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Anatomizing Quantum Transport in Molecular
Junctions with Cyanide and its Isomer as Anchors
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Abstract: The electrical properties of SAMs on gold surface
with different alligator clips at each ends were explored for an
anthracene  molecule. We probed charge transport
characteristics of anthracene with two different anchor groups-
Cyanide and its isomer Isocyanide attached to anthracene at
each side and sandwiched between two gold electrodes. Through
I-V  Curves, conductance-voltage curves, differential
conductance-voltage curves and transmission spectrum, we
found that anthracene-cyanol-isocyanol (ACI) exhibited highest
current, conductance and transmissions whereas
anthracenedisocyanol ~ (ADC)  exhibited least current,
conductance and transmissions. This highest conduction of ACI
was on account of very strong bonding between gold electrodes
and corresponding —-CN anchor group whereas lowest
conduction of ADC was because of weaker bonding between gold
electrodes and —NC anchor group. The conduction exhibited by
gold-CN bond and gold-S bond was found to be similar hence
concluding that both these bonds (Au-CN and Au-S) have
approximately similar strength.

Index Terms: Nanoscale, Alligator Clips, HOMO, LUMO,
Isomer.

l. INTRODUCTION

Understanding electron transport through nanoscale
junctions or molecular devices connected to metallic
electrodes may be the basis of future molecular electronics
technology. It is a great challenge to achieve electronically
transparent connections between metal electrodes and
organic molecules [1], so as to minimize resistances
introduced by the chemical linkers normally used to form
such interfaces [2]. Experimental and theoretical studies of
single-molecule transport have focused considerable efforts
on molecules, with the hope that versatile electronic devices
can be engineered from these building blocks. One area in
which there has been extensive work with Huckel models,
[3-22] as well as recent calculations with more realistic
approaches, [23-25] is the prediction of systems where
quantum-interference effects dominate the molecular
transport. The numerous experimental results so far have
concluded that the charge transport through molecular
junctions [26, 27] is controlled by the intrinsic properties of
the molecules, the contacts (“alligator clips™), and the metal
leads. These include the molecular length, conformation,
the gap between HOMO and LUMO, the alignment of this
gap to the metal Fermi level, temperature, mechanical stress
and the metal-molecule coordination geometry.
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In the previous research, we observed the effect of changing
anchor groups on the electron transport characteristics of
Anthracene molecule bridged between two gold electrodes
and concluded the best suitability of thiol group. We further
extended our research by having different anchor groups at
each side of anthracene molecule and observed variable
qguantum behaviour. Through various research studies, the
scientists and scholars have always emphasised the use of
thiol group as anchor, as it ensures the strong chemical
bonding to the leads with the current flow mainly
modulated by the molecular HOMO level. A strong metal-
molecule bond and a smaller energy difference are essential
for the molecular junction to show high conductance. The
energy of the molecular orbital varies with the end group of
the molecule [28]. It is important to develop new end
groups other than a thiol to enable more stable and higher
conductance single molecular junctions. In this research
work, we have investigated the use of Cyanide and its
isomer- Isocyanide as anchor groups with anthracene
molecule sandwiched between two gold electrodes.
Different geometries were constructed by having once
cyanide group and isocyanide group at two different sides
of anthracene, then reversed their positions giving
Anthracene-isocynaol-cyanol(AIC) and anthracene-cyanol-
isocyanol (ACI). In third epoch, we considered cyanol
group and thiol group giving it name- Anthracene thiol-
cyanol (ATC) and lastly isocyanol group was placed at
either side of anthracene i.e. Anthracene di-
isocyanol(ADC). Their charge transport characteristics
were computed and reported as below.

1. MODELING & SIMULATION

We have considered our modelling and simulation of the
electron transport through anthracene stringed to two semi-
infinite gold electrodes having [111] configuration using
two different anchor groups- Cyanide and Isocyanide at
each side. For our modelling, we employed semi-empirical
extended huckel theory (EHT) for the purpose of tight
binding as well as time constraint. The resultant molecular
junctions formed are shown in figure 1 which shows
anthracene molecule stretched between two gold electrodes
with varied positions of cyanide, isocyanide and thiol
groups. In first epoch, we had isocyanide bounding
anthracene to left electrodes and cyanide connecting
anthracene to right gold electrodes. Both anchor positions
were reversed in second epoch. In third epoch, thiol group
bonded anthracene to left electrodes and isocyanide group
to the right electrodes. Lastly, we considered isocyanide at
either sides of anthracene connecting the gold electrodes.
These ‘alligator clips” or anchor groups connected
anthracene to electrodes via para positions as para positions
are linearly conjugated, whereas the meta
position is cross-conjugated
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Gold electrodes have been generally used in single
molecule junctions because of their stability in air. The
quantum mechanical First-principle transport calculations
for a two-probe system were performed using Atomistic
Tool Kit 12.2.0 [30] and its graphical interface employing
semi-empirical Extended Huckel Device Theory. The aim
of this work is to compute the charge transport
characteristics of AIC, ACI, ATC and ADC and to conclude
the most optimum anchor group pair for anthracene
molecule. The bias voltage was varied from -1.2V to 1.2V
with step size of

Figure 1: a) AIC b) ACI ¢) ATC d) ADC stringed to two
gold electrodes at para positions

0.4V and the corresponding I-V curve, transmission spectra
and conductance values were simulated, reported and their
graphical interpretation was highlighted.

M. RESULTS & DISCUSSIONS

We have modelled anthracene molecule with different end
group anchors- Cyanide and Isocyanide sandwiched
between two semi-infinite gold electrodes (1, 1, 1)
orientation. We simulated 1-V curves, transmission spectra
and conductance curves at various applied bias ranging
from -1.2V to 1.2V.

A. 1-V Curves

The current can be calculated by firstly calculating
transmission function given by [31]:

T(E,V)=1/Q [ o dK TK (E,V) (1)
The transmission function at k,, TX(E) are expressed in
terms of Green’s functions as [26,27]:

TK(E,V)=Tr [I1¥ (E,V) GM* (E,V) I2X (E,V) GM* (E,V)]
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)
Expression (2) describes the broadening of molecular
energy levels due to the coupling to electrodes. Then I-V
characteristics can be computed by Landauer - Buttiker
formulism [32] given by:
1(V)=2e/hJT(E)[f(E-ps)-F(E-Ho)]De ®)
The values of currents at different bias voltages from -1.2 to
1.2V were computed through the simulations that are
reported in table 1 and shown in figure 2.

Table 1: Current (nA) versus voltage (v)

Bias AIC ACI ATC ADC

voltage(v)

-1.2 -393 -817 -5816 -1710

-0.8 -30 -501 -2804 -1717

-0.4 -20 -257 -518 -166.5

0 0 0 0 0

0.4 1720 563 940 26

0.8 2207 10644 3792 91.5

1.2 2400 11918 4576 984
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Figure 2: Current versus Voltage

From figure 2 and table 1, we observed that with increase in
bias voltage, current increased correspondingly. ACI
exhibited highest current followed by ATC, further
followed by AIC and ADC exhibited least current. We
found that by switching the anchor positions i.e. AIC to
ACI, prominent increase in current from 2.4pA to 10.6 pA
was observed. This varied current behaviour was on
account of different bond strength between the cyanide and
isocyanide group with the gold electrodes. The strength of
the metal-CN bond is comparable to that of the metal-S
bond. Because of this effective interaction between the
isocyanide group and metals, air stable isocyanide SAM
films are formed on Au [33], as with the case of thiol SAMs
[34]. This strong Au-CN bond may contribute to increase in
the conductance of the junction whereas.
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Au-NC bond is weaker than that of Au-S and Au-CN bond.
Theoretical calculations shows that the conductance of the
molecular junction with the metal-NC bond is three times
smaller than that with the metal-S bond [35, 36]. ACI and
ATC high current was on account of this strong metal-
group bond. ACI exhibited more current than ATC as in
ACI, there were Au-CN bonds at either side of anthracene
molecule, hence contributing to high conduction and high
current whereas in ATC, there was Au-S bond at one side
and Au-NC bond at other leading to comparatively low
conduction. AIC and ADC exhibited lower current on
account of the weaker bonding between gold and —NC

group.

B. Conductance

The quantized conductance of the molecule can be given by
the relation:
Go=Ne% h (4)
Here ¢ and h are electron charge and plank’s constant
respectively, while N depends upon the spin. The quantized
conductance Gq is the conductance at zero bias and this
value works out to be 77.5 pS. The total transmission
coefficient is also a function of conductance at any bias
voltage and is given by:
G=GoT(EF) (5)
where T(Er) is the transmission coefficient at Fermi energy.
The conductance values of ATS were computed

corresponding to the bias voltages and reported as shown in
table 2 and plotted in figure 3.

Table2: Conductance (uS) versus voltage (v)
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Bias AIC ACI ATC ADC
voltage(v)
-1.2 0.24 0.83 1.13 0.004
-0.8 0.10 0.72 9.2 0.006
-0.4 0.01 0.68 1.46 1.76
0 0.142 0.78 1.35 0.007
0.4 1.57 1.77 2.98 0.009
0.8 0.204 9.1 2.75 0.121
12 0.64 0.58 1.45 8.4
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Figure 3: Conductance versus voltage

From table 2 and figure 3, we observed different peaks
exhibited by AIC, ACI, ATC and ADC. AIC and ADC
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exhibited lower conductance but ADC exhibited highest
conductance at 1.2V i.e. 8.4uS. The low conductance of
AIC and ADC proves the weak bonding of -NC with gold
electrodes but high conductance of approx. 0.11G, of ADC
at high bias can be attributed to the degradation in the
energy gap between Fermi level of gold electrodes and
HOMO level of ADC with increasing positive bias. ATC
exhibited higher conductance during negative bias region
whereas lower conductance during positive bias. Its maxima
was reported as 9.2 uS ~0.12 Gg at -0.8V whereas ACI
showed contrasting behaviour i.e. conductance was more
during positive bias and lesser during negative bias. The
maximum conductance reported by ACI was 9.1 uS almost
same as that of ATC but at +0.8V. Isocyanide(-NC) binds to
the metal via a strong coordination bond by effective
donation to metal and back donation from metals because of
which its conduction was found to be maximum. High
conductance at low bias and low conductance with
increasing bias in ATC was on account of increasing mis-
alignment in the energy gap between Fermi level of gold
and ATC at high bias voltages. This behaviour was further
investigated in differential conductance behaviour.
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Figure 4: dldV-V curves of a) AIC b) ACI c) ATC d) ADC

V. TRANSMISSION SPECTRUM

The transmission spectrum shows the coupling between the
electrodes and the molecule that leads to overlapping of the
hybridized orbitals and a change in HOMO-LUMO gaps.
The stronger the coupling, more the orbitals are broadened
and lesser will be the energy gap to jump for electrons.
Sharp peaks in the spectrum show maximum transmissions
(smaller HOM-LUMO gap) whereas flatness shows
minimum transmissions (greater HOM-LUMO gap). Figure
5 shows the transmission spectrum of the different
geometries under study. The spectrum with maximum
transmissions in figure 5b) shows the reason why ACI
molecule exhibited highest conduction. Since the spectrum
shows the peaks throughout the bias region from -5V to 5V,
it indicates the smallest HOMO- LUMO gap exhibited by
ACI.AIC was found to be having second large number of
transmissions as shown in figure 5a).
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Figure 5: Transmission Spectrum of a) AIC b)ACI c¢) ATC
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Hence, electrons need to gain small energy to cross the
smaller gap and hence contribute in high conduction. Figure
5¢) and d) shows transmission spectrum of ATC and ADC.
ADC exhibited least transmissions and its whole spectrum
showed flatness during the entire energy range. ATC
exhibited more transmissions and comparatively lesser
flatness in the spectrum. Hence, we can say that the
maximum energy gap was found in ADC followed by ATC
and further followed by AIC whereas ACI exhibited
smallest energy gap. The increasing order of transmissions
exhibited by these molecules was found as: ADC < ATC <
AIC < ACI.

V.  CONCLUSIONS

The charge transport parameters of anthracene with
different anchor groups(-CN,-NC,-S) were performed and
different characteristics were simulated from which we
concluded that because of high strength of Au-CN bond and
weaker Au-NC bond, ACI supported highest conduction
whereas ADC supported least conduction. The increasing
order of charge transport was concluded as: ADC < ATC <
AIC < ACI. The results produced through this simulation
work are reproducible and can be further extended to
observe the effect of two different contacts on the
conduction of molecular devices. This can be further
extended by considering various other anchors like -
COOH, - NHz groups and their transport characteristics can
be compared and the most optimal pair of alligator clips can
be concluded for highest possible conduction of molecular
devices where we can use anthracene molecule for design
of molecular electronic devices such as organic solar cells,
OLED (organic light emitting diodes) and OTFT (organic
thin film transistor).
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