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Molecular Junctions Be Predicted by Theoretical
Calculation?
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Abstract: The electron transport mechanism changes from tunneling to hopping as molecular length increases.
To validate the theoretical simulation after the transition point and clarify influence of electronic structures on the
transition, we calculated the conductance of a series of conjugated molecules by density functional theory together
with the nonequilibrium Green’s function. We found that the highest occupied molecular orbital energy level, trans-
mission spectrum, and the reorganization energy are good indicators for the transition of the electron transport
mechanism. The calculated resistances of short junctions (<50 A, before the transition point) are consistent with the
experimental result, following the tunneling mechanism. However, the theoretical predication failed for long
molecules, indicating the limitation of the theoretical framework of elastic scattering when the electron transport

mechanism changes to hopping.
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Introduction

Recently, the electron transport mechanisms across a single mol-
ecule have been experimentally investigated in some detail."
To directly measure the current-voltage characteristic of a metal-
molecule-metal junction, a number of experimental methods
have been developed, such as conducting probe atomic force mi-
croscopy (CP-AFM),? scanning tunneling microscopy (STM),*
and mechanical break junctions.’” On the basis of experimental
results, a variety of electron transport mechanisms have been
proposed, depending on molecular size and structure, as well as
temperature.

As predicted theoretically, and indicated by many experi-
ments, coherent tunneling predominates in electron transport of
short donor-bridge-acceptor systems.'*™ The tunneling (Fig. 1a)
is based on the probability of electrons traversing a barrier with
a certain thickness and height and maintains the phase of the
electron. In other words, there is a finite probability of finding
the electron on the other side of the barrier, without requiring
nuclear motion." The tunneling current at low bias can be simply
depicted by the Simmons relation.” The molecular resistance
varies exponentially with length as depicted by eq (1),

R = Roexp(fid) @)

where R, is the contact resistance, d is molecular length, and f
is the tunneling attenuation factor.

In long molecular wires, electron transport can be dominated
by the hopping mechanism (see Fig. 1a), which follows a classi-
cal Arrhenius relation [eq (2)],

ker = kyyexp(—Eq/kT) )

where kgr is the electron transport rate, E, is an activation
barrier, and k is the Boltzman constant. As hopping involves a
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Figure 1. (a) Schematic energy level diagrams for tunneling and
hopping. M1 and M2 denote the metallic electrodes. The Fermi
level of M2 increases V/2 eV when junction bias is applied, whereas
M1 changes oppositely. /(7) is the current contributed by single-step
tunneling and I(h) corresponds the current of multistep hopping.
(b) The chemical structures of OPI molecules.

series of transfers between the adjacent relatively stable sites, it
does not exhibit the exponential distance dependence of current,
but instead varies as ~d~'."'°

A direct observation of the electron transport mechanism
from tunneling to hopping was made by Choi et al.,''~"* when
they measured the resistance of a series of conjugated molecular
wires. For short molecules, the length dependence is exponen-
tial, corresponding to the tunneling regime, and for long bridges,
the resistance increases linearly because of the hopping mecha-
nism adopted. A similar result was also found for oligo (p-phen-
ylene ethynylene)s by Lu et al.'"* and other long conjugated mo-
lecular wires by Tao et al.'” using STM break junction method.
Tunneling and hopping are generally considered to be alternative
electron transport mechanisms in molecular systems. However,
as studied by Lambert et al.,'® tunneling and hopping mecha-
nisms are not mutually exclusive; indeed, it has been shown that
both may be present within one system.]6 In this case, the total
current of the molecular junction is composed of the tunneling
and hopping components as shown in Figure 1(a).

Besides experimental measurements, the molecular conduct-
ance has also been calculated by theoretical simulations. The
elastic scattering theory depicts the tunneling transport, which
can be dealt with the nonequilibrium Green’s function (NEGF)17
combined with the density functional theory (DFT). Recently,
NEGF-DFT method has been widely used to model quantum
transport of atomic and molecular scale nanoelectronic devices
under external electric field.'"®' Although molecular length is
short, the simulation provided reliable results.’>~* However, it
is not clear yet when the electron transport mechanism changes
in a homologous series of molecules, and whether this technique
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treats hopping properly. On the other hand, molecular length is
just a direct evidence of geometric structure for mechanism tran-
sition, how the electronic properties of the molecule influence
the transition from the tunneling regime to the charge hopping
regime? Therefore, this study will clarify the intrinsic factors
relevant to the hopping mechanism.

Methodology

To gain insight into the reliability of the theoretical technique,
we calculated the conductance of oligophenyleneimine (OPI)
molecular junctions, because the conductivity has been exactly
characterized experimentally by CP-AFM method.'" The molec-
ular wires vary from 12.9 to 71.7 A as shown in Figure 1b. The
calculation was performed by the Atomistic Toolkit 2.0 pro-
gram®*’ with NEGF-DFT method. Each OPI molecule was
connected with Au(111) electrodes through two thiol groups
forming Au-molecule-Au junction. Two hydrogen atoms were
removed from the thiol groups as adsorption takes place and the
adsorption site to the sulfur atom is a threefold hollow site of
the Au plane. Then the full structure optimization of the mole-
cules was performed by relaxing all atoms within a force toler-
ance of 0.1 eV/A. The optimized molecule-electrode contact dis-
tance (S-Au distance) was in the range of 2.04-2.06 A for all
the molecules. We used the local density approximation with a
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Figure 2. (a) Schematic illustration of a simplified model of the
Au-molecule-Au junction for the conductance calculation. (b) Top
view of the junction structure with periodic boundary conditions
(the contour indicates the unit cell), taking OPI 4 for example. (c)
Example for torsion angles of OPI molecules where OPI 4 is shown
for reference.
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Table 1. Torsion Angles for the OPI Molecules Optimized by the ATK Program with DZP Basis Set.
Molecules Length (A) 0, 0, 0; 0, 05 0s 0, 0 0o 0,0
OPI 1 12.9 —32.1
OPI 2 19.5 =30.5 31.2
OPI 3 26.0 —31.3 27.2 —31.1
OPI 4 32.5 —30.7 29.5 —28.7 31.2
OPI 5 39.1 =310 28.8 —29.6 27.3 —31.1
OPI 6 45.6 —-314 28.4 —29.3 29.3 —27.9 31.5
OPI 7 52.1 =315 28.8 —30.0 29.6 —-29.9 28.2 —30.7
OPI 8 58.7 —-31.2 29.0 —29.2 29.1 —29.0 29.2 —28.9 31.6
OPI 9 65.2 -31.3 28.9 —30.0 28.1 —30.0 28.3 —29.9 27.5 —30.9
OPI 10 71.7 —-31.2 29.0 —29.4 29.0 —29.1 29.1 —28.8 29.6 —28.7 31.7

All torsion angles are in degree (°) and 0, is the dihedral angle of C1—C2—N3—C4. Molecular length was deter-
mined as distance between two sulfur atoms, that is, the length of S-Molecule-S.

double-{ plus polarization basis set for the molecules and single-
{ plus polarization basis set for the Au electrodes.

The general system for which transport calculations were per-
formed consists of three parts: a left electrode, a scattering
region, and a right electrode. The semi-infinite electrodes were
modeled by two Au(111)-(3 X 3) surfaces with periodic bound-
ary conditions, and Figures 2a and 2b shows the theoretical
model and several repeat units. A supercell consists of two
layers of 18 gold atoms to the left and three layers of 27 gold
atoms to the right of the scattering region, where the difference
in two sides is necessary to maintain the periodicity of the
system.?® It is reported that taking two layers of Au in the self-
consistent cycle is enough to mitigate the finite size effect.”’
This system has been previously used to illustrate the scattering
region in the literature.’®*"** Then the conductance was
computed within the Landauer-Biittiker formalism.'”! The con-
ductance is given by G = GoI(Eg), where Gy = 2¢%/h (e is the
electronic charge and / is Planck’s constant) is the quantum
conductance and T(EF) is the transmission function at the Fermi
level Er. We performed the conductance calculation using the
NEGF-DFT theories to simulate the electric behavior of the
molecule sandwiched between the Au electrodes, including a
full self-consistent-field treatment of the metal-molecule-metal
junction.

To find the correlation between electronic structures and
electron transport mechanism, we also evaluated the molecular
energy level, the transmission spectrum, and the reorganization
energy, because the ability of wire to transport a charge depends
crucially on the reorganization energy.’?> The reorganization
energy involved in the charge transfer process was carried out
with the GAUSSIAN 03 program.*®> The geometric structure
optimization of neutral state was performed at the DFT level
with the B3LYP/6-31G* basis set, and the unrestricted DFT
method was adopted for ions. The definition of reorganization
energy is in the results and discussion section.

Results and Discussion

The OPI molecules generally exhibit a twisted conformation
mostly due to the nitrogen atom, as shown in Figure 2c for the
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example. The absolute values of torsion angles of C—N bonds
in the wires are typically 27-32°. The torsion angles obtained by
DZP basis set are several degree lower than that determined at
the B3ALYP/6-31G** level of theory by Frisbie et al., which are
given in the Supplemental Materials of ref. '2 The detailed data
of molecular length and dihedral angle 6 for OPI oligomers are
listed in Table 1. As the interlaced conformation breaks the
m-conjugation over the whole molecule, the torsion angle quanti-
tatively reduces molecular conductance as demonstrated by
Venkataraman et al.***> As a result, the OPI molecule is less
conductive than the oligo phenylene vinylene with planar struc-
ture at the same length.>> On the other hand, as the conjugated
structure has been broken into several segments, the electron
hopping via each energy well along the molecular wire becomes
favored for those long systems. The twisted structure also infers
that the intermolecular 7w-stacking effect is weak that can be
neglected in the following discussion.

The molecular resistance of OPI is analyzed as a function of
molecular length by varying the number of repeat units. To con-
firm the theoretical result obtained by the NEGF-DFT methods,
Figure 3a gives the logarithmic dependence of resistance on
molecular length. We can observe that the calculated resistance
increases exponentially with molecular length in the left region.
The linear fit (from OPI 1 to 6) indicates an exponential relation
between resistance and length, which can be well described by
eq (1). Furthermore, the tunneling attenuation factor of 0.25 Al
for short OPI wires is consistent with 0.30 A~! obtained by
CP-AFM measurement.'' The exponential increase of resistance
indicates a tunneling mechanism while the length of the molecu-
lar wire is shorter than 50 A. Similar results have also been
proven by many other systems.?** Therefore, we can conclude
that for short molecular wires, the theoretical simulation based
on the elastic scattering mechanism is reasonable and reliable.

When the wire is longer than 50 A, the resistance still
increases rapidly in general as plotted by the dashed line in Fig-
ure 3a. As the resistance falls into the scale of GQ (from 0.35
GQ for OPI 6 to 54 GQ for OPI 10), a significant feature
observed is the fluctuation. For example, the resistance of OPI 9
is even lower than that of OPI 8. The theoretical prediction did
not give any evidence of existing of the transition point in the
resistance line as wire increases. On the contrary, the experimental
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Figure 3. (a) Semilog plot of molecular resistance for OPI mole-
cules obtained theoretically. Points show calculated data and the
blue solid line is linear fit (OPI 1-6) yielding the f value of 0.25
A" from the slope. The correlation coefficient of the linear fit is
0.998. The vertical dotted line divides the figure into two parts, and
the left and right regions correspond to the tunneling and hopping,
respectively. The short dotted lines denote the experimental results
with f = 0.30 and 0.09 A~ The molecular length is S-Molecule-
S distance which is optimized by ATK. (b) The HOMO and LUMO
energy levels of the OPI series.

results obtained by Choi et al.'' clearly showed it when molecu-
lar length is 40 A, indicating a change of electron transport
mechanism from tunneling to hopping. For easy comparison, we
also plotted the experimental data of the f value (0.09 A Y in
Figure 3a. The short dotted line indicates the attenuation of the
transportation of the hopping mechanism. Additionally, we can
observe that the OPI 6 belongs to the hopping region for the
experimental result. As both tunneling and hopping mechanisms
may be present within one system at the threshold,® the transi-
tion point just shows the change of dominant mechanism. For
OPI 6, the charge hopping mainly contributes to the conduct-
ance, whereas the contribution of tunneling is small. However,
only tunneling was considered in the theoretical calculation.
Thus, the transition point measured by Choi et al.'' appears
before the calculated one.
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Here, we note that the calculated resistance of single mole-
cule is generally lower than the experimental result because of
the approximation in the exchange-correlation functional.*® The
previous study has also confirmed that the resistance of 1,4-ben-
zenediamine®” obtained experimentally is six times larger than
that obtained by NEGF-DFT.”® For short OPI 1 model, the
resistance of theoretical simulation is around 10° Q slightly
lower than the experimental one. However, for long conjugated
molecular wires, the calculated resistance tends to be greater
than the measured one. When the repeat unit number is 8, the
dashed line crosses the short dotted line. The small resistance in
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Figure 4. (a) Semilog plots of transmission spectra for the OPI
series at zero bias. The dotted line denotes the Fermi level Eg = 0.
(b) Semilog plot of transmission coefficient versus length for the
OPI series at Femi level Erx = 0. The solid line is linear fit of
OPI 1-6.
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Figure 5. Representation of the reorganization energy involved in
the charge transfer process. The two curves represent the potential
energies of neutral and ionic molecules. 4; and A, show the reorgan-
ization energies of two processes involving the removal and addition
of a charge, respectively. £ and E* denote the neutral molecule in
optimized neutral and ionic geometries, respectively; E% and E- are
the energies corresponding to the neutral and ionic geometries of
the oxidized (or reduced) molecule.

experiments indicates that the hopping current might be involved
in the total current, and it becomes more significant with
increasing the length. In addition, the intersection and the lower
f value after the intersection also suggest that the hopping
mechanism becomes dominant in whole transport process. From
the comparison, we can conclude that the theoretical simulation
with the only mechanism cannot accurately predict the whole
transport process, especially, as molecular lengths up to 50 A.
Besides the molecular length, is there any other indicator of
the mechanism transition? We have checked the energy levels of
Frontier molecular orbitals (Figure 3b), because they have strong
correlation with the conduction behavior. The energy level of
the highest occupied molecular orbital (HOMO) is closer to the
electrode Fermi level (Er = 0) than the lowest unoccupied

molecular orbital (LUMO). For one thing, the energy offsets
(Ex—Enomo) are reduced dramatically from 0.74 (OPI 1) to 0.28
eV (OPI 9) with increasing the repeat unit. The smaller energy
offset infers that the removal of an electron from the HOMO is
more feasible. For another, the LUMO also shifts toward the
Fermi energy for long molecules, indicating an easy hop of the
electron from the electrode to the LUMO. Therefore, the thermal
emission under ambient conditions (300 K is equal 0.026) may
help the electron jumping from molecule to electrode, facilitat-
ing the hopping mechanism.

On the other hand, the transmission coefficient curve (Figure
4a) reflects the dynamic feature of the transport system when
compared with the static feature of molecular energy levels. Here,
the energy is relative to the Fermi level of Au electrodes that is
fixed as Eg = 0. The first peak below or above the Fermi level
primarily originates from the HOMO or LUMO state, respec-
tively. It is clearly shown that the HOMO and LUMO resonances
approach the Fermi level as molecular length increases,
corresponding to the shift of the molecular orbital energy level.
Furthermore, the transmission coefficient of OPI 1 at Eg = 0 is
0.13, showing a high efficiency of electron transport for short
molecules. As the repeat unit increases to 6, the transmission
coefficient decays rapidly to 3.6 X 10> for OPI 6. However, the
transmission coefficient is less than 10> for OPI 7-10. Such a
low probability of the electron transfer also indicates that the
tunneling mechanism is impeded by the energy barrier. In the
contrast, hopping conduction is more feasible for those long
molecules. More importantly, the transmission coefficient at £ = 0
for OPI 1-6 decreases exponentially with distance as plotted in
Figure 4b. As molecular length increases to 50 A, the low
transmission coefficient and non-exponential dependence also
reveal the change of electron transport mechanism.

As the hopping involves a series of steps including electron
injection to the molecular bridge and transfers between n-conju-
gated units of the wire, the mechanism of the elementary hop-
ping step can be analogous to a charge transfer reaction, in
which an electron or hole is exchanged between two neighboring
units, one being in the neutral state and the other being in the
jonic state.®? Thus, the molecule must rearrange as a charge
transports along the wire via a series of hops. As demonstrated
by Lambert et al.'® and Sakanoue et al.,*® reorganization energy
A is an important factor that governs the mobility of charge
carriers in molecular wires consisting of n-conjugated units
connected by o-bonded organic spacers, so we evaluated the

Table 2. Reorganization Energies of the OPI Molecules, which Were Calculated at the UDFT Level with the

B3LYP Functional and the 6-31G* Basis Set.

Reorganization energy (eV) OPI 1 OPI 2 OPI 3 OPI 4 OPI 5 OPI 6 OPI 7 OPI 8 OPI 9 OPI 10
Hole transfer A 0.279 0.148 0.162 0.124 0.111 0.097 0.078 0.070 0.061 0.057
Ao 0.711 0.150 0.192 0.151 0.124 0.103 0.133 0.081 0.060 0.063
o 0.991 0.298 0.355 0.275 0.235 0.201 0.212 0.150 0.122 0.120
Electron transfer o 0.282 0.229 0.237 0.200 0.183 0.149 0.135 0.112 0.105 0.092
A2 0.238 0.214 0.213 0.200 0.186 0.159 0.166 0.167 0.117 0.100
A 0.520 0.443 0.450 0.400 0.369 0.308 0.301 0.278 0.222 0.192

/1 and /, are obtained from eq 3.
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reorganization energy of OPI molecules to gain more insight
into the electron transport mechanism.

For each molecule, we obtain a set of four energy values,
corresponding to the neutral molecule at the optimized neutral
geometry (E), the neutral molecule at the ionic geometry (E*),
the ion at the neutral geometry (E.), and the ion at the opti-
mized ionic geometry (E.). We calculated both the hole and
electron transfer, corresponding to the oxidized (44) or reduced
(Z-) states. As shown in Figure 5, these two processes are char-
acterized by reorganization energies A, (the ionization process of
the neutral OPI) and 4, (the electron or hole attaching process
of the OPI ion), respectively. The total reorganization energy A,
(A_) in the hole (or electron) transfer reaction is a sum of /,
and 1, by definition®*>°~*!

di =+l = (EL — E) + (E' —E) 3)

According to optimization results, the ionic structure exhibits
a much smaller torsion angle than that of the neutral state with
the exception of the cationic OPI 1, which has a dihedral angle
of 90°. Especially, the absolute values of torsion angle 0 of short
OPI molecules, which are in the region of 10-20°, reduce dra-
matically. In comparison with long molecules, the ionic structure
of short OPI molecules shifts toward planarity. The larger geom-
etry differences between the primary and ionic forms for short
molecules can yield much higher values of reorganization
energy. Table 2 lists the 4 values of the OPI series for hole and
electron transfer, from which we can observe two important fea-
tures. First, besides OPI 1, the reorganization energy 4. for hole
transfer process is lower than A_ involved in electron transfer
process at the same length, indicating the hole transfer plays a
key role in the OPI molecules. Second, both A, and A_ are gen-
erally reduced with increasing molecular length barring some
fluctuations, in agreement with the evolution of torsion angle.
For the hole transfer process, the A, is reduced from 0.991 eV
for OPI 1 to 0.120 eV for OPI 10. The low reorganization
energy for long molecules suggests that hole hopping is more
favorable. As a consequence, the distance dependence of the
electron transfer rate for incoherent multistep hopping turns out
to be distinct from the exponential law [eq. (1)]. Unlike the sin-
gle-step coherent tunneling, the elastic scattering cannot properly
deal with the incoherent multistep hopping.

Conclusions

Both tunneling and hopping components may contribute to the
total current in the molecular junction. The dominant mechanism
may gradually change from tunneling to hopping as the molecu-
lar length increases. In the theoretical simulation, the elastic
scattering theory can satisfactorily predict the tunneling compo-
nent of the current, so the calculated results are reliable in the
short length region. However, when hopping becomes predomi-
nant, the calculations by the same method deviate from the ex-
perimental measurements. Furthermore, we also found that the
type of electron transport mechanism depends on the molecular
energy level and reorganization energy. The low reorganization
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energy for long OPI molecules also indicates that the hopping
mechanism is preferred. The present results might be instructive
for selecting a proper theoretical method in the simulation of
molecular junction.
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