
Chin. Phys. B Vol. 19, No. 6 (2010) 067305

Hydration effect on the electronic transport
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A first-principles computational method based on the hybrid density functional theory is developed to simulate the

electronic transport properties of oligomeric phenylene ethynylene molecular junctions with H2O molecules accumulated

in the vicinity as recently reported by Na et al. [Nanotechnology 18 424001 (2007)]. The numerical results show that the

hydrogen bonds between the oxygen atoms of the oligomeric phenylene ethynylene molecule and H2O molecules result in

the localisation of the molecular orbitals and lead to the lower transition peaks. The H2O molecular chains accumulated

in the vicinity of the molecular junction can not only change the electronic structure of the molecular junctions, but

also open additional electronic transport pathways. The obvious influence of H2O molecules on the electronic structure

of the molecular junction and its electronic transport properties is thus demonstrated.
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1. Introduction

Searching for single organic molecules to de-

sign functional devices has attracted considerable

attention.[1−4] For experimental works, many tech-

nologies, such as those of mechanically controllable

break junctions,[5] scanning tunneling microscopy,[6]

atomic force microscopy,[7] have been developed. By

these means, various kinds of single-molecule junc-

tions or molecular monolayer junctions have been

formed and their electronic properties measured.[8−11]

At the same time, theories also have been devel-

oped to understand and explain electronic transport

properties of the molecule junctions. To date, one

knows that the electronic transport properties and dy-

namic properties of the molecular junctions are influ-

enced by many factors,[12−23] for instance, molecular

structure,[18] contact configuration,[19] positions of the

terminal atoms on the metal surfaces,[10] distance be-

tween the electrodes,[20] pressure of the electrodes,[21]

and ambience.[22−24] When molecular devices are ex-

posed in air, the influence of water on their electronic

properties is expected because of possible formation

of hydrogen bonds between organic compounds and

water molecules.

Recently, Na et al. have investigated experimen-

tally the electronic transport properties of oligomeric

phenylene ethynylene (OPE) molecule terminated

with thioacetate functionalities.[22,23] They found that

the real-time conductivity measured through the junc-

tion was sensitive to the ambient conditions, and

changed persistently over several days of exposure. In

order to understand the mechanisms for ambient in-

fluence on the electronic transport properties of the

molecular junctions, we provide a theoretical study

on the current–voltage features of the molecular junc-

tions by considering the hydration effect. The nu-

merical results are qualitatively consistent with the

experimental measurements.

2. Computational details

The molecular systems consist of two semi-infinite

electron reservoirs, namely the source (S) and the

drain (D), connected by a molecule (M) or molecu-

lar clusters. Based on the general Green’s function
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formalism of Mujica et al.,[25] for a three-dimensional

electrode, the net current density of molecular junc-

tion from source to drain can be written as[20,26]

iSD =
4em∗kBT

~3

∫ ∞

eV

ln

1 + exp

(
Ef + eVSD − Ez

kBT

)
1 + exp

(
Ef − Ez

kBT

)
× |T (Ez)|2 nS(Ez)n

D(Ez)dEz, (1)

where VSD is the external bias, m∗ is the electron ef-

fective mass, Ef is the Fermi level, nS and nD are the

density of states of the source and drain respectively.

And

T (Ez) =
∑
J

∑
K

VJSVDK

∑
n

⟨J |n⟩ ⟨n|K⟩
(E − En) + iΓn

(2)

is the transition matrix element from the source to the

drain, where |n⟩ is the eigenstate of the Hamiltonian

(H) of a finite system that consists of the molecule

sandwiched between two clusters of metal atoms. J

runs over all the atomic sites, which are denoted as

1, 2, . . . , N ; sites 1 and N are two end sites of the

molecules that connect with two electron reservoirs.

And S(D) runs over the atomic sites of the reservoirs

(source and drain). VJS(VDK) represents the coupling

between an atomic site J(K) and the reservoir S(D),

and is written as follows:

VJS = ⟨J |H |S⟩ =
∑
n,α,i

CJ
nα ⟨Jα|H |Si⟩CS

ni,

VDJ = ⟨D|H |K⟩ =
∑
n,β,j

CD
nj ⟨Dj |H |Kβ⟩CK

nβ , (3)

where CJ
nα (CK

nβ) is the expansion coefficient of the

orbital |n⟩ on the atomic orbital |α⟩ (|β⟩) of the atom

J(K) and CS
ni (CD

nj) is on the orbital |i⟩ (|j⟩) of the

gold atom cluster S(D). The coupling between the

molecule (M) and a reservoir S(D) is thus written as

VMS = ⟨M|H |S⟩ =
∑
J

VJS,

VDM = ⟨D|H |M⟩ =
∑
K

VDK . (4)

Then the current is obtained by ISD = AiSD, where

A is the contact area. The conductance is G =

∂ISD/∂VSD.

In our calculations, the middle of highest occupied

and lowest unoccupied molecular orbitals (HOMO and

LUMO) of the metal–molecule–metal cluster is chosen

as the Fermi level, and the nonequilibrium transport

is considered by simply lining up the Fermi energy of

the extended molecule and bulk metals.[26]

There are three steps in our simulations. Firstly,

considering that only the nearest atoms have evi-

dent interaction with the OPE molecule, we construct

molecular junctions by sandwiching OPE molecules

between two gold clusters. In the numerical simula-

tion, each gold cluster consists of three gold atoms

with equilateral triangle configuration. The Au–Au

bond length is fixed to be 0.288 nm. The terminal

sulfur atoms of the molecule are set on the hollow posi-

tions of the gold triangles.[27] Then, we perform struc-

ture optimisations at the B3LYP level with Lan2DZ

basis set implemented in Gaussian03 package.[28] Fi-

nally, on the basis of our generalized elastic scattering

Green’s function theory in QCME codes,[29] we cal-

culate and analyse the electronic transport properties

of the molecular junctions in different ambient condi-

tions.

3. Results and discussion

In order to analyse the hydration effect on the

electronic transport properties, we construct several

hyper-molecular configurations to simulate the molec-

ular junctions in different ambient conditions (Fig. 1).

Firstly, we investigate the electronic transport prop-

erties of an OPE molecular junction without consid-

eration of hydration effects (system 1). Secondly, con-

sidering that the oxygen atoms of an OPE molecule

tend to form a hydrogen bond with H2O molecules in

the ambient air, we add one H2O molecule to form

a hydrogen bond with each oxygen atom of the OPE

molecule (system 2). The molecular dynamics simu-

lations that we carry out also show that each oxygen

atom of the OPE molecule is connected with one H2O

by a hydrogen bond. Geometric optimizations are per-

formed for both of these two configurations. As pre-

dicted in Ref. [23], for longer times the water vapour

accumulated in the junction region may lead to addi-

tional current pathways. Therefore, we set many H2O

molecules around the OPE molecular junctions and

some of the H2O molecules connect with each other

and form chains. In fact, molecular dynamics simu-

lations are needed here in order to consider the influ-

ence of more H2O molecules around an OPE molecule.

However, due to the limitation of the computational

capacity, it is almost impossible to perform molecular

dynamics simulations to imitate the experiment. And

the geometric optimizations are also impossible for the

OPE molecular junctions with many H2O molecule

around. Therefore, the other configurations are con-

structed empirically. In this work, 13, 20, 23, 26, 36,
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38, 40 and 42 H2Omolecules in the vicinity of the OPE

molecular junctions are taken into account. For sim-

plicity, two configures with 23 and 36 H2O molecules

are shown here (systems 3 and 4).

Fig. 1. Schematic structure of OPE molecular junctions

for (a) system 1, (b) system 2, (c) system 3, (d) system 4.

In system 1, the geometric optimization shows

that the distance between the two electrodes is about

2.5 nm, and the distances from sulfur atoms to gold

surfaces are about 0.23 nm, which is consistent with

the results in our previous works.[20,26,30] The C–S

bonds are normal to the gold triangles. Each oxy-

gen atom of the OPE molecule shows negative net

charge of about –0.30 e. While in system 2, the net

charge of each oxygen atom of the OPE molecule is

about –0.38 e. We also find that each H2O molecule

connected to the OPE molecule by a hydrogen bond

shows a positive charge of about 0.015 e. One can find

that upon the formation of the hydrogen bond, the

oxygen atoms of the OPE molecule obtain electrons

from H2O molecules. And by the influence of the hy-

drogen bond, more electrons in the OPE molecule are

moved to the oxygen atoms. This result can be un-

derstood that, since the H atoms of the H2O molecule

show positive charge, when the H atoms approach the

oxygen atoms of the OPE molecule, they can attract

electrons to gather around the oxygen atoms from the

OPE molecule. At the same time, the oxygen atoms

are strong electronegative, they also attract electrons

from H2O molecules. The larger number of electrons

attracted by the oxygen atoms will result in the local-

ization of the molecular orbital, which plays a negative

role to the electronic transport through the molecular

junctions.

Figure 2 shows the transition intensity of the

molecular junctions with different numbers of H2O

molecules accumulated in the vicinity. For the molec-

ular junction without H2O molecules (Fig. 2(a)), one

can find that there are two transition peaks for the

electrons with energy lower than 1 eV. However, there

is only one transition peak for the OPE molecular

junction with two H2O molecules (Fig. 2(b)), and

its intensity is much weaker than those in Fig. 2(a).

When more H2O molecules are accumulated, a transi-

tion peak located at about 0.18 eV appears. In addi-

tion, with the increase of H2O molecules, the intensity

of the other two peaks is increased and their positions

are shifted to a lower energy region. These peaks will

have an obvious contribution to the electronic trans-

port at lower bias compared with the cases of systems

1 and 2. The reason is that the H2O molecules are

connected into one or more chains, by which the elec-

tronic transport ability is enhanced.

Fig. 2. Transition spectrum of OPE molecular junctions

with (a) 0, (b) 2, (c) 13, (d) 23, (e) 36, (f) 40, and (g) 42

H2O molecules.

Current values of all the molecular junctions at

0.5 V bias voltage are given in Fig. 3. The figure
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shows that, for the configuration with only two H2O

molecules connected with OPE molecule (point B) by

hydrogen bonds, the current value is much smaller

than that of the bare OPE molecular junction (point

A), which displays a negative role of the hydrogen

bonds to the electronic transport. When the OPE

molecule is exposed to air very briefly, the current of

the OPE molecular junction may show a decrease, as

indicated by the experimental observation.[23]

Fig. 3. Current of OPE molecular junctions with different

numbers of H2O molecules in the vicinity at external bias

voltage of 0.5 V.

The other points in Fig. 3 can be divided into four

groups of C, D, E and F as the figure shows, which

correspond to one, two, three and four H2O molecu-

lar chains formed in the super-molecular systems, re-

spectively. It shows that more H2O molecular chains

formed in the molecular junction will result in higher

currents. When a H2O molecular chain is formed, one

more H2O molecule has little influence on the cur-

rent because the H2O molecule is far away from the

molecular junction and thus has little contribution to

the electronic transport. Once enough H2O molecules

are accumulated and a new H2O molecular chain is

formed, the current of the molecular junction is obvi-

ously enhanced. Furthermore, when the H2O molec-

ular chains reach a saturation condition, one can ex-

pect that the current trends to a limit value. The nu-

merical simulation qualitatively explains the effect of

long-term storage environments on the current change

of the OPE-linked gold nanoparticle dimers.[23]

In order to gain a deep understanding of the elec-

tronic transport properties of the molecular junctions,

we illustrate some molecular orbitals in Fig. 4. The or-

bital analysis shows that, for the bare OPE molecular

junction (system 1), the LUMO and the LUMO + 1

are localized molecular orbitals, which have little con-

tribution to the electronic transport. However, the

LUMO+2 and the LUMO+3 are good delocalized

molecular orbitals (Figs. 4(a) and 4(b)), which are

Fig. 4. Molecular orbitals of OPE molecular junctions.

(a) LUMO+2 (0 H2O), (b) LUMO+3 (0 H2O), (c)

LUMO+1 (2 H2O), (d) LUMO+1 (13 H2O), (e) LUMO

(40 H2O).

related to the two peaks of the curve in Fig. 2(a) and

make an obvious contribution to the electronic trans-

port. For system 2, in the range of curve shown in

Fig. 2(b), only the LUMO+1 which is related to the

peak at about 0.85 eV (Fig. 4(c)) has a small contri-

bution to the electronic transport. When some H2O

molecular chains have formed with the increase of the

amount of H2O molecules, the numerical results show

that the H2O molecular chains not only open addi-

tional electronic transport pathways but also influence

the electronic structure of OPE molecular junction

and lead to new delocalized molecular orbitals. For

example, when there are thirteen H2O molecules in

the vicinity of the OPE molecular junction, the H2O

molecular chain makes a considerable contribution to

the LUMO+1 and results in a low transition peak near

0.2 eV (Fig. 4(d)). For the OPE molecular junction

with 40 or 42 H2O molecules accumulated in the vicin-

ity, the LUMO, LUMO+2 and LUMO+3 are delocal-

ized all over the OPE molecular junction including
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the H2O molecular chains. The LUMO (Fig. 4(e))

is related to the first peaks of the curves of Figs. 2(f)

and 2(g), and the LUMO+2 and LUMO+3 are related

to the second and the third peaks. They all make a

great contribution to the electronic transport. The

difference between these two configurations is that the

two more H2O molecules of the configuration with

42 H2O molecules are a little further away from the

OPE junction than the other H2O molecules, which

seems to suggest that only the H2O molecules near

the OPE junction and especially those connected into

chains can exert obvious influence on the electronic

structures of the molecular junctions and have obvi-

ous contribution to the electronic transport. This is

confirmed by our further computations.

Based on our theory, the coupling constant, es-

pecially the coupling constants between the terminal

atoms of the molecule and the electrodes, is another

factor that influences the height of the transition peaks

as well as the current flow. For the bare OPE molec-

ular junction, the coupling constants between the ter-

minal sulfur atoms and the gold electrodes are about

0.75 eV. However, for the molecular junction with

13 H2O molecules, the coupling constants are larger

than 1 eV. And the coupling constants have an in-

creasing trend with the increase of H2O molecules in

the vicinity of the OPE molecular junction. Accord-

ing to formula (2), the height of the transition peaks

and also the current are approximately proportional

to the second power of the coupling constants. Since

the LUMO+1 of system 2 is just a delocalized orbital

to some extent (Fig. 4(c)), and the coupling constants

between OPE molecule and the electrodes are approx-

imately equal to that of system 1, the transition peaks

and the current are obviously smaller than others.

4. Conclusion

In summary, based on density functional theory,

the electronic transport properties of OPE molecu-

lar junctions with H2O molecules accumulated in the

vicinity are investigated by applying our generalized

elastic scattering Green’s function theory. The simu-

lations explain the experimental results qualitatively.

The numerical results show that the hydrogen bonds

between the oxygen atoms of the OPE molecule and

the H2O molecules result in the localization of the

molecular orbitals and lead to the lowered transition

peaks and weaker current value. The H2O molecular

chains accumulated in the vicinity of the molecular

junction can not only open additional electronic trans-

port pathways, but also change the electronic struc-

ture of the molecular junctions, which result in large

coupling constants and higher transition peaks. Only

the H2O molecules near the OPE junction and espe-

cially those connected into chains can have obvious

influence on the electronic transport properties of the

molecular junctions.
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