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S
ince its establishment in 1974, molec-
ular electronics has become an inter-
disciplinary research topic that has the

overall aim of constructing and implement-
ing the nanoscale circuits based on single
molecular devices.1�3 Any reasonable de-
sign for more efficient molecular devices
hinges on a fundamental and comprehen-
sive understanding of charge transport
mechanisms in molecular junctions.4 As pre-
dicted theoretically, and proved by many
experiments in donor�bridge�acceptor
(D�B�A) systems, nonresonant tunneling
transport predominates in short molecular
wires where molecular resistance varies ex-
ponentially with length. In long molecular
wires, this is replaced by hopping conduc-
tion wherever the resistance has a weak
length dependence.5�8 Although D�B�A
investigations provide valuable information
on the charge transport characteristics of
conjugated bridges involving both trans-
port regimes, it is necessary to expand cor-
related experiments to molecular junctions
(i.e., directly wiring molecules between two
metal electrodes) since uncertain effects of
donor and acceptor exist on the intrinsic
conduction of a conjugated bridge.9

On the basis of the sandwiched junc-
tion methods, a variety of test beds for di-
rect current�voltage (I�V) measurement
have been disclosed, which include me-
chanical break junctions,10,11 nanopores,2

cross-wire junctions,12 mercury-drop elec-
trodes,13 scanning tunneling microscopy
(STM),14�18 and conducting probe atomic
force microscopy (CP-AFM),19�21 etc. Re-
cently, using CP-AFM combined with con-

trolled aryl imine addition chemistry, Fris-
bie and co-workers were able to observe
the conduction mechanism transition from
tunneling to hopping that occurred in a
metal�molecule�metal junction.22 This
factually elucidated the role of molecular
length and bond architecture on molecular
resistance and opened opportunities for
further understanding the transport proper-
ties of molecular wires from a new
viewpoint.

As one of the most important types of
molecular wires, oligo(p-phenylene ethy-
nylene)s (OPE) and their derivates, also
called by the joint name “Tour Wires”,
have been utilized extensively in a large
number of research fields in molecular
electronics.23�25 These wires carry out many
favorable electrical functions including rec-
tification, negative differential resistance
(NDR),26 data storage, and molecular
switching,27�29 etc. However, few studies
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ABSTRACT The charge transport mechanism of oligo(p-phenylene ethynylene)s with lengths ranging from

0.98 to 5.11 nm was investigated using modified scanning tunneling microscopy break junction and conducting

probe atomic force microscopy methods. The methods were based on observing the length dependence of

molecular resistance at single molecule level and the current�voltage characteristics in a wide length

distribution. An intrinsic transition from tunneling to hopping charge transport mechanism was observed near

2.75 nm. A new transitional zone was observed in the long length molecular wires compared to short ones. This

was not a simple transition between direct tunneling and field emission, which may provide new insights into

transport mechanism investigations. Theoretical calculations provided an essential explanation for these

phenomena in terms of molecular electronic structures.

KEYWORDS: oligo(p-phenylene ethynylene)s · charge transport mechanism ·
tunneling conduction · hopping conduction · scanning tunneling
microscopy · conducting probe atomic force microscopy · single molecular resistance
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have yet addressed the charge transport mechanism in-

volving hopping conduction for an OPE system, espe-

cially based on molecular junctions. The present paper

is therefore focused on three issues: first is to determine

the inflection length of OPE system, second is to ob-

tain detailed information of charge transport in both

conduction regimes, and the last is to explain all of the

phenomena via a theoretical calculation approach.

To this end, seven OPE molecular wires (Scheme 1)

with different lengths have been used to fabricate mo-

lecular junctions. Considering that the variability of ob-

served molecular resistance for diamine molecule�Au

junctions is much less than that for dithiol�Au junc-

tions,30 amine groups were used as linking groups. To

enhance the solubility of long OPE molecules, methoxy

groups were incorporated, as these would neither pre-

vent the molecules from being anchored with Au nor

influence their resistance value.31 Electronic decay con-

stant, single molecular resistance, and current�voltage

characteristics were obtained by STM break junction

and CP-AFM measurements. The correlation between

charge transport mechanism and molecular electronic

structure is intensively discussed.

RESULTS AND DISCUSSION
CV and XPS Measurements for SAMs of OPEs. One important

requirement for successful I�V measurement is that

the test molecules are able to form an ordered and

dense monolayer on a metal substrate. Therefore, prior

to the measurements, all self-assembled monolayers

(SAMs) were characterized by cyclic voltammogram

(CV) and X-ray photoelectron spectroscopy (XPS) to de-

termine basic properties such as coverage and film

thickness.

Figure 1a shows the redox current change after the

Au electrode was immersed in solution of OPE5 for 2,

10, 40, 120, 360, 1080, or 2880 min. The growth rate of

SAM of OPE5 on a Au electrode is presented in Figure

1b. The coverage (�) of the SAM-modified Au electrode

was defined as �(t) � 1 � It/I0, where �(t) was the sur-

face coverage as a function of time, and I0 and It were

Scheme 1. Structures of seven amine-terminated OPE molecular wires
studied in this work.

Figure 1. (a) CV curves of KCl/K3[Fe(CN)6] (0.5 M/5 mM) on Au electrodes before (9) and after being immersed in so-
lution of OPE5 for 2 min (�), 10 min (Œ), 40 min (�), 120 min (solid left triangle), 360 min (solid right triangle), 1080
min (�) and 2880 min (solid pentagon). (b) Growth rate of the SAM of OPE5 on a Au electrode. (c) XPS spectra of Au4f
region for bare Au electrode and SAMs of OPE1�OPE7 modified Au electrode. (d) XPS spectra of N1S region for the
SAM of OPE5 with two distinct peaks.
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the redox currents of the bare Au electrode in the be-
ginning and the SAM-modified Au electrode at various
times, respectively. The entire absorption process fol-
lowed the Langmuir equation, � � 1 � exp(�kt), where
the rate constant k of the adsorption at (1.6 � 0.2) �

10�4 s�1 was resolved by a nonlinear simulation accord-
ing to the Langmuir equation.

The thickness of the SAM can be estimated using
the attenuation of the Au 4f signal from the substrate
(as illustrated in Figure 1c) in XPS measurement accord-
ing to eq 1:

where d is the film thickness, Isubstrate and ISAM are aver-
age intensities of Au 4f5/2 and 4f7/2 peaks before and af-
ter monolayer assembly, respectively, � is the angle of
photoelectron detection, and � is the effective attenua-
tion length of the photoelectron (4.2 � 0.1 nm). The
seven film thicknesses were calculated and are listed
in Table 1. Figure 1d illustrates the XPS scans of the N1s
region in SAM of OPE5. Two types of N atoms in the
SAM were observed with binding energies of 399.8 and
401.2 eV. Comparing the XPS scans of OPE5 powder,
the peak at 399.8 eV was assigned to the nitrogen at-
oms that were not bonded to the Au substrate, whereas
the high-energy peak was related to nitrogen atoms in
strong interaction with the Au substrate. This was also
true when amine-terminated molecules were anchored
on Ag, W, and Fe surfaces. The similar intensity of the
two peaks indicated that the amine-terminated OPE
molecules adsorbed on the substrate were all standing
up, not lying down.

Therefore, on the basis of CV and XPS experiments,
a compact and standing up SAM was concluded to have
formed after a 48 h assembly, which was very impor-
tant for the subsequent I�V characterization.

STM Break Junction Measurements for Single Molecular
Resistance. The modified STM break junction method
used in this paper to measure the single molecule resis-
tance was operated in ambient atmosphere rather
than in liquid because SAMs of the amine-terminated
oligomers were stable in air for more than 1 week with
only 3% resistance fluctuation. The six traces of current
versus stretching distance for the SAM of OPE3 depicted
in Figure 2a show well-defined steps appearing at an in-
teger multiple of ca. 0.5 nA. The histogram of currents

for 500 break junctions with a 0.05 V tip bias in Figure
2b shows a series of distinct peaks corresponding to
one, two, and three molecules between the tip and the
Au substrate.

The histogram was fitted with Gaussian distribu-
tion to determine the peak centers and full widths
at half-height (fwhh), and the peak values were plot-
ted against peak number, as shown in the inset of
Figure 2b. The slope was determined by the least-
squares fit, with the data points weighted using the
fwhh as error bars. The slope revealed the current
running through single molecule at this bias, and the
same analysis was used for OPE5 (see Figure 2c,d).
The plots of current versus bias for all seven OPE mol-
ecules are shown in Figure 2e. All of these I�V char-
acteristics were linear in the measured range; the
single molecular resistance data (listed in Table 1)
were conveniently obtained from the slopes of these
lines, which were plotted against molecular lengths
on a natural log scale (illustrated in Figure 2f).

A clear transition of the length dependence of mo-
lecular resistance occurred between OPE3 and OPE4, in-
dicating that the charge transport mechanism dominat-
ing in OPE1�OPE3 was different from that in the longer
OPE molecules. The linear fit of these short length OPE
data points indicated in Figure 2f was well-fitted with
the exponential scale equation (eq 2) describing tunnel-
ing behavior:

where R was the junction resistance, R0 was the con-
tact resistance, � was the exponential prefactor, and l
was the molecular length. The molecular length was
calculated by density functional theory approxima-
tion using the B3PW91 function coupled with the
6-311G(d,p) basis set plus the N�Au distance. The
value of � was 2.02 � 0.02 nm�1, in close agreement
with that obtained for the thiol-terminated OPE mol-
ecules by CP-AFM.20 The value of R0 was determined as
7.85 � 105 � from the y-intercept of the linear fit, which
was larger than that of the thiol-terminated system.5

The effect of terminal groups on tunneling efficiency
and contact resistance was consistent with previous
reports.32

A much smaller slope (� � 0.30 nm�1) of resis-
tance versus length relation was observed for longer

TABLE 1. Main Parameters of OPE Molecules and Their SAMs

molecule length (nm) film thickness (nm) single molecular resistance (M�)
n in I,I=
I � Vn

n in II=
I � Vn Vtrans (V) VII= (V)

OPE1 0.98 0.49 5.623 � 0.752 1.11 0.59
OPE2 1.67 0.99 23.32 � 2.47 1.13 0.64
OPE3 2.41 1.45 101.0 � 7.00 1.09 0.65
OPE4 3.04 1.82 116.3 � 8.50 1.15 2.11 1.14 0.49
OPE5 3.73 2.08 149.9 � 11.7 1.02 2.11 1.23 0.53
OPE6 4.43 2.38 184.7 � 13.7 1.10 2.13 1.12 0.52
OPE7 5.11 2.65 217.3 � 17.0 1.04 2.18 1.17 0.51

Isubstrate ) ISAM exp(d/λ sin θ) (1)

R ) R0 exp(�l) (2)
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OPE molecules, with the extremely small � value in-

dicating that the dominating charge transport mech-

anism in this regime should be hopping. The plot

of molecular resistance versus length (Figure 2f, in-

set) showed a linear characteristic for long OPE mol-

ecules, indicating the charge transport mechanism

transition from tunneling to hopping was near

2.75 nm.

CP-AFM for I�V Measurement and Quantum Chemistry

Calculation. The semilog plot of I versus V for all seven

OPE molecules in Figure 3a showed that current de-

creased with the length increase, which was also ob-

served in Figure 2f. However, a relatively larger cur-

rent change in all
voltage ranges was ob-
served for shorter OPE
molecules, while for
longer OPE molecules,
the same length change
resulted a much smaller
decrease in current. As
can be seen from the
plot of log I versus elec-
tric field E (Figure 3a, in-
set), the charge transport
had field-driven charac-
teristics for longer OPE
molecules, namely, the
I�E traces collapsed on
top of one another. In
contrast, there was no
collapse for shorter OPE
molecules because the
tunneling transport was
a voltage-driven process.
Figure 3b illustrates log I
versus log V characteris-
tics for OPE3 and OPE5,
two representatives of
short and long mole-
cules, respectively. For
OPE3, an obvious transi-
tion occurring at 0.65 V
existed and the entire
transport region was di-
vided into two regimes,
labeled as I and II. The
situation became more
complicated for OPE5,
with two inflection
points at 0.53 and 1.23 V
dividing the transport re-
gion into three regimes,
labeled I=, II=, and III=. The
slope in regime I for
OPE3 demonstrated that
the current scaled lin-

early with voltage, which was typical I�V behavior

of tunneling transport in the low-bias regime, accord-

ing to the Simmons approximation. The Simmons model

is a representative quantum mechanical model for tun-

neling mechanism, as shown in eq 3:

where A is the junction area, d is the molecular length, m

is the electron effective mass, 	 is the barrier height, and e

Figure 2. (a) Plots of current versus stretching distance for OPE3 at a bias of 50 mV. (b) Histogram of re-
corded currents with peaks at ca. 0.5, 1.0, and 1.5 nA. The slope of peak value versus peak number (inset)
yields the current per molecule. (c) Plots of currents versus stretching distance data for OPE5 at bias of 50
mV. (d) Histogram of recorded currents with peaks at ca. 0.33, 0.67, and 1 nA. (e) Current�voltage charac-
teristics for the seven diamine-terminated molecules. The lines are the linear fits, which could yield the most
probable single molecular resistance. (f) Semilog plot of single molecular resistance versus molecular length
for all of the Au�molecular wire�Au junctions. The lines are linear fits according to eq 2. The inset is a lin-
ear plot of resistance against length, demonstrating the linear scaling of resistance with length for longer
OPE molecules.

I ) Ae

4π2pd2{(φ - eV
2 )exp(-2d√2m

p �φ - eV
2 ) -

(φ + eV
2 )exp(-2d√2m

p )�φ + eV
2 } (3)
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is the electronic charge. At low bias, this equation can be

reduced approximately to eq 4:

which represents a direct tunneling mechanism with a lin-

ear I�V relation, similar to that in Figure 3b. At the oppo-

site limit, as the bias exceeds the barrier height, the rela-

tionship between current and voltage can be described as

eq 5:

which is also referred to as the field emission mechanism.

In general, to simplify the analysis of I�V character-

istics, eq 5 is transformed to the Fowler�Nordheim re-

lation (eq 6):

The Fowler�Nordheim plot of OPE3 in Figure 3c re-

vealed that a distinct transition occurred in transport

behavior. The transition voltage corresponding to the

inflection point in Figure 3b was equal to the low-

bias barrier height. All three barrier height values for

shorter OPE molecules are listed in Table 1. The

change of the current with voltage in the low-bias

region is shown in Figure 3b; only the transport

property in the high-bias region was analyzed. In re-

gime II, the current scaled linearly with 1/V, with a

negative slope characteristic of field emission. It

should be noted that the logos on the top of Figure

3c are representations of the barrier shapes, which

are rectangular, trapezoidal, and triangular from

right to left (or from low-bias to high-bias).

Similar analysis was carried out for longer OPE mol-

ecules. As can be seen from Figure 3b,d, a new transi-

tional zone appeared in the plot of OPE5 compared

with that of OPE3. This was not a simple transition be-

tween direct tunneling and field emission because the

charge transport mechanism in the low-bias region was

different from that in shorter OPE molecules, as indi-

cated by the sharp change in the length dependence

of resistance in the STM-BJ experiment. The most rea-

sonable explanation was that, in the low-bias region,

the charge transport was dominated by an ohmic hop-

ping mechanismOa field-driven conduction with a lin-

ear relationship with voltage. In contrast, in the high-

bias region, the field emission was still dominating, as

indicated by the negative slope. Frisbie made an in-

depth and comprehensive discussion on conduction

mechanisms for longer conjugated molecules22 and

suggested that the special zone in regime II= should re-

ceive more attention. However, at this time, few inves-

tigations have been carried out related to this zone. To

Figure 3. (a) Semilog plot of the average current of 10 I�V traces for Au�molecular wires�Au junctions. The inset is a semilog
plot of current versus electric field for longer OPE molecules. (b) Log�log plot of the average of 10 I�V traces for the
Au�OPE3�Au and Au�OPE5�Au junctions, where fits are shown in different transport regimes. (c) Fowler�Nordheim
plot for the OPE3 I�V data (inset), where two distinct regimes are clearly observed. (d) Fowler�Nordheim plot for the OPE5
I�V data (inset), where three distinct regimes are shown.

I ∝ V exp(-2d√2mφ

p ) (4)

I ∝ V2 exp(-4d√2mφ
3

3peV ) (5)

ln( I

V2) ∝ -4d√2mφ
3

3pe (1
V) (6)
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obtain enough supporting information, a further
study in this regime is currently being done by an-
other colleague.

The above results are further supported by
quantum chemistry calculations for all of the
OPE molecules studied. The charge transport
mechanism is known to be influenced by mo-
lecular electronic structures, namely, the en-
ergy gap between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), and the alignment
of two frontier molecular orbitals to the metal
Fermi level. When the difference in energy be-
tween the LUMO and the Fermi level is large,
charge transport occurs by tunneling. In con-
trast, if the Fermi level approaches the LUMO,
hopping conduction may take place.33 Figure 4
shows the calculated electronic structure character-
istics of the seven OPE molecules, incorporating the
HOMO and LUMO level. The energy gaps (Eg) ob-
tained from quantum chemistry calculations and
UV�visible spectroscopy were also given, which
were very close to each other, indicating the suitabil-
ity of theoretical simulation. For all of the OPE mol-
ecules studied, the HOMO levels showed only small
fluctuations, while the LUMO level decreased signifi-
cantly from OPE1 to OPE4. This indicated that the
OPE molecules with more than three repeating units
could be the potential channels for hopping
conduction.

SUMMARY
A comprehensive investigation has been made on

charge transport characteristics of OPE molecules, us-

ing modified STM break junction and CP-AFM methods

in combination with a quantum chemistry calculations.

The charge transport mechanism experienced an in-

trinsic transition from tunneling to hopping near

2.75 nm. In addition, theoretical calculation provided

an essential explanation for these phenomena in

light of molecular electronic structures. Currently,

the synthesis and measurements for much longer

OPE molecules and ferrocene-based OPE molecules

are ongoing in our laboratory.

MATERIALS AND METHODS

Materials. Tetrahydrofuran (THF) was distilled under nitrogen
over sodium benzophenone ketyl. Other reagents and solvents
were purchased from commercial suppliers and used without
further purification. The synthesis of the molecular wires in
Scheme 1 is described in Supporting Information.

Preparation of the Conjugated Molecular Wire SAMs. The target con-
jugated molecular wire (50 
M) was dissolved in 10 mL of THF
under nitrogen atmosphere. After the Au substrate was im-
mersed in the solution for 48 h in the absence of the light, it
was rinsed with dry THF ultrasonically and dried under a nitro-
gen stream to give conjugated molecular wire SAMs.

Cyclic Voltammogram Measurements. All of the CV curves were re-
corded on Solartron SI 1287 electrochemical interface using a
conventional three-electrode cell comprising a Au work elec-
trode, a platinum flag counter electrode, and a Ag/AgCl refer-
ence electrode. A 5.0 mM K3Fe(CN)6/K4Fe(CN)6 solution with 0.5
M KCl as supporting electrolyte was prepared freshly prior to use.
Under nitrogen protection, one of the OPE molecules was dis-
solved in a mixture solvent of ethanol/CH2Cl2 (95:5, v/v) to make
a concentration of 0.5 mM. A clean Au electrode was then im-
mersed into the solution in the absence of light. The SAM was
formed on the Au surface via the amine�Au link chemistry, and
then the SAM-modified Au electrode was rinsed with ethanol
ultrasonically and dried under nitrogen stream for a
measurement.

XPS Measurements. The XPS spectra of SAMs on Au substrates
after 48 h immersion were carried out on a VG Scientific ES-
CALAB 250 spectrometer with Al K� X-ray source (1486.5 eV) us-
ing a pass energy of 20 eV at takeoff angles of 90°. Surface charge

effect was compensated by referencing the adventitious C1s
peak at 284.6 eV.

Single Molecular Resistance by STM Break Junctions. STM break junc-
tions were operated under ambient atmosphere using Au
STM tips, following a modified procedure of Xu and Tao.34�41

Gold tips could penetrate into the SAM at �50 or �100 mV
with current set-point in the range of 0.5�10 nA, and the
N�Au bond was therefore formed. The feedback was then
disabled, and the tip was lifted at a vertical rate of 4 nm/s
while keeping the X�Y position constant. The current was re-
corded as a function of the traveling distance when the tip
with a fixed bias was repeatedly pushed into and retracted
from the substrate to form and break the molecule junctions.
This procedure was repeated thousands of times for each
sample, and statistical analysis was constructed to extract
single molecular resistance from the staircase-like
current�distance (I�S) curves.

CP-AFM Experiments. The CP-AFM experiments were performed
at room temperature under ambient atmosphere on a Digital
Instruments (Santa Barbara, CA) Nanoscope IIIA Multimode
equipped with an E-scanner and current sensitive attachment.
Contact mode silicon cantilevers coated with Au (MikroMasch)
were used. Au conductive tip was in contact with SAMs as the
top electrode, and the Au substrate served as the bottom elec-
trode. Each I�V curve was recorded at an applied load of 2 nN
using the same tip; I�V curves were collected at five different
places for each SAM, and 5�10 measurements were conducted
at each place.

Ultraviolet�Visible Spectroscopy. The ultraviolet�visible (UV�vis)
absorption spectra were recorded from a Varian 50 Bio spectrom-

Figure 4. Illustration of the HOMO, LUMO, and Eg of OPE1�OPE7
obtained from UV�visible spectroscopy and quantum chemistry
calculation.
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eter at room temperature in THF with conventional 1.0 cm quartz
cells.

Quantum Chemistry Computation. The estimated length and elec-
tronic structures of the molecular wires were calculated by den-
sity functional theory approximation, using the B3PW91 function
coupled with the 6-311G(d,p) basis set.
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