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ABSTRACT

Present developments in the field of nanomater@ddsmistry show that, though inorganic
nanomaterials are still the choices for many deyjcaterest in organic nanomaterials are
growing day-by-day in view of their adaptability various kinds of applications. Our studies
deals with the molecular wires studies of some B-§pe of molecules where the bridge is an
allenic bridge. These bridges have some interegaatures like, break in conjugation due to the
presence of mutually orthogonal orbitals. So, imsthhapter, a detailed structure property
correlation study has been carried out with thexamentioned molecule in considering various
D/A effects, increase in conjugation (inside andsmle the allenic bridge) effects. Theoretical
investigation has been carried out on electron sgzort properties of gold surface. In order to
study the role of linkage in the conduction projgsriof molecular wire, different linkers such as
nitrogen, oxygen, NOand NH have been considered. The electronic conduction been
analyzed from the change in the shape of moleauaitals and the evolution of the HOMO-
LUMO gap of molecule-gold complexes under the émfbe of the electric filed.

Keywords: Donor-Bridge-Acceptor, Allenic bridge, Molecularire;, Linkage, HOMO-LUMO
gap, Gold cluster.

INTRODUCTION

The field of organic molecular materials has transied the use of materials in the modern
world in the last 20 years, and it can be seen tiganic molecules provide wonderful
opportunities to materials researchers to desigtoowtailored materials whose properties at the
macroscopic/microscopic level reflect closely te timodeled or actual behavior of individual
molecules. In other words, development of novelcfiomal organic materials is a rapidly
growing area of science, which probably can repldee traditionally used materials with

189
Pelagia Research Library



Z. Chamaniet al Der Chemica Sinica, 2011, 2(6):189-197

cheaper and better-performing new ones in the fgare, and also bring out some new
applications[1]. In the introduction section to thelecular Electronics, the detailed history,
present trend and future activities are discusgedight is thrown to describe the organic
molecules, which can mimic the traditional semiagetdr electronic components. As in the
basic operation principle of these molecular etsgtr components is the Electron Transfer
process, hence a brief description to this themgaiso discussed. Again as the materials are to be
used at molecular scale in the devices, hencedarvigw of the prominent quantum effect at
molecular level, the role of frontier molecular ibals (FMOs) and their energy levels in the
electron transfer processes are described. Owvay years ago, Aviram and Ratner proposed
theoretically that molecular wire should have thHality to rectify electronic current [2].
Comprehension of chemical interaction between eddet metals and molecular wires is very
fundamental and important to the basic designrgflstelectron devices. A molecular wire is an
organic molecule that forms a conducting bridgevieen electronic contacts. A single organic
molecule is likely to be the smallest entity to doat electricity and thus molecular wires present
many interesting challenges to fundamental scieasewell as enormous potential for
technological applications, such as organic switghidlevices [3-6] and nanoscale memories
[7,8]. One of the most important goals in the emgimg of electronic devices is the
miniaturization. The present technologies of mishacturing semiconductor material are
expected to reach their limits in the next dec&lestruction of a molecular wire requires an
elongated molecule consists of conjugated moleauiés, which contain alternating single and
double (or triplet) bonds through which electron flaw easily from one end to other. Recently,
many experimental [9-11] and theoretical studie2-]16] have elucidated the transport
properties through molecule/metal heterostructukesparticular challenge stems from the
realization that the properties of molecular wiaes strongly influenced by (i) characteristics of
the molecule, (ii) the nature of linkage and thustahk-molecule interaction [17]. In the
molecular level, the quantum effects play an imgatrrole. a theoretical analysis of the frontier
molecular orbital’'s of these molecules will give ckear picture of the structure—property
relationship and ultimately the synthetic strategyd molecular engineering techniques and
energy difference between HOMO and LUMO knoas HOMO-LUMO gap (HLG) can be
utilized to reach the reality [18-2(Hlere, HOMO denotes the highest occupied moleculztad
while LUMO shows the lowest unoccupied molecularitat [21-22]. the energy gap has been
estimated from two ways, namely, HOMO-LUMO gaps #mel lowest excited energi¢23].
Moreover, since the electronic devices must worklewna large external electric field, it is
important to understand how the molecular strucame HLG respond to the external electric
field [24-25]. Molecule 1-7, one of the smallestngmated oligomers, provides a good
theoretical model for exploring the structural aectronic properties that control the electron
transport [26]. Molecule 1-7 oligomers possessamby conductivity [27] but also ideal rigidity
[28] and are promising materials for a wide variefyapplications in molecular electronic
devices. Molecule 1-7, seven of the smallest catpd)oligomers, provides a good theoretical
model for exploring the structural and electronifogerties that control the electron transport
[29]. In this paper, a detailed theoretical invgstion has been performed on electron transport
properties of 1-7 molecules sandwiched betweengaie cluster. In our investigated systems,
the Para hydrogen’s of two phenyl rings have besplaced by different linkers that are
classified into atomic linkers such as, nitroged arygen group linkers in which the mentioned
atoms joined to the ring through nitrogen connecidius the group linkers are Nidnd NQ.
The geometries and electronic structures of linkeminated Molecule 1-7 interacting with gold
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(111) cluster have been investigated. Based onbthding energies and the shape of the
electronic channels in the Molecule 1-7, based oudés we provide insights on the contribution
of molecular orbital’s and highlight the importarmfethe tuning parameters such as electric filed
and type of linkage for the operation of molecuwiée in the electronic devices.

2. Computational details

The molecules considered here (molecules 1-3) anstucted with an extended conjugation
(vinyl substitution) in the D and/or A side and ateown in Figure 1.a. And for molecules 4-7,
the effect of increasing the conjugation inside dhlenic bridge by increasing the number of sp-
carbon atoms are accounted in the structure-pipgertrelation of some molecules containing
the even and odd number of cumulenic double bohidishe molecules considered for the study
i.e., molecules 4-7 are shown in Figure 1.b.

It is necessary to include the metal contact in stagy of a molecular device, and in the present
work, we choose a three atom gold nanocluster,I®u The calculations have been performed
at the density functional theory level with the B3 functional. The basis set is split 6-31G*
for H, N, O atoms and the Los Alamos National Labary effective core potentials with a
double-zeta valence (LANL2DZ) for the gold atom8][3All calculations performed with three
steps. In the first step a geometry optimizatiommaiiecule 1-7 joined to two different linkers
was carried out. Then the interaction between nutdsc(after removal of the end H atoms of
NH2) and gold (111) cluster has been studied. idbnfiguration, gold cluster consists of three
atoms that are placed as equilateral triangle witle of 2.88 A’ to simulate the gold (111)
surface [31]. The relative positions of the goldmas fixed in each triangle. Relevant geometrical
parameters for all the metal-molecule complexediatuin this work. The position of linker (or
any end atom of linker) in the molecule interfagrdion, also one terminal gold clusters were
fixed in the space and the others were optimizedoftimize (Au3_moleculel-3) and (Au3_
molecule 4-7) complexes, the range distance betwleeninker atom and the gold plane has
been adjusted between 2.13 and 3.93 A°. Step 31, The one terminal gold cluster was fixed in
space to simulate the connection to the electrédleother geometric parameters were, then,
optimized at the same level of theory in an extelila The EF ranging from zero to 0.103 V/A®
defined as uniform and aligned along the metal/mdés inter-atomic vector, applied to each
complex that can reasonably represent the workamglidon of the molecular wire [32-34]. All

calculations were carried out using GAUSSIAN 03gpaon [35].
Fig 1.a:

Molecule 1
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Fig 1.b:
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Fig.1[a,b]: molecular junctions so constructed andifferent linkers
Linker= O, N, NH,, NO,

Table 1.a: HOMO, LUMO and HLG levels (in eV) in free molecules

MOLECULE | HOMO | LUMO | GAP
1 -5.217 | -2.329| 2.887Y
2 -5.575| -2.539| 3.03%
3 -5.205 | -2.460| 2.74%

Tablel.b

MOLECULE | HOMO | LUMO | GAP
4 -5.343 | -2.641| 2.701
5 -5.402 | -2.525| 2.368
6 -5.219 | -2.850| 2.87Y
7 -5.337 | -2.759| 2.578

RESULTS AND DISCUSSION

3.1. Electronic structure of free molecules
The primary requirement for a molecule to behava asolecular wire is that it should have a
fully delocalized low lying vacant molecular orbitpreading all over the molecule which serves
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a channel of conduction in the electron transfercess, i.e. the higher the delocalization, the
faster the electron transfer [36,37]. Tablel(a:male 1-3, b: molecule 4-fives a comparison
of energy levels in HOMO and LUMO as well as thgap (HLG) for seven molecules.

Table .2.a :The shape of HOMOand LUMO orbitals in fee molecules.

MOLECULE HOMO LUMO

Table.2.b

MOLECULE HOMO LUMO
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The corresponding molecular orbital pictures fdrmablecules obtained from their optimized
geometries visualized in Table 2 (a:molecule 1-3,nmwlecule 4-7). Table 2a,b shows a
comparison of energy levels in HOMO and LUMO. Repotmolecules (4,6), both HOMO and
LUMO are fully delocalized along the whole molegub@ackbone, so they can serve the purpose
of conduction channel in the electron transfer pssc

3.2. Interaction with gold cluster

The electrical performance of a molecule sandwicletween one metal electrode is
predominated by many factors, such as the naturthefmolecule itself [38], the interface
between the molecule and electrode [39], the edetmaterial [40], and the electrode shape
[41]. The gold-molecule interface has been dematesirto acquire particular importance in the
transport properties of molecular wires. Investmaton nature of interaction between the
molecule and the gold cluster has proven indisg#eastor reproducible results of electronic
conductivity [42,43]. The ease of electron transkgthin a molecule determines whether the
complex acts as a metallic conductor, semiconduatoinsulator; which of course is highly
significant for molecular electronic applicatior@iving the position of the terminated atoms in
the hollow site of the gold cluster, the orientatend the structure of complexes were obtained.
We are firstly looking for the energetically optihdistance between the gold cluster and the
terminated atom in each complex. It can be foura tnolecule 1-7 remain planar and
perpendicular to the gold surface in all compleX#s.compared just the bond distance between
terminal atom and Au , because the geometrieshafr @toms in molecules were barely affected.
Table 3(a:molecule 1-3, b: molecule 4-gjesents the energetic and typical geometrical
parameters for the optimal distance between tmeitated atom (the bolded atoms) and the gold
surface. In all complexes the distances betweergtth@ cluster and the terminated atom are
within 2.13-3.44A. The binding energy is defined as:

Binding energy =E (molecule/Au (111))-[E (molecH&E (Au (111))]

where E (molecule 1-7) is the total energy of moled-7 when both end of the molecules are
substituted by O, N, NHor NGO, groups. E (Au (111)) and E (molecule/Au (111)) ttal
energies of gold cluster and the complex of mokecuh the gold cluster, respectively. We
compare the connection of nitrogen and oxygen akadje between metal and molecule
interfaces. Two different sets of linkers have beemstigated. In the first set (NONH,) the
mentioned linkages are directly connected to galdter and molecule 1-7. In this case a lone
pair of electron on N and O involvestime resonance leading to electron delocalizatibovadr
the molecular backbone. To summarize, among sewemlexes studied in this work (molecule
1-7), five of them (1,3,4,6,7) are stabilized doénteraction with gold surfaces.

Table 3.a: Calculated distance between AU and tHimker(A),binding energies ,HOMO, LUMO .and HLG
(Ev)for the seven complexes.2

MOLECULE | da, | Binding energy| Bomo | Ecumo | HLG
1 2.110 -1.514 -5.650 -3.701 1.948
2 2.378 1.308 -5.67¢ -3.616 2.051
3 2.135 -1.440 -5.434 -3.508 1.926
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Table 3.b
MOLECULE | da.. | Binding energy| Eomo | ELumo | HLG
4 2.254 -1.358 -5.662 -3.9114 1.748
5 2.135 1.296 -5.516 -3.611 1.904
6 2.135 -1.515 -5.539 -3.763 1.7Y6
7 2.135 -1.487 -5.542 -3.672 1.8Y0

Table.4a.: The shape of HOMO and LUMO orbitals forcomplexes 1-7

MOLECULE HOMO LUMO

1
2
3
4.b:
MOLECULE HOMO LUMO HOMO-n LUMO+n
e 1., g @ )
\ ‘ege? ”‘ o‘:gﬁ'bog"
HOMO-1 LUMO+2
‘ HOMO-2

Finally, it is interesting to describe changes ialenular levels after the interaction with gold
cluster. The shift of HOMO and LUMO can be attrigito the variation of the electron density
when the gold cluster and the molecule bond eXise reported orbital energies in Table(land
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3) show that complexes of molecule 1-7 with goldstér have lower HLG than the isolated
molecule 1-7. Table 4 presents the frontier mokecatrbital pictures for the molecule 1-7 after
interaction with gold (111) cluster. For complexeHOMO-1 and LUMO+2 and complex 6
LUMO and HOMO-2 remains fully delocalized along twaole complex. In these complexes
where the coupling to gold cluster is throughagtn, and hydrogen junction, the conduction of
HOMO and LUMO are delocalized and remain the saséatsafree molecule. For complex
1,2,3,5,7 HOMO and LUMO are partially localizedtbat electron charge has gathered around
the complex structure. However, the delocalizedingadf frontier molecular orbitals which can
be treated as conduction channel demonstratethérse complexes can be expected to behave as
potential molecular wire.

CONCLUSION

Density functional theory studies have been cardatito explore the role of linkage in the
interaction between molecule 1-7 and gold clusterthe present study we focus on the
geometrical and electronical structure of moleclilé based molecular wire, however the
electron transport properties can be also studéesgd on the non-equilibrium Green’s function
formalism [44-47]. Among seven different molecustadied in this paper, molecule 1-7 make
the most stable complexes with 3,4,6,7. The chaayesfer analysis shows that the gold can
strongly couple with molecule 1-7 via NMHinkage, while the weak interaction of gold with
molecule 1-7 through NOlinkage has non-covalent nature. These obsensmtgve us an
insight how to modulate tunable parameters suclhasnature of interfacial contact in the
operation of molecular wire.
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