients with values 7,-1 and 5 respectively.

The natural bond orbital analysis has been performed using NBO 3.1 program as
implemented in Gaussian 09W software package at the DFT/CAM-B3LYP/Lanl2dz level of
theory. NBO analysis provides an efficient method for studying intra- and intermolecular
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bonding and interaction among bonds and also provides the basis for investigating charge
transfer or conjugative interaction in molecular systems (Sibel, 2017). The computation of the
second order perturbation of the interaction energy of the optimized molecular structure of
germanium-phenyl [Geg(C¢Hs)] nanocluster was carried out using NBO analysis. This second-
order Fock matrix was used to evaluate the donor-acceptor interaction in the natural bond
orbital basis. For each donor (i) and acceptor (j), the stabilization energy E, associated with the
delocalization i —j is estimated as: (Rahmawati et al, 2018)

2
E,=AE =g [Fij] (4)
2 ij i Ej _ Ei
where gi —donor orbital occupancy, E;, E; —diagonal elements and F; — the off diagonal
NBO Fock matrix element.

RESULTS AND DISCUSSION

Natural Bond Orbital Analysis for [Geys(CsHs)] nanocluster

In NBO analysis, large stabilization energy values E; indicate intensive interaction between
electron-donors and electron-acceptors and to a greater extend the conjugation of the whole
system. The results of NBO analysis of germanium-phenyl [Gey(CsHs)] nanostructure are
shown in Table 1. The charge density map of HOMO and LUMO for novel germanium-phenyl
[Geo(CsHs)] nanostructure is also shown in Figure 1. The studied optimized molecular
structure of germanium-phenyl [Ges(CsHs)] nanostructure is shown in Figure 2.

As observed from Table 1, the intramolecular hyperconjugative interactions of
BD(1)(Ge, —Ge,) > LP*(1)(Ge,), BD(1)(Ge, —Ge,) > LP*(1)Ge,,

BD(1)(Ge, —Ge,) — LP*(2)Ge,, BD(1)(Ge, —Ge,,) — LP*(l)Ge34

BD(1)(Ge; —Ge,,) — LP*(2)Ge,, BD(2)(C,, —Cys) > BD™(2)(C, —Cyp),

BD(2)(C,,-C,,) - BD*(2)(C,, -Cy), BD(2)(C, —Cy) > BD"(2)(C,; - C,,),

BD(1)(Ge, —Ge,) —» LP*(2)Ge,, BD(1)(Ge, —Ge,) —> LP*(2)Ge,,

BD(1)(Ge, —Ge,) —» LP*(1)Ge,and BD(1)(Ge, —Ge,) — LP*(2)Ge, have highest stabilization
energy and electron density values of 81.36[Ep=
0.70369¢],80.74[Ep=0.70430e],65.63[ Ep=0.74783e],31.26[Ep=0.85129¢],30.85
[Ep=0.85303e],17.81[Ep=0.82307¢],16.14[Ep=0.82620e],15.38[ Ep=0.82620e],14.39[ Ep=0.720369¢]

,14.27[Ep=0.72157€],13.49[Ep=0.6915%] and 13.34[Ep=0.69220e] Kcal/mol at CAM-B3LYP
level respectively.

These greatest stabilization energies are associated to electron delocalization(Ep) between the
donor-acceptor interactions. The magnitude of charges transferred from the lone pair to the
antibonding increases the electron density in the respective bond. From our results, NBO
analysis clearly explain the evidence of the formation of a weak H-bonded interaction between
the LP(1)Ges and LP*(2)Ge7, BD(1)Ge1.Gez and LP*(2)Ges, LP(1)Gez2 and LP*(1)Gezo, LP(1)Ge7
and BD*(1)GesGes, LP(1)Ges and BD*(1)GesGes, BD(1)Ger.Ges and BD*(1)Ges-Ges
respectively. Furthermore the energetic contribution of LP(1)Ges—> LP*(2)Ge;[9.14
Kcal/mol],BD(1)(Ge1.Gez) — LP*(2)Ges[8.42,Kcal/mol],

LP(1)Gez — LP*(1)Ge2o[7.35Kcal/ mol],LP(1)Ge; — BD*(1)(GesGeg) [5.21Kcal / mol],

LP(1)Ges —BD*(1)(Ges.Ges)[5.20 Kcal/mol] and BD(1)(Ge1.Ges) — BD*(1)(Ges-Ges)[2.37
Kcal/mol] of hyperconjugation interaction is weak, these E» stabilization values are
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chemically significant and can be used as a measure of the intramolecular delocalization.
These weak occupancies of the valence antibonding signal irreducible departures from an

idealized Lewis picture. According to our results, the intramolecular charge transfer 7 — 7",
Nn— z°, N — o occurs in germanium-phenyl [Geo(CsHs)] nanostructure
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Figure 1: HOMO, LUMO and Density of State of [Geg(CsHs)] nanocluster.

Figure 2: Molecular Structure of [Gey(CsHs)] nanocluster(Njapba and Galadanci, 2021).
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Table 1: Second -order perturbation theory analysis of Fock Matrix in NBO basis for
germanium-phenyl [Geo(CsHs)] nanostructure.

Donor ED(e) Energy (i) Acceptor ED(e) Energy (j) E2 Ei-Ej F(ij)

(i) a.u G) au Kcal/mol (a.u) au
BD(1)Gel-Ge2 0.72096 -0.27547 LP*(2)Ge3 0.31467 -0.06186 8.42 0.21 0.055
BD(1)Gel-Ge2 0.72096 -0.27547 LP*(2)Ge7 0.34850 -0.07503 14.39 0.20 0.070
BD(1)Gel-Ge3 0.72157 -0.27578 LP*(2)Ge8 0.34812 -0.07507 14.27 0.20 0.070
BD(1)Gel-Ge3 0.72157 -0.27578 BD*(1)Ge3-Ge8 0.04290 -0.07305 2.37 0.35 0.041
BD(1)Gel-Ge6 0.74783 -0.28002 LP*(2)Ge7 0.34850 -0.07503 65.63 0.20 0.154
BD(1)Ge4-Ge6 0.70369 -0.23847 LP*(1)Ge8 0.34812 -0.07507 81.36 0.16 0.149
BD(1)Ge4-Ge8 0.69220 -0.29730 LP*(2)Ge3 0.31467 -0.61861 13.34 0.24 0.071
BD(1)Ge4-Ge20 0.85129 -0.39342 LP*(1)Ge3 0.92304 -0.41190 31.26 0.33 0.141
BD(1)Ge5-Ge6 0.70432 -0.23872 LP*(1)Ge7 0.34850 -0.07503 80.74 0.16 0.149
BD(1)Ge5-Ge20 0.85303 -0.39380 LP*(1)Ge2 0.31443 -0.06352 30.85 0.33 0.140
BD(2)C9-C10 0.83495 -0.30776 BD*(2)C11-C14 0.15653 -0.06429 15.38 0.37 0.096
BD(2)C11-C14 0.82620 -0.30080 BD*(2)C12-C16 0.16088 -0.06383 16.14 0.36 0.097
BD(2)C12-C16 0.82307 -0.29937 BD*(2)C9-C10 0.18441 0.05174 17.81 0.35 0.100
LP(1)Ge2 0.96042 -0.41567 LP*(1)Ge20 0.45274 -0.12983 7.35 0.29 0.076
LP(1)Ge6 0.95761 -0.42088 LP*(2)Ge7 0.34850 -0.07503 9.14 0.35 0.085
LP(1)Ge7 0.93968 -0.40585 BD*(1)Ge4-Ge6 0.05933 -0.00336 5.21 0.40 0.058
LP(1)Ge8 0.93965 -0.40580 BD*(1)Ge5-Ge6 0.05945 -0.00387 5.20 0.40 0.058
BD(1)Ge5-Ge7 0.69159 -0.29740 LP*(2)Ge2 0.31443 -0.06352 13.49 0.23 0.021

NMR Analysis

The NMR parameters obtained here are the results of DFT calculations using Gaussian 09
software package and invoking the guage-independent atomic orbitals (GIAO) method. The
molecular model was calculated in the gas phase. The B3LYP/6-311+G(2d,p) functional was

used for structure optimization as well as for 'H , BC and "Ge NMR shielding constants

calculations. The isotropic chemical shielding for'H, *C and ™Ge complexes were
referenced to standard compound tetramethysilane (TMS). We present in Table 2 and 3 and
Figure 3 and Figure 4, the results of chemical shift and spin-spin coupling in germanium-
phenyl [Gey(C¢Hs)] nanostructure calculations from First principles.

Chemical Shift (J)

Table 2 is the "H NMR spectral data of germanium-phenyl nanostructure. It is observed that
there are five hydrogen atoms of the [Geg(CsHs)] nanostructure with shielding values all being
positive i.e., there is a shielding effect. All these protons display quite close calculated
chemical shift (6 ppm) values with approximate difference of about 0.4 ppm indicating
similarities in conformation and intermolecular interactions. Wang et al, (2001) reported that
the range of ‘H change is only within 2-3 ppm but predicted values must be accurate to about
0.1ppm to be valuable as markers conformational state. Many authors have calculated proton
shielding for very small molecules to be +0.1ppm absolute accuracy (Sundholm et al, 1996;
Chesnut, 1997; Sauer et al, 1997). Chemical shifts in the region 6.5-8.0ppm in '"H NMR
spectrum usually appeared due to NMR of aromatic protons indicating the presence of
hydrogen in the complex (Levitt, 2008, Macomber, 1998). Soderberg (2016) have reported that
protons in organic compounds have chemical shift values between 0 and 10 ppm relative to
TMS, although values below 0 ppm and up to 12 ppm and above are occasionally observed.
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For [Ges(CsHs)] nanostructure, the *H NMR chemical shift as found in Figure 3 increases to
the left with positive values of 6.20, 6.52, 6.61, 6.65 and 6.95 ppm respectively, denoting a
downfield i.e. a high frequency. This aromatic hydrogen is deshielded as a direct consequence
of the magnetic anisotropic of the 7 —electrons. Remember the resonance structure of the
aromatic compound Benzene. In an applied magnetic field, the 7z — electrons begin to circulate
along the resonance forming what is known as ring current that generates an analogous
induced field. Above and below the centre of the ring, the induced field is opposed to the
external field giving rise to shielding effect on the nuclei. However, outside the periphery of
the ring where aromatic hydrogen is located, the induced field is aligned with the external
tield causing a deshielding of the hydrogen nuclei.

Table 2: Calculated Shielding Constant[ o =ppm] and Chemical Shift[ & = ppm] for isolated
ground state [Geo(Ce¢Hs)] nanostructure with B3LYP/6-311+G(2d,p) functional.

Number | O (ppm) | 6 =0, — O Number o 5=0,; —O Number o S=0,-0
Ge 'H (ppm) Bc | (ppm)
of (ppm) of (ppm) of (ppm)
1 2225.84 -895.84 13 25.24 6.65 9 88.49 93.98
2 1960.83 -630.83 15 25.68 6.20 10 25.50 156.97
3 2382.52 -1052.52 17 25.27 6.61 11 28.76 153.71
4 1946.21 -616.21 18 25.36 6.52 12 49.60 132.86
5 2413.02 -1083.02 19 24.93 6.95 14 49.77 132.69
6 2149.79 -819.79 16 42.79 139.67
7 2190.36 -860.36
8 2234.59 -904.59
20 2647.49 -1317.49

~1330ppm, ' C (SiMes), o, =182.47ppm, 'H (SiMey), o, =

ref

“Ge (GeMey), o

ref ref

Rel

31.88ppm.
SCF GIAQ Magnetic shielding
17-H
20
g o 13HeH  15H
A ;
e
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70 6.0 50 40 30 20 i0
Shift (opm)

Figure 3: "H NMR Chemical Shift of [Ges(CsHs)]
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As observed from Figure 3, "H NMR spectra contain proton signals that split into a number
of peaks, though there are no subpeaks. The splitting patterns and relative intensities of the
peaks are consistent with the solid state structure. The peaks attributable to [Geo(CsHs)]
nanostructure are clustered to essentially give identical patterns for all five protons with their
chemical shift being in the range 6.202-6.947 ppm. All "H NMR chemical shifts have a
degeneracy of one; with H19 having the highest chemical shift 6 = 6.95 ppm while H17 has a
degeneracy of two and chemical shift 6 = 6.61ppm. This splitting behavior is actually useful
because it provides more information about the sample cluster. Furthermore, the "H NMR
chemical shifts look identical due to similar chemical environment and similar atomic
neighbors.

The **C NMR spectral data are also given in Table 2. The chemical shift of **C NMR nuclei
are measured from the reference compound tetramethysilane (TMS) having a value of o, =

182.47ppm (**C (SiMey)). Figure 4 shows the **C NMR spectra.

SCF GIAO Magnetic shielding

10-aic 16C  13C 9C

Re

Degeneracy

Shift (ppm)

Figure 4: *C NMR chemical shift spectra calculated at BBLYP/6-311+G(2d,p) level

Again, from Table 2, all the chemical shielding constantso(ppm), are all positive and

clustered far to the left, implying increasing magnetic shielding. It can be observed that the
chemical shift of the nine-atom germanium-phenyl nanostructure is in the range 93.99 to
156.97 ppm. The chemical shifts differ from each other; it is downfield and computed on the
most symmetrical BBLYP geometries with gradual increase. Notice that the aromatic carbons
appear slightly downfield of the Vinyl carbons just as aromatic hydrogen appeared
downfield. Typical chemical shifts of **C NMR range normally from 0—250 ppm (Oturak et
al, 2015; Gerothanassis et al, 2002). These shifts observed in a nucleus are influenced by the
state of hybridization such as sp? sp? and sp. Our nanostructure exhibits two states of
hybridization, sp? and sp respectively. Between 132.69 to 156.97 ppm, our calculated results
fall in the range of sp2hybridization that ranged from 120 to 240 ppm, while 93.94ppm falls
below 100ppm and that is sp hybridization. Banwell (1994) observed that **C NMR chemical
shifts have wide range thus its spectra usually contains separate resonances for each
chemically shifted nucleus in the molecule (i.e. very little overlap of resonance occurs).
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However, we observed an overlap between Ci» and Cis with chemical shift values of 132.86

ppm and 132.69 ppm respectively. **C NMR is very useful in structural characterization since
it is less sensitive to such factors as temperature solvent and pH.

Also listed in Table 2 is the *Ge NMR data. "*Ge NMR possesses only one active magnetic

isotope with spin| =2 and relatively large quadrupole moment of about -196mb (Weinert,

2012; Pyykko, 2008). The sensitivity with respect to ‘H at natural abundance and constant
field is1.08x107*. The magnetic shielding o (ppm) was computed using GIAO approach as
implemented in Gaussian 09 program. The magnetic shielding resonance lines observed for
?Ge NMR spectra are broad, positive and increasing far to the right. For germanium, the
quadrupole relaxation moment dominates, dipole-dipole relaxation and nuclear overhauser
effects are not important thus, the unsymmetrical *Ge will give rise to an inherently broad
line resonance as viewed in germanium-phenyl [Ges(C¢Hs)] nanostructure. The positive
nature of the isotropic chemical shielding of *Ge NMR values, means the germanium nucleus
is well shielded. The ™“GeNMR chemical shifts were calculated relative to
tetramethylgermane (GeMes) that is a reference compound with value o, =1330ppm. The
chemical shift of nine-atom germanium-phenyl [Gey(CsHs)] nanostructure consist of nine
resonance lines in the range -616.21 to -1317.49 ppm. It is observed that the lines are all
negative, sharp, also far to the right and signifying increased shielding of the Ge nucleus with
resonance shifted upfield i.e. low frequency. The upfield shift arises from electron-rich
electropositive Ge and the change in hybridization of the Vinyl carbons towards less s-
character (i.e. more sp? like). Many authors have reported that most germanium compounds
calculated NMR chemical shift relative to the reference compound GeMe; being negative and

also upfield (Amadoruge et al, 2009; Liepins et al, 1988; Weinert, 2012). Ge,, in [Geg(CsHs)]

nanostructure is the central atom bonded to more than four other atoms of germanium with
carbon inclusive, has a chemical shift of about -1317.49 ppm. The observed resonance for this
central atom means it is more shielded than others. Weinert, (2012) compared the chemical

shift of two compounds, phenyl-germanium complex [ Pr; GeGePh,] and alkyl-germanium [
Bu;GeGePh, | complex with observed resonances of -65ppm and -56ppm respectively. These
results indicate that the phenyl-germanium complex is consistently upfield. The "*Ge NMR
chemical shift for Ge compounds particularly Gel, exhibit a single resonance at -1171 ppm
(Weinert, 2012). Amadoruge et al, (2009) reported resonance peaks for singly bonded
oligogermane compounds; Me,GeGeMe,, Ph,GeGePh,and (Ph,Ge), GeH with observed
chemical shift of -59, -67 and -314 ppm that were calculated relative to GeMes. The maximum
peak of -314ppm corresponds to the central germanium atom in(Pthe)s GeH . They also

observed that germanium as the central atom having only one attached Ge atom result in
resonances appearing in the range -30 to -65 ppm, while that having two or three bonded Ge
atoms exhibit resonances in the respective range of -100 to -120 ppm or -195 to -210 ppm.

Spin-Spin Coupling Constant (or J-Coupling)
The three-bond °J — coupling constant is dependent on the dihedral angle between the

bonds. The *J — coupling constant as function of dihedral angle given by equation (3) has
been computed. The results are shown in Table 3. The plot is given by Figure 5.
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Table 3: Calculated *J — Coupling for Different Dihedral angles.

S/N Dihedral Angles 33— coupling

1 Ge2-Ge3- Ge4- Geb =0.0006 33 (Ge, GE) 11

2 Gel- Ge2- Ge20-Ge4 =09.652 33 (Ge, Ge) 10.73
3 Gel- Ge3- Ge20- Ge4 =15.44 33 (Ge, GE) 10.33
4 Ge3- Gel- Ge7- Ge5 =19.29 33 (Ge, Ge) 9.96
5 Ge6- Ged- Ge20- Ge2 = 27.819 33 (Ge, Ge) 8.94
6 Ge20- Ge2- Ge7- Ge6 = 35.215 33 (Ge, Ge) 7.86
7 Gel- Ge3- Ge4- Geb = 58.539 33 (Ge, Ge) 4.20
8 Ge6- Gel- Ge3- Ge20 = 48.375 33 (Ge, Ge) 9.66
9 C11- C9- C10- C12 =0.201 33 (C,C) 10.99
10 C11- C9- C10- C13 =179.887 33 (C,C) 12.99
11 C9- C11- C14- C16 =0.015 33 (C , C) 10.99
12 H17- C12- C16- H19 =0.16 3] (H,H) 10.99
13 H17- C12- C16- H19 =0.16 33 (C,H) 10.99

Table 3 shows the calculated values of H—-H,C—H,C-C and Ge-Ge *J - coupling

constants. Our discussion is focused more on *J(H —H), *J(C-H), *J(C-C) coupling
constants since most accurate calculations of spin-spin coupling constant have been computed
for hydrogen atoms and also for easy comparison with [Ges(CsHs)] nanostructure. Plot of
*J — coupling constant against dihedral angles is given in Figure 5. From the Table, it can be
found that all the coupling constant is positive. The positive nature of these values reflects the
strong interaction between the coupling nuclei and the arrangement of the atoms within the
nanostructure. The theoretically calculated values of the coupling constant in the gas phase

are *J(H-H)=10.99Hz, *J(C-H)=10.99Hz, and *J(C-C)=12.99Hz respectively.
The experimentally calculated values are *J(H—-H)=11.0Hz, *J(C-H)=7.7Hz and
*J(C -C) =10.12 Hz respectively (Fukui, 1999). Clearly, the theoretically calculated coupling
constant of *J(C —H) is bigger than the experimental value with a difference of about 3.29
Hz, similarly the difference of *J(C —C) coupling constant is about 2.87Hz. Helgaker e al,

(1999) reported an experimental calculated *J —coupling constant of *J(C—H) with
difference in the range from 2-3Hz. This difference arises due to electron delocalization
between the carbon-hydrogen bonds. Furthermore, the variation in the magnitude of the
three-bond couplings can be related to the position of the coupling proton. Fukui et al, (1995)
analyzing the angular dependence of the coupling constant °J(H —H), on the dihedral angle
reported that the calculated values were underestimated by as much as 1.5 to 4.5 Hz
compared to experimental values. They attributed such difference to geometric effects or lack
of higher order correlation in the calculations. Biedrzycka et al, (2006), presented quantum
mechanical DFT calculations of aromatic carbon-carbon spin-spin coupling in Benzene,
nitrobenzene, p-substituted nitrosobenzene and O-nitrosotoluene. Their results revealed that
the *J(C —C) coupling constant was obtained over a broad range from 8 to 10 Hz in Benzene
and nitrosobenzene. Our theoretically calculated values fall in this range.
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From Figure 5, the proton-proton *J(H —H), coupling constant bell-shaped curve reaches

maximum values at 0°and 179.88°(i.e. *J =11Hz and °J =12.99Hz respectively) and its

minimum value at 90° (i.e. *J =4.2Hz). This is due to stereoelectronic interaction between the
two vicinal molecular orbitals, is at maximum when the orbitals are parallel (i.e. dihedral

angles of 0° and 179.88°) and decreases almost to zero when the orbitals are perpendicular
(dihedral angle of 90°). There is the presence of 7 —conjugation in the nanostructure that has
some important consequence, the cis (0°) or trans (179.88°). Because of the presence of 77—
conjugation, more electron communicating spins information between the nuclei and
*J(H —H),is greater than in the case of all single bonds. The proton-proton *J(H —H),

coupling constant values for cis across a double bond are typically 10-12 Hz, while for a trans
its values are within the range 16-18Hz (Macomber, 1998).
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Figure 5: Plot of ) - coupling constant as Function of Dihedral Angle
CONCLUSION

The nuclear magnetic resonance properties and natural bond analysis of nine-atom
germanium-phenyl [Geyo(Ce¢Hs)] nanostructure in the gas phase were investigated with
DFT/B3LYP and CAM-B3LYP with Lanl2dz and 6-311+G(2d,p) basis sets as implemented in
Gaussian 09 software package. ‘H ,**C, ?Ge NMR chemical shift and Spin-Spin coupling
constant(®J -coupling) of [Ges(Ce¢Hs)] nanostructure were calculated using Gauge-including
atomic orbitals(GIAO) approach and results compared with experimental data. “H NMR
chemical shifts are in the range 6.202—6.947 ppm, **C NMR chemical shift in the nine-atom

germanium-phenyl nanostructure are in the range 93.99 to 156.97 ppm while “Ge NMR
chemical shift of nine-atom germanium-phenyl [Gey(CsHs)] nanostructure are in the range -
616.21 to -1317.49 ppm are in good agreement with experimental results. The theoretically

calculated values of the coupling constant in the gas phase are *J(H —H)=10.99 Hz,
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*J(C-H)=10.99Hz, and *J(C —C)=12.99 Hz respectively and are observed to be bigger

than the experimental value with a difference of about 3.29 Hz. In germanium-phenyl
[Geo(CsHs)] nanostructure, NBO analysis reveals that a strong intramolecular
hyperconjugative interaction of electrons with large energy contribution from

BD (1)(Ge4 - Gee) — LP"(1)Ge, have energy value of 81.36 Kcal/mol.
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