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In this paper the charge transfer and variation of potential distribution upon formation of 4, 4′-bipyridine molecular

junction have been investigated by applying hybrid density-functional theory (B3LYP) at ab initio level. The numerical

results show that there exist charge-accumulation and charge-depletion regions located at respective inside and outside

of interfaces. The variation of potential distribution is obvious at interfaces. When distance between electrodes is

changed, the charge transfer and variation of potential distribution clearly have distance-dependent performance. It is

demonstrated that the contact structure between the molecule and electrodes is another key factor for dominating the

properties of molecular junction. The qualitative explanation for experimental results is suggested.
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1. Introduction

With the continuous minimization of electronic

device, one developing trend is to construct functional

electronic devices by using single molecules. Many

theoretical[1−18] and experimental groups[19−32] have

studied the electric properties of single molecules and

have obtained exciting results in recent years. It has

been noted that small conjugated molecules,[19−24]

single- and multiple-wall carbon nanotubes[25] and

macromolecules such as DNA[26−29] possess many

useful device characteristics, for instance, molecular

switch,[28−30] molecular memory,[26] negative differen-

tial resistance[27] and single-molecule transistors.[23]

Currently, experimental techniques and theories in

molecular electronics need to be developed, because

not only do the theoretical results not give a good ex-

planation for experimental measurement, but also the

experimental results for the same molecule with dif-

ferent technique show great difference between each

other.[19,20] Therefore, effort needs to be devoted in

both experimental and theoretical areas for the appli-

cation of single molecular devices.

When molecular devices are fabricated, how

molecular junctions are formed is an open issue. It

is known that the electronic structure of molecule is

likely influenced by contact structure and external

electric field[21,33,34], and the potential barrier at in-

terface plays a key role for charge transfer in molecu-

lar junctions. However, detailed discussion for charge

transfer and potential redistribution upon formation

of molecular junction is not given. In this paper, based

on first principles, we investigate charge and potential

redistribution after the formation of molecular junc-

tion by considering several circumstances. Further-

more, a qualitative explanation for switching proper-

ties of the 4, 4′-bipyridine molecule[11−15] is suggested.

2. Computational details

Considering the local interaction between

molecule and electrodes, we take two gold atom clus-

ters and sandwich 4, 4′-bipyridine molecule between

them in the calculation, where an extended molecule

is formed. Based on our previous works,[34] the ni-

trogen atom of 4, 4′-bipyridine molecule can ener-

getically sit on the top position of one gold atom.
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It is noted that the contact structure between the

molecule and electrodes is difficult to be controlled

and determined by experiment. Therefore, we choose

two contact structures to discuss. The structure of

gold-4, 4′-bipyridine-gold system with local contacts

of an equilateral tetrahedron atom cluster (cont1) and

a linear chain atom cluster (cont2) is schematically

shown in Fig.1, where the x axis passes through the

two nitrogen atoms.

Fig.1. Schematic structures of 4, 4′-bipyridine molecu-

lar junction: (a) equilateral tetrahedron contact with four

gold atoms at each side; (b) chain contact with three gold

atoms at each side.

The interaction energy between the molecule

and electrodes can be described by coupling pa-

rameters YkS(V ) and YDk′(V ), which represent cou-

pling between the atom k(k′) of the molecule and

the gold clusters (denoted by S and D) in the site

representation,[2,34]

YkS = 〈k|U |S〉 =
∑

n,α,i

Ck
nα〈kα|U |Si〉C

S
ni

=
∑

n,α,i

Ck
nα〈kα|H |Si〉C

S
ni,

YDk′ = 〈D|U |k′〉 =
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CD
nj〈Dj |U |k′

β〉C
k′

nβ

=
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CD
nj〈Dj |H |k′

β〉C
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nβ , (1)

where Ck
nα (Ck′

nβ) is expansion coefficient of the ex-

tended molecular orbital |n〉 on the atomic orbital |α〉

(|β〉) of the atom k (k′) of the molecule, and CS
ni(C

D
nj)

is on the atomic orbital |i〉 (|j〉) of the gold atom

cluster S (D). It is straightforward that the inter-

action energy between molecule and electrode can be

obtained by summing up all the atoms in the molecule.

Accordingly, the positive value of the coupling pa-

rameter between molecule and electrode increases the

total energy of the whole system, while the negative

value decreases it.

The geometric and electronic structures of

molecules can be simultaneously changed by interac-

tion between molecule and electrodes. In the calcula-

tion, distance between the two gold clusters is fixed,

and geometric structure of the extended molecule is

optimized at hybrid density-functional theory (DFT)

B3LYP level with Lanl2DZ basis set implemented in

Gaussian03 package.[35] The electronic density and po-

tential distribution of the molecular junction are anal-

ysed. In order to view profiles of charge redistribution

and potential variation upon formation of the molec-

ular junction, we decompose the extended molecule

into gold clusters and bare molecule, then the elec-

tronic densities and potential distribution of the indi-

vidual parts are calculated. The charge transfer and

potential variation are obtained by taking correspond-

ing difference between the extended molecule and in-

dividual parts, i.e.

∆D = DEM − (DAu + DM + DAu),

∆P = PEM − (PAu + PM + PAu). (2)

3. Results and discussion

The influence of distance between the two elec-

trodes on geometrical structures of a molecule is first

investigated. We here just take the extended molecule

with cont1 as an example. The optimized geometrical

structures show that, when distance between the two

electrodes is stretched, the molecule is firstly length-

ened and then shortened (see Table 1). Moreover,

when the distance is at 1.22 nm, the length of the

molecule takes the largest value of 0.734 nm. The un-

derlining mechanism is understandable by observing

the coupling parameters between molecule and elec-

trodes.

Variation of the coupling parameter between the

molecule and left gold electrode with different dis-

tances between the two electrodes is shown in Fig.2.

From Fig.2, one can see that, when the distance in-

creases, the coupling parameter is firstly positive, and

then goes to the negative region. The lowest value of

the coupling parameter is reached at about 1.24 nm.

As the distance is elongated from 1.24 nm, the cou-

pling parameter tends toward zero. Accordingly, the

molecular length is gradually returned to its natural

length (d0 = 0.719 nm). It is noted that, as the molec-

ular structure is asymmetric, the coupling parameter
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at left side is unequal to that at right side, but with

little difference.

The dihedral between the two pyridine rings in

molecule is also varied with variation of the distance

between the two electrodes (see Fig.2). It seems that

the dihedral and coupling parameters have the mini-

mum absolute values simultaneously.

Fig.2. Coupling parameter between molecule and left

gold cluster and dihedral between the two pyridine rings

of the molecule with different distances between two elec-

trodes. The molecular junction is shown in Fig.1(a).

The numerical simulation shown above seems to

demonstrate that there exists optimized molecular

junction with proper circumstance. However, the dis-

tance between two electrodes is strongly dependent

on technical methods in forming molecular junctions.

Thus the influence of two electrodes’ distance on prop-

erties of molecular junctions needs to be discussed.[36]

Charge transfer and variation of potential dis-

tribution defined in Eq.(2) in the formation of the

gold–molecule–gold junction with electrode distance

at 1.08 nm for cont1 are presented in Fig.3. The spa-

tial distribution of the transferred electrons is plotted

as a function of position in the xy plane after inte-

grating over the z axis, the cross-sectional view of po-

tential variation is shown as a function of position in

the xy plane. From Fig.3, one can see that charge

density difference and potential difference have an ob-

vious variation near interfaces between molecule and

electrodes, while there is slight change in the interior

of molecule. When the molecular junction is forming,

the π electrons are transferred from central part of the

molecule to its ends, and the charge is mainly accumu-

lated at ends of the molecule because of presence of a

potential barrier at the interfaces. At the same time,

electrons are depleted on the extracting side of the

potential barrier. The charge redistribution results in

two resistivity dipoles with reversed direction at the

metal–molecule interfaces, which will lead to a non-

linear transport effect for molecular devices.[7,37] The

directions of the electric dipole moments are different

from those caused by external fields.[34]

Table 1. Molecular length and net charge analysis for extended molecule with two kinds of contact structure under

different distances of two electrodes.

Distance/nm Molecular length/nm Molecule/e Left Au cluster/e Right Au cluster/e

Cont1

1.06 0.672 0.135 −0.059 −0.077

1.08 0.686 0.124 −0.051 −0.073

1.10 0.698 0.137 −0.054 −0.083

1.12 0.709 0.139 −0.078 -0.061

1.16 0.727 0.218 −0.090 −0.129

1.20 0.732 0.346 −0.207 −0.139

1.22 0.734 0.364 −0.168 −0.196

1.24 0.733 0.382 −0.182 −0.200

1.28 0.731 0.357 −0.177 −0.180

1.32 0.728 0.296 −0.147 −0.148

Cont2 1.08 0.682 0.345 −0.164 −0.181

For greater clarity, charge transfer in the forma-

tion of the molecular junction with cont1 for electrodes

in different distances is shown in Fig.4(a) by integrat-

ing over y and z axes. It can be seen that amounts of

accumulated charge inside the interface and depleted

charge outside the interface decrease as distance be-

tween the two electrodes increases. Moreover, in to-

tality, the molecule contributes electrons to gold clus-

ters as shown in Table 1. When the distance between

the two electrode increases from 1.06 nm to 1.24 nm,

the amount of charge transferred from molecule to

gold clusters is enhanced. As the distance further in-

creases, the amount of transferred charge decreases.

Figure 4(b) shows the variation of potential distribu-
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tion along x axis. One can see that the variation of

potential at the interfaces becomes weaker as the dis-

tance increases. As a result, the height of the potential

barrier located at the interface increases as the dis-

tance increases, which is disadvantageous for electron

tunnelling through the molecular junction.

Fig.3. Spatial distribution of charge transfer (top) and

variation of potential (bottom) in the formation of the

molecular junction shows in Fig.1(a) with distance of

1.08 nm.

In order to investigate the effect of contact struc-

ture on the formation of molecular junction, we sim-

ulate the other contact structure (cont2 in Fig.1(b)),

and display the charge transfer distribution and vari-

ation of the potential distribution (see Fig.5). The

charge transfer and variation of the potential dis-

tributions show the similar behaviour as that for

cont1. In detail, the peak amount of the accumulated

charge of 0.066/a.u.2 for cont2 is smaller than that of

0.100/a.u.2 for cont1. While the maximum amount of

the depleted charge of 0.086/a.u.2 for cont2 is almost

equal to that of 0.084/a.u.2 for cont1. As a whole,

the molecule contributes more charge to gold clusters

with cont2 than that with cont1 (see Table 1). Fur-

thermore, the bottom value of the potential variation

at the interface is of −0.218 a.u. for cont2, which

is deeper than −0.175 a.u. for cont1. This seems to

demonstrate the lower potential barrier at the inter-

face for the molecular junction with cont2. In addi-

tion, the coupling parameters for cont2 are 3.377 eV

and 3.344 eV, which are also larger than 1.863 eV and

1.894 eV for cont1 respectively. With the above dis-

cussion, we may conclude that formation of molecular

junction has a close relation with the contact struc-

ture, and the molecular junction with cont2 demon-

strates a better electronic behaviour.

Fig.4. Spatial distribution of charge transfer (a) and vari-

ation of potential (b) along x axis in the formation of the

molecular junction shown in Fig.1(a). Distances of the

two electrodes are taken as 1.08, 1.20 and 1.24 nm.

When the molecular junction is formed, the

paired electrons of nitrogen atom are used to form

coordination bond between nitrogen and gold atoms.

The π electrons in pyridine ring are thus attracted

by nitrogen atoms to accumulate at the ends of the

molecule, where nitrogen atoms possess negative net

charges. As a result, mutual electrons of gold cluster

will be pushed away from the inner gold atoms, and a

depleted charge region is thus appeared there. With

the above discussion, it is straightforward to give de-

duction that, if positive gate voltage is added to the 4,

4′-bipyridine molecule, the coordination bond intends

to be broken down because the charge in molecule

is prevented to shift towards gold atoms. Thereby,

the molecular junction is hardly formed, and there is

no measured current through the junction as demon-



1438 Li Zong-Liang et al Vol. 16

strated in the experiment.[24]

Fig.5. Spatial distribution of charge transfer (top) and

variation of potential (bottom) in the formation of the

molecular junction shows in Fig.1(b) with distance of

1.08 nm.

4. Conclusion

We have studied charge transfer and potential

changes properties in the formation of the 4, 4′-

bipyrindine molecular junction. The numerical re-

sults show that the coupling parameters have mini-

mum value with the electrodes distance near 1.24 nm.

Smaller absolute value of coupling parameter results in

smaller dihedral angle between the two pyridine rings

of 4, 4′-bipyridine molecule. The charge transfer and

potential changes mainly take place near the inter-

faces between the molecule and electrodes. Moreover,

charges are accumulated at inside of the interface and

depleted at outside of the interface. Additional elec-

tric dipole moments are thus produced near the inter-

faces between the molecule and electrodes in the for-

mation of the molecular junction. The charge transfer

and variation of potential distribution are highly de-

pendent on the distance of electrodes. The contact

structure between molecule and electrodes has a great

effect on the properties of molecular junction.
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