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Abstract — Molecular electronics has the potential to miniaturize devices to atomic and molecular scales. These switches have two 
stable states. This paper proposes a simulation methodology for evaluating a molecule as an electronic switch. The methodology is 
implemented for a small molecule (BDT) and for a large molecule (Rotaxane). This methodology takes into consideration the size of 
the molecule in determining a better optimization technique. The choice of optimization technique is followed by the associated 
choice of basis set. The methodology also accommodates unsuccessful optimization: the unsuccessful optimization could be 
consequence of the correct choice of basis set, type of atoms and molecular size and structure. Once this optimization is complete, 
the critical parameters e.g., band gap energy are determined to find the suitability of the molecule to function as a switch. These 
steps of the methodology are repeated for both stable states.  
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I. INTRODUCTION  

Fabrication of solid-state electronic devices that obey 
Moore’s law is reaching fundamental and physical 
limitations. Semiconductor devices trade-off between 
speed and power. Molecular-scale devices may permit 
miniaturization down to the size of atoms and molecules 
[1, 2]. Potential benefits include dramatically increased 
computational speed and lower fabrication costs [3]. 
Single molecules can function as electronic devices [4, 5]. 
There are numerous occurrences of molecules with stable 
chemical structures which are called isomers and can have 
different optical and electrical properties [6, 7].  

Semiconductor Graphite based Carbon nanotubes (also 
known as fullerene tube or buckytube) have potential to 
enable high performance transistors [8, 9, 10]. This type of 
structure can make an extremely conductive wire. Carbon 
nanotubes exhibit electrical rectification, behaving as a 
diode switch. Also, carbon nanotube wires have been 
shown to exhibit transistor-like electrical switching 
properties to act as a gate [11]. Polyphenylene-based 
molecular wires and switches involve chains of organic 
aromatic benzene rings [12]. Recently, it has been shown 
experimentally that individual polyphenylene molecules 
can conduct small electrical currents. Substituted 
Polyphenylenes and similar small organic molecules like 
alkanedithiols have been shown experimentally to be 
capable of switching small currents [12, 13]. 
Polyphenylenes, may come in a variety of shapes and 
lengths.  

Polyphenylene-based molecules have the very well-
defined chemistry and great synthetic flexibility. The π –
type   (i.e., “pi”-type) molecular orbitals that lie above and 
below the plane of the molecule, when in a planar or near 
planar conformation, enable conductivity in a 
polyphenylene-based wire. Polyphenylene-based 

molecules like 1,4-Benzenedithiol (BDT) will conduct 
currents. On the other hand, “aliphatic” organic molecules 
serve as insulators. 

A molecular rectifying diode was fabricated in 1974. 
Experiments demonstrated that the lowest unoccupied 
molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO) can be aligned to pass electric 
current solely through one direction. Polyphenylene-based 
molecular wires were used in a, subsequently proposed, 
rectifying diode design [11]. The chemically doped 
Polyphenylene wire structure comprises of a donor, an 
acceptor and a semi-insulator. The valence energy of the 
donor is elevated resulting in higher HOMO, LUMO and 
unoccupied π orbital energy levels.  The presence of the 
extra electron in the acceptor group lowers its valence 
energy; this impacts both the HOMO and LUMO energy 
levels. There are three barriers in a molecular rectifying 
diode: two of these arise from the donor and acceptor 
groups within the molecule while the third is consequent to 
the semi-insulator behavior. There are also barriers 
between the molecule and the gold (Au) contacts at either 
end due to the thiol linkages. When a forward voltage is 
applied, the electrons overcome the molecular barriers. 
The tunnel barrier pertains to the difference of the Fermi 
energy levels across the molecule. Even with no external 
applied bias, there is a dopant induced difference in the 
relative energy positions of the π-orbitals in the donor and 
acceptor halves of the molecule. Here, the dopant-induced 
energy-level difference is 

ΔELUMO = ELUMO(Donor)-ELUMO(Acceptor) (1) 

where ELUMO(Donor) is the energy of the lowest 
unoccupied orbital localized on the donor side of the 
central barrier and ELUMO(Acceptor) is the energy of the 
lowest unoccupied orbital localized on the acceptor side 
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[11, 14]. Usually, the ELUMO of the acceptor is taken to the 
LUMO for the entire molecule. Fermi Energy (FE) is the 
energy of the Fermi level (highest occupied level). There is 
also a very dense band of unoccupied energy levels above 
the Fermi level. Applying a bias voltage tends to raise the 
Fermi level in the low-voltage contact and lower the Fermi 
level in the other one. The Polyphenylene-Based 
Molecular Rectifier can also operate when a reverse bias of 
sufficient magnitude is applied [11]. 

Resonant tunneling diode is a quantum device that uses 
a tunneling transport method which leads to high device 
switching speeds [6, 15]. A Resonant Tunneling Diode 
(RTD) takes advantage of energy quantization to switch 
“on” and “off” the device. Current passes equally well in 
both directions. In molecular resonant tunneling diodes 
and molecular rectifying diodes the voltage is applied 
through thiol intermediaries and Au contacts [6, 11]. The 
width of the benzene molecule in the RTD is about 0.5 nm; 
this 20 times less than Solid-state resonant tunneling 
diodes [6]. 

II. MOLECULAR SWITCHES  

Molecular electronics refers to the analysis and 
development of single molecule as an electronic device or 
nanoscale collection of single molecules to function as 
electronic devices. Electron transport in molecule allows it 
to function as an electronic device. Molecular electronic 
devices include a wide range of devices like molecular 
wires, molecular diodes, resistors, three terminal devices, 
and switches [16]. Unlike conventional Silicon technology, 
molecular devices are implemented through self-
assembled bottom up technology. Such a manufacturing 
technology yields regular structures by making use of 
specific intra molecular interactions. But a very high yield 
is difficult to achieve in self-assembly technique [17] and 
this leads to the necessity of regular array structure like 
crossbar circuits. Use of two terminal devices in crossbar 
circuits offers more flexibility in design, reduced area 
requirement and less area for routing than three terminal 
devices [18, 19]. This makes molecular switch as the 
dominant molecular electronic device.  

Construction of an electronic device using a single 
organic molecule is first reported in 1974 [20]. This 
experimental discovery of current conduction through 
individual molecule has led to all developments in today’s 
molecular electronics. The discovery in 1977 that 
conjugated polymers such as polyacetylene can be 
electrically conductive [21] led to extensive research on 
molecular conductance, ranging from single molecules 
wired to metal electrodes to bulk materials for solar cells. 
Some conductive molecules can switch between high- and 
low-conductance states, making them ideal candidates for 
molecular electronics. A molecular switch possess two 
stable states/geometry which in turn is considered as 
ON/OFF state of the switch. The state change is usually 
reversible and can be achieved through various 
environment stimuli. In a molecular electronic switch, this 
state change happens with respect to the application of 
external voltage or chemical reaction [17].  

Molecular switches are classified broadly into three 
categories: Electronic, Photochromic and Mechanically 
Interlocked switches. An overview on these switches are 
given in Fig: 1 [22]. The oldest form of molecular switch 
is a pH indicator followed by a photo chromic switch. 
When a photochromic switch is irradiated by light with 
specific wave length, its electronic configuration changes 
and will be visible in two different colors/states. A 
photochromic switch is designed so that it can accept 
electrons or energy from donor only in one of its two 
states, so that two states are distinguishable [23]. 
Azobenzene is an example of a photochromic switch [24].  

Bistable states in a host-guest molecular switch differ 
in their affinity towards the guest component. Molecular 
electronic switch falls under this category. Mechanically 
controllable break junctions (MCBJ) are the earliest 
experimental set up used to measure the conductivity of 
molecule. The physical, chemical, and electronic contact 
between the electronic molecular switch and the metal 
electrode is critical to understanding molecular 
conductance. Benzene attachment with the electrode is 
crucial to defining the conductivity. Benzenes attached to 
Au electrodes via electron-donating groups to increase the 
energy of HOMO and thereby increase conductance by 
aligning the HOMO with the Fermi level of the metal. 
When electron-withdrawing groups is attached, the 
HOMO energy level is lowered and thereby decreasing 
conductance [25].  

Mechanically interlocked molecules are another class 
of molecular switches based on noncovalent interactions 
between two components that can move relative to one 
other. Mechanically interlocked components in these type 
of molecular switches can move relative to each other 
without breaking the bonds [17]. These molecule remain 
stable in absence of electrical stimulation while they can 
change states (turn ON/OFF) in its presence. 

A. Electronic Molecular Switch 

Conductance measurement using MCBJ was first 

 

Figure 1.  An Overview of electronic, photochromic, and 
mechanically interlocked molecular switches 
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reported on BDT molecule connected between two gold 
electrodes. This experimental result shows that BDT with 
gold electrode has two stable geometries and both states 
allow current conduction [26]. Later various experiments 
are carried out with several forms of BDT, where BDT 
was modified by the addition of electron-withdrawing or 
electron-donating groups such as fluorine, chlorine, and 
methyl on the benzene ring, and the thiol end groups on 
BDT were replaced by cyanide end groups, to study the 
switching action of 1,4-benzene dithiol molecule. 

Bauschlicher et al. [27] concluded that the computed 
current flow for BDT between two Au surfaces orders of 
magnitude larger than what is measured in experiment. 
They considered three structures for the Au electrodes: two 
Au (111) crystal faces; two small clusters; and one small 
cluster and a Gold (111) crystal face. The lone exception to 
their conclusion is the BDT on top of a 1-atom FCC 
cluster. 

Tsutsui et al. [28] present experimental results on the 
conductance states of single BDT molecules bridging over 
Mechanically Controllable Break Junction (MCBJ) 
electrodes. The two distinct states had conductance of, 
approximately, 0.01 G0 and 0.1 G0. G0 = 2e2/h = 77.5 µS. 
They concluded that the lower conductance was observed 
for the top-top geometry and the higher conductance was 
observed for the top-hollow geometry. 

Li et al. [13] present experimental results on 
conductance states of N-alkanedithiol. This molecule has a 
large HOMO-LUMO gap and are considered to be 
insulating. Yet they have found two distinct conductance 
states. They conclude that these states are due to electron 
tunneling or super exchange via the bonds along the 
molecule but with two different geometries: top-top and 
top-hollow.  

B. Mechanically Interlocked Molecular Switch  

Bistable Rotaxanes, pseudo Rotaxanes and Catenanes 
are the widely studied molecules under this category. 
Bistable Rotaxane is a dumbbell shaped structure threaded 
through a macrocycle. The key switching element for 
rotaxane based molecular device is the position of ring 
over the dumbbell. Catenane devices gives only a very 
low current level (20 pA) even in ON state [29] while 
pseudo rotaxanes exhibit a larger tunneling current in its 
ON state. But the amplitude fluctuations in cycling 
between open and closed state is too high for pseudo 
rotaxane. Also the voltage required to address the switch 
is poorly defined for them [30]. Bistable Rotaxane has 
shown a better experimental results in all these aspects. 

Chemical structure of bistable Rotaxane, developed by 
Stoddart and Heath [31, 32] is shown in Fig. 2. The same 
structure is also used by Jeppeson et.al for their 6 x 6 
crossbar switch network [33]. There are two likely sites for 
the ring Cyclobis (paraquat-p-phenylene), CBPQT4+, to 
localize: the tetrathiafulvalene group (TTF) is to the left 
and the 1, 5- dioxynaphthalene group (DNP) is to the right 
of the dumbbell. In this molecule, CBPQT4+ ring is an 
electron acceptor while TTF and DNP site are electron 

donors. Removal of an electron from the TTF site gives 
first oxidation state of ground state co-conformer and is 
accompanied by a rapidly driven shuttling of CBPQT4+ 
ring to the DNP site. Upon reduction of the TTF site back 
to its charge-neutral state, the meta state co-conformer is 
formed. 

The Rotaxane molecule can be switched from one state 
to other by applying a sharp address voltage or using a 
suitable chemical oxidant or reductant. It is believed that 
the switching behavior arises from the difference in 
conductivity between the two states; the atomistic-level 
mechanism of the switch is still under research. It was 
found that the switch is OFF when the ring is on the TTF 
group (R-TTF) and ON when the ring is on the DNP group 
(R-DNP) [34]. Thus the device can be switched between 
the ON and OFF states by applying voltages exceeding the 
corresponding threshold values Vt and Vt' as shown in Fig. 
3 [35]. The ON/OFF states of switch is characterized 
through its oxidation/reduction potentials. Even though 
output current starts to increase after a voltage greater than 
V+, it is not sufficient to treat the molecular switch as 
being in ON state. Since this redox action is reversible, 
mechanically interlocked molecular switches offer 
reconfigurability.  

III. SIMULATION METHEDOLOGY & RESULTS 

The correlation between the macro level electron 
transport between the electrodes of a molecular device 
and the electronic structure of the molecule between 
electrodes can be established through simulations. The 
smallest molecular switch in the molecular electronics is 
formed with a BDT molecule bridging Au electrodes. For 
a mechanically interlocked molecular switch (Rotaxane), 
bistable states can be obtained even without electrodes. In 
this paper, simulation results for bistable states of Metal-
BDT-Metal geometry and Rotaxane molecule in an 
unrestricted environment are discussed. 

Figure 2.  Chemical structure of bistable rotaxane. (a) Dumbbell 
component & CBPQT4+ ring of Rotaxane molecular switch, (b) 
OFF state of Rotaxane switch (CBPQT4+ ring at TTF site), (c) 

ON state of rotaxane switch (CBPQT4+ ring at DNP site 
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A. Simulation Methodology 

Computational chemistry software like Gaussian is 
used for identifying whether the selected molecule can be 
functionally used as a semiconductor device or not. 
Structural optimisation of the chemical structure of 
molecule in both ON and OFF state is done and analysis of 
its result defines the suitability of that molecule for as an 
electronic device. In this section, the general simulation 
methodology with the help of a flowchart is described 
along with two specific examples (Rotaxane and BDT). 

The general simulation methodology is depicted in a 
flowchart given in Fig.4. Initial steps of simulation are 
identifying the type (Fig:1) and two stable (ON and OFF) 
state of the chosen molecular switch. Its chemical structure 
in both state is identified. As in the third step of flowchart, 
molecular structure of the molecule for state 1 of the 
switch developed in computational chemistry software 
(Gaussian). Following steps of flowchart decide the 
appropriate method for simulation. Depending on the 
number of atoms, type and chemical configuration various 
parameters for molecular structure optimisation will be 
decided. For larger systems HF method is the least 
expensive accurate ab initio method while for smaller 
systems DFT or higher method can be used for analysis as 
it will give a better result. The basis set for the 
optimisation has to be chosen in accordance with the 
method and the type of atoms in the structure. 

 For example a large system like rotaxane, which 
includes Hydrogen through Zinc can be optimised using 
HF method with 6-31G (d) basis set and a small system 
like BDT, can be optimised using DFT.  BDT molecule 
can act as a molecular switch only when it is connected 
between two Gold electrodes and this can be simulated by 
using DFT BPV86 with SDD basis set. If the optimisation 

fails, then a better initial geometry has to be obtained by 
using low level less accurate methods like molecular 
mechanics and this geometry is used as input for further 
optimisation. Once the optimisation for state 1 is 
successfully completed, the output file is analysed for 
various parameters. Molecular energies, Band gap energy 
and Ionisation energy of the selected molecule are the 
parameters of importance. As the next step, entire process 
is then repeated for state 2 and the various parameters are 
obtained. The lowest total molecular energy state for a 
bistable molecule is taken as it’s OFF state and the 
stability of both state can be verified based on the 
ionisation energy. Molecular switches can be used to 
replace semiconductor devices only if band gap energy of 
the molecule in both ON and OFF state is in the range of 
band gap of semiconductor materials. 
 

 

Figure 3.    I-V curve of a bistable molecular switch acting as a 
programmable device. The device is turned ON by a applying 

voltage exceeding the threshold value Vt and turn OFF by applying 
voltage greater that |Vt

'|. (Increased output current level between 
V+ and Vt is not sufficient to treat the switch state as ON). The 
device is essentailly a forward biased diode in low-resistive ON 

state, while in OFF state, the current is very small. 
 

Figure 4.     A flowchart depicting the general simulation 
methodology for analysing the usefulness of a selected molecule 

as an electronic device 
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B. Au-BDT-Au as a molecular switch  

The effect of binding site on the conductance of BDT 
molecules is investigated. Two geometries were chosen: 
top-molecule-top (top-top) geometry, where both S atoms 
of the molecule occupy the top site of the Au surface and 
the top-molecule-hollow (top-hollow) geometry with one 
S atom being connected to the threefold hollow site [28]. 
Each conductance state corresponds to one of distinct 
molecule-electrode bonding geometries. The higher band 
gap energy molecule always exhibits a low conducting 
semiconductor property and the lower band gap energy 
molecule always exhibits a high conducting semiconductor 
property [36]. 

First, only BDT is simulated and structure optimized as 
the single molecule without the electrode. BDT molecule 
comprises of 1, 4-benzene dithiol, an Organosulphur 
compound, with the formula C6H6S2. It consists of a 
benzene ring with a pair of thiol groups at opposite sides. 
Our model for BDT without electrode is shown in Fig 5.  
The average Carbon-Carbon, Carbon-Hydrogen and 
Carbon-Sulphur bond lengths obtained in the simulation 
are 1.395 Å, 1.082 Å and 1.855 Å, respectively. The 
Carbon-Sulphur-Hydrogen bond angle of the optimized 
BDT molecule is 96.367º with an average Sulphur-
Hydrogen bond length of 1.378 Å. Energy of highest 
occupied molecular orbital (HOMO) of BDT molecule is -
6.375 eV while the energy of lowest unoccupied molecular 
orbital (LUMO) is -0.8174 eV. The Band gap energy of 
BDT molecule is the difference of energy levels of LUMO 
and HOMO and is calculated to be 5.5576 eV. These 
results are tabulated in Table 1. This BDT has a large band 
gap energy similar to a diamond molecule. Diamond is an 
excellent electrical insulator with a band gap of 5.5eV. 
Thus the BDT molecule has the characteristics of an 

electrical insulator. The potential energy given by the 
nuclear repulsion energy of   BDT molecule is 0.196 x 10-

14 Joules. 
It is identified that BDT molecule when connected 

between two Gold electrodes can act as a molecular 
switch. Sandwich structure simulation of Metal-Molecule-
Metal completes the first two steps of the flowchart in 
Fig.4. The Au-BDT-Au structure is used since Au (111) 
has the unique peculiarity to stay in a highly ordered 
physical structure. Au (111) gold cluster is simulated with 
a triangular pyramid structure. The Au–Au distances 
within the gold cluster are set at 2.68 Å. As specified in 4th 
step of flowchart shown in Fig.4, the size of Au-BDT-Au 
is identified to be small and hence Density Functional 
Theory (DFT) is chosen for simulation. Simulated 
geometrical structure of Au (111) is shown in Fig 6. 6th 
step of the Fig.4 is completed by choosing following 
method and basis set. The Stuttgart/Dresden (SDD) basis 
set is used for calculations of the Au (111) surface. 

 

TABLE I.  HOMO, LUMO AND BAND GAP ENERGIES FOR 
BDT 

Type of 
Molecule 

HOMO 
Energy 

LUMO 
Energy 

Band 
Gap 

BDT (without 
electrode) 

-6.375eV -0.8174 eV 5.5576 eV

ON State 
(Top-Hollow) 
(with 
electrode) 

0.9883 eV 1.044 eV 0.0557 eV

OFF State 
(Top-Top) 
(with 
electrode) 

1.05 eV 1.113 eV 0.063 eV

 

 

Figure 6.    Geometrical model for  Au(111) cluster with Au-Au 
bond length of 2.68 Ǻ 

 

 

Figure 5.    Model of BDT used in simulation and having an 
average Carbon-Carbon, Carbon-Hydrogen and Carbon-Sulphur 
bond lengths of 1.395 Å, 1.082 Å and 1.855 Å, respectively. The 

Carbon-Sulphur-Hydrogen bond angle of the optimized BDT 
molecule is 96.367º with an average Sulphur-Hydrogen bond 

length of 1.378 Å 
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Furthermore the BPV86 (Becke Perdew 1983 functional 
modified by Vosko) functional was chosen for these 
calculations because it is computationally less demanding 
than the B3LYP (Becke three-parameter Lee-Yang-Parr) 
functional. The number of Self Consistent Field (SCF) 
cycles is increased and this is very often necessary with 
transition metals (Gold, with an atomic number of 79, is a 
transition metal).  

Thus the extended molecule comprises a BDT 
molecule and a four atom gold cluster in triangular 
pyramid at each end. It has actually two distinct states 
based on the molecule-electrode bonding format. 

In the OFF state, both ends sit on top sites of the 
molecule, or a top-top geometry [13]. Here the benzene-
1,4-dithiol molecule is bonded between two perfect 
Au(111) faces. Each Au (111) surface is modelled as a 
portion of gold cluster in the electrode. The two structures 
corresponding to the states are described in Fig 7. The top-
top molecule structure is successfully optimized which 
completes the 7th step of Fig.4. The molecular formula for 
this Au-BDT-Au structure is C6H4S2Au8. Carbon-Sulphur 
bond length of the optimized Au-BDT-Au molecule is 
found to be 1.78004 Å on the two electrodes. The average 
Carbon-Carbon and Carbon-Hydrogen bond lengths are 
1.40144 Å and 1.07 Å respectively. Initial bond length 
values supplied to the Gaussian are critical to obtain 
convergence. The bond angle of Carbon-Sulphur-Au in the 
top-molecule-top structure is set at 109.44 degrees. The 
simulated values of EHOMO and ELUMO are 1.05 eV and 

1.113 eV respectively (Table 1). The Band gap energy is 
the difference of these two values:  0.063eV. The Potential 
energy of a specific molecule is given by its Nuclear 
Repulsion energy:  1.156 x 10-14 Joules. These calculations 
complete step 8 of flowchart. 

The procedure repeats for ON state molecule geometry 
with one end Sulphur sitting in a hollow site of an Au 
electrode and the other end on a top site of the second Au 
electrode, or a top - hollow geometry. Here one gold atom 
is replaced by a Sulphur atom in the gold cluster. This 
state has the formula C6H4S2Au7 and is successfully 
optimised. The ON state geometry has the smaller 
molecular weight than the OFF state geometry. Carbon-
Sulphur bond length on each electrode is set at 1.78 Å: this 
is slightly less than the bond length for the OFF state 
geometry. Similarly the Carbon-Carbon and Carbon-
Hydrogen bond lengths are 1.4014 Å and 1.07 Å 
respectively. The only Au-Sulphur bond is set at 2.35 Å. 
This bond angle of Carbon-Sulphur-Au in the top-
molecule-hollow structure is 109.47 degrees, nearly equal 
to the bond angle in top-molecule-top structure. The 
simulated values of   EHOMO and ELUMO are 0.9883 eV and 
1.044 eV respectively (Table 1). The Band gap energy of 
top-hollow molecule is calculated to be 0.0557 eV.  

The Band gap energy is closely related to the HOMO 
and LUMO gap of a molecule. After successful 
optimization of both states, band gap energies are 
determined as given in step 10 of Fig.4 and step 11 is 
completed by identifying the suitability of BDT as a 
molecular switch. Molecules with large band gaps are 
generally insulators, those with smaller band gaps are 
semiconductors, while conductors either have very small 
band gaps or none. A semiconductor is a material with a 
small but non-zero band gap that behaves as an insulator at 
absolute zero but allows thermal excitation of electrons 
into its conduction band at temperatures that are below its 
melting point. The conductivity of intrinsic 
semiconductors is strongly dependent on the band gap. 
The only available charge carriers for conduction are the 
electrons that have enough thermal energy to be excited 
across the band gap and the electron holes that are isolated 
when such an excitation occurs [36]. 

The band gap determines the electrical conductivity of 
a solid material. From the Table 1, it is seen that the ON 
State geometry has a smaller band gap energy compared to 
the OFF state geometry and therefore has a higher 
conductivity. BDT without the gold electrodes will act as a 
pure insulator compared to BDT sandwiched between two 
gold electrodes. 

The ON state BDT geometry’s potential energy is 0.99 
x 10-14 Joules. Theoretically whenever the potential Energy 
of a molecule increases, stability of that molecule 
decreases. With the simulation results in Table 2, it can be 
concluded that the ON State geometry (or Top-Hollow 
geometry) is more stable than the OFF State geometry (or 
Top-Top geometry). 

By the Koopmans’ Theorem [5], 

 

Figure 7.   Model for Au-BDT-Au geometry. a) Top-hollow 
geometry or ON state geometry with one S atom being connected 
to the hollow site of Au (111) cluster. Bond length between Au-S 
is 2.35 Ǻ and C-S-Au bond angle is 109.47º. The Carbon-Carbon 

and Carbon-Hydrogen bond lengths are 1.4014 Å and 1.07 Å 
respectively b) Top-top geometry or OFF state geometry with both 

ends of BDT sit on top sites of Au (111) cluster. C-S-Au bond 
angle is 109.44º with a C-S bond length of 1.78004Ǻ. The average 
Carbon-Carbon and Carbon-Hydrogen bond lengths are 1.40144 Å 

and 1.07 Å respectively. 
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   (2) 

The ionization energy or ionization potential (I) is 
defined as the amount of energy required to remove the 
most loosely bound electron of an isolated gaseous atom to 
form a cation. By applying the Koopmans’ Theorem, the 
ionization potential is seen to the negated value of the 
HOMO energy (Table 1) and these potentials are re-
tabulated in Table 3. 

Theoretically, whenever the Ionization potential of a 
molecule decreases the conductivity of that molecule 
increases [37]. Thus, the ON-state geometry has a higher 
conductivity compared to the OFF-State and BDT without 
electrode.   

C. Rotaxane molecule as a molecular switch 

Unlike BDT molecule, Rotaxane can act as a 
molecular switch even in an unrestricted environment. 
The conductance properties may vary when a Rotaxane 
molecule is connected between electrodes. This shows a 
different type of molecular switch, i.e. mechanically 
interlocked molecule which clarifies importance of step 1 
of Fig.4. Rotaxane’s switching action is totally dependent 
on the position of CBPQT4+ ring on the dumbbell thread. 
Characteristics of molecular orbit around Fermi energy 
determine the electrical conductivity. In Rotaxane 
molecular switch, the ON/OFF states are characterized 
through its oxidation/reduction potentials. Deng et al. 
experimentally found that the two stable states of 

Rotaxane molecule are distinct with one having a 
resistance 10-100 times the resistance of the other [38].  
They also found that the system could be switched from 
one state to other by applying a sharp address voltage or 
using a suitable oxidant or reductant. It is believed that 
the switching behavior arises from the difference in 
conductivity between the two states; the atomistic-level 
mechanism of the switch is still under research. 
Characteristics of a molecular switch can be 
experimentally analyzed with the help of NMR 
spectroscopy and temperature dependent electro 
chemistry [39].  

The Rotaxane molecule structure used in analysis of 
the electrical properties is shown in Fig. 2. Since the 
complete structure of Rotaxane chosen includes 336 
atoms, Restricted Hartree Fock (RHF) method is chosen 
for simulations rather than DFT after a series of 
unsuccessful optimization trials. A successful optimisation 
is done by choosing 6-31G (d) basis set for calculations. 
This clarifies the importance of steps 4-7 of flowchart 
given in Fig.4. Simulations were carried out using 
Gaussian 09W version 9.6 [40].   

The optimized Rotaxane structure for both OFF and 
ON state is shown in Fig. 8 and are analysed for 
parameters given in step 8 of flowchart. The resultant 
structure shows ring at DNP site is more bended rather 
than that of ring at TTF. The total molecular energy of 
rotaxane molecular switch is the negative of 6087185.141 
Kcal/mol in its OFF state while it is negative of 
6087184.712 Kcal/mol in its ON state. As the total 
molecular energy of molecule increases, stability of that 
molecule decreases. This shows that CBPQT4+ ring at 
TTF is chemically more stable that the ring at DNP site. 
Experimental results [41, 42, 43] confirm these findings.  

According to fundamentals of chemistry negative 
value for energy of highest occupied molecular orbital 
indicates a stable system. Simulations shown that both 
OFF and ON state EHOMO values are negative and hence 
both states for this Rotaxane switch are stable. It is also 
found that the LUMO energy values are more than that of 
energy of HOMO which again implies a stable system. A 
comparison of HOMO and LUMO energies of both states 
are shown in Table 4. 

TABLE III.  POTENTIAL ENERGIES CALCULATED FROM THE 
SIMULATION 

Type of Molecule Potential Energy 

BDT (without electrode) 0.196 x 10-14 Joules 

ON-State Geometry (Top-
Hollow) 0.99 x 10-14 Joules 

OFF-State Geometry (Top-
Top) 1.156 x 10-14 Joules 

 

TABLE II.  IONIZATION   ENERGIES FOR BDT MOLECULE 
ONLY, ON STATE GEOMETRY AND OFF STATE GEOMETRY. 

Type of Molecule Ionization Potential (I ) 

BDT(without electrode) 6.375 eV 

ON-State Geometry (Top-
Hollow) - 0.9883 eV 

OFF-State Geometry (Top-
Top) - 1.05 eV 

 

TABLE IV.  MOLECULAR ORBITAL ENERGIES OF BISTABLE 
ROTAXANE MOLECULE 

State of Rotaxane molecule Molecular orbital 
Energies (eV) 

OFF State (ring at TTF) 
EHOMO = -10.19

ELUMO = -8.75

ON state (ring at DNP) 

EHOMO = -10.843

ELUMO = -8.525 
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 According to Koopman’s theorem in Eqn (2), 
ionization energy of rotaxane in both OFF and ON state is 
calculated. The results are tabulated in Table 5. From the 
optimization result of bistable Rotaxane, band gap energy 
of the molecule is determined. 

The conductivity of a material defines its electrical 
properties. When an allowed band is completely filled 
with electrons, the electrons in that band cannot conduct 
any current [44]. This is the central principle of a 
semiconductor material. In a material the allowed 
energies are separated by regions that are forbidden for 
the electrons. This energy gap is known as forbidden 
energy gap. If a material has a completely electron filled 
band and the next allowed band is separated in energy and 
is empty then such a material will have infinite resistivity. 
A material is said to be semiconductor, if the bandgap 
between the filled and unfilled band is less than 3eV. For 

the bistable Rotaxane molecule, simulation results show 
that bandgap energy of two states are less than 3eV and 
hence it can function as a semiconductor device which 
completes 11th and 12th steps of the flowchart in Fig.4. A 
comparison of band gap energy for Rotaxane molecule in 
both states with some commonly used semiconductor 
materials at standard temperature and pressure (STP) is 
given in Table 6. 

The results showed that OFF state bandgap energy is 
comparable with that of Silicon, while ON state bandgap 
energy is little high. A lower bandgap energy for ON state 
will enable the use of bistable Rotaxane for electronic 
devices. The energy difference between two states is only 
1.793 KJ/mol. For practical application this molecule has 
to be connected between electrodes Rotaxane molecules 
are self assembled and conductivity of this molecule is 

 

Figure 8.    Completely optimized bistable rotaxane (a) OFF state (CBPQT4+ ring at TTF site) and (b) ON state (CBPQT4+ ring at DNP site) 

 

TABLE V.  IONISATION ENERGIES OF BISTABLE ROTAXANE 
MOLECULE IN TWO DIFFERENT STATE 

State of Rotaxane molecule Ionisation Energy (eV) 

OFF State (ring at TTF) 10.19 

ON state (ring at DNP) 10.843 

 

TABLE VI.          COMPARISON OF BAND GAP ENERGIES 

Molecule state/Material Band Gap (eV) 

OFF state (ring at TTF) 1.44 

ON state (ring at DNP) 2.31 

Silicon 1.14 

Germanium 0.67 

Gallium Arsenide 0.67 

Gallium Phosphide 2.30 
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different from the conductivity of the molecule when it is 
connected between electrodes. Effect of placing Self 
Assembled Monolayers is thoroughly reviewed by 
Pathem et.al [45]. 

The Rotaxane molecule structure in this work has a 
TTF and DNP localizing sites corresponding to the two 
states. On the other hand, Lee et al. [41] use a different 
structure for Rotaxane where in the two states 
corresponds to TTF and Hydroquinone (HQ). They have 
done a molecular dynamic study on this bistable Rotaxane 
with and without electrode. Their findings shown that the 
ring component stays at the TTF station in both 
conditions. On the other hand, in the oxidized state of 
rotaxane (ON state), the displacement of ring to HQ site 
for a Rotaxane located between two electrodes differs 
from the displacement in Rotaxane molecule when not 
connected between electrodes. The Rotaxane without 
electrode gives a higher displacement than that of a 
Rotaxane molecule with electrode. Similarly it is expected 
that there will be some change in switching of Rotaxane 
molecule with TTF and DNP localizing sites. 

IV. CONCLUSION  

Molecular electronics has the potential to miniaturize 
devices to atomic and molecular scales. This is significant 
given that CMOS devices are reaching fundamental and 
physical limitations. Ellenbogen et al. [11] computed the 
molecular orbital energies for a number of Benzene 
derivatives. They report the experimentally measured 
conductance of BDT is 2x10-8 S. Their report is consistent 
with other experimental and simulation results. They 
estimate the size of an OR gate constructed using such 
molecules would be about 3 nm x 4 nm while the OR gate 
in micron technology would be sized 10000 nm x 10000 
nm. 

Buaschlicher et al. [24] analyzed the current flow in 
BDT with Au electrodes using Hamiltonian and self-
energies. They considered a variety of structures for the 
Au electrodes. The current flow in the various structures 
ranged from 0.18 µA to 4.48 µA. They estimate the length 
of BDT to be 10.96 Ǻ. The potential for miniaturization 
of molecular devices is unquestionable.  

These molecular switches have two stable states. This 
paper proposes a simulation methodology for evaluating a 
molecule as an electronic switch. 

Li et al. [13] proposed the top-hollow and top-top 
geometry models for alkanedithiols. The top-top 
geometry was observed to have conductance states that 
are integer multiples of 0.5 x 10-4 G0 while the top-hollow 
geometry was observed to have conductance states that 
are integer multiples of 2.5 x 10-4 G0. 

Tsutsui et al. [25] measured the single molecule BDT 
conductance experimentally using the MCBJ technique. 
The top-top geometry had the lower conductance of .01 
G0 while the top-hollow geometry has the higher 
conductance of 0.1G0. It is observed that the conductance 
of BDT is higher than that of alkanedithiols for both 
states. Furthermore, the conductance of top-hollow (ON) 
state of BDT is 10 times more than the top-top (OFF) 

state implying that BDT might be superior to 
alkanedithiols for switching action. BDT is a better choice 
over alkanedithiols as molecular switch. Based on this 
rationale, BDT is chosen as a small molecule in validating 
the methodology proposed in Fig. 4. The methodology is 
also implemented for a large molecule (Rotaxane). This 
methodology takes into consideration the size of the 
molecule in determining a better optimization technique. 

The choice of optimization technique is followed by 
the associated choice of basis set. The methodology also 
accommodates unsuccessful optimization: the 
unsuccessful optimization could be consequence of the 
correct choice of basis set, type of atoms and molecular 
size and structure. Once this optimization is complete, the 
critical parameters e.g., band gap energy are determined 
to find the suitability of the molecule to function as a 
switch. These steps of the methodology are repeated for 
both stable states of the two chosen molecules (BDT and 
Rotaxane). 

The two states of Rotaxane can be simulated without 
electrodes but BDT must be simulated with Au electrodes 
in line with step 1 and step 2 of the general simulation 
methodology flowchart given in Fig.4. Au (111) 4-atom 
cluster has been used to model each electrode. Being a 
small molecule, DFT simulation is employed (steps 5a of 
flowchart in Fig. 4). It is seen that the choice of bases 
functions, bond length and angles is critical for simulation 
convergence. From the simulation, the molecular orbital 
energies, potential energy, Band gap energy and 
Ionization Potential are determined (step 8 of Fig. 4). It is 
seen that the molecule without Au electrodes has a high 
band gap energy of 5.5576 eV implying an electrical 
insulator behavior. This molecule's top-top and top-
hollow geometries (with Au electrodes) simulations 
indicate a slightly higher conductivity and better stability 
for top-hollow geometry (ON state). It is to be explored, 
in fact, whether the small band gap, small potential 
energy and small ionization potential difference between 
the two states can be exploited to enable use of the BDT 
molecule for a switching function as in a conventional 
transistor. But it is to be noted that this BDT molecule has 
a low conductance and thereby a high resistance which 
implies high power loss from a conventional IC design 
perspective. These simulations are broadly consistent with 
the earlier experimental results. 

It is noted that the ionization energy of both the ON 
and OFF states of the BDT is negative implying 
instability. This stability can be improved by using a 
variation of BDT with more alkane chains in the structure. 
This proposal has some merit in that is noted for the much 
larger Rotaxane molecule, the ionization energy for both 
states are positive. Alternatively, or in addition, a much 
more complex electrode structure than the simple 4-Au 
atom tetrahedral structure might also enhance the stability 
of both ON and OFF states. A more complex electrode 
model will perhaps provide better bandgap to distinguish 
the ON and OFF states. Such models will be considered 
in future research. The proposed methodology (Fig. 4) 
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will be applied to the new molecules considered in the 
future. 

The proposed methodology is now applied to the 
second and larger Rotaxane molecule. Rotaxane is a 
mechanically interlocked molecule. The bandgap energy 
of the Rotaxane molecule is analysed after successful 
optimization (steps 2 to 9 of Fig. 4). The band gap energy 
is found to be 1.44 eV for OFF state and very close to the 
bandgap energy of Silicon (1.14 eV). Based on steps 12 & 
13 of the general flowchart given in Fig.4, the OFF state 
of Rotaxane molecule will be selected as an acceptable 
replacement for semiconductor switches. But the bandgap 
energy of the Rotaxane molecule in the ON state is 2.31 
eV. These optimizations have been done in Gaussian 
software tool. The fact that the bandgap energy of the ON 
state is higher than the bandgap energy of the OFF state 
implies that the ON state is less conducting! Rotaxane 
molecule, considering both the ON and OFF states, will 
not be suitable alternative for semiconductor switches. 

Further simulations and optimizations of the Rotaxane 
molecule with the ring located at various positions 
between the two ends of the molecule and around the ON 
and OFF states will be done to determine the global 
minimal energy positions and energies as well as the 
HOMO and LUMO energies, and ionization energies. The 
proposed methodology will then be applied to the new 
geometries of the Rotaxane molecule. 

The proposed methodology is seen to be promising 
based in initial results but requires further validation by a 
larger dataset: it must be applied on other molecules of 
varying sizes, geometries and physical properties. 
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