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We have determined the conductance of alkane-linked ferrocene
molecules with carboxylic acid anchoring groups using the STM
break junction technique, and three sets of conductance values
were found, i.e. high conductance (HC), medium conductance (MC)
and low conductance (LC) values. The enhancing effect of the
incorporated ferrocene on the electron transport in saturated
alkane molecular wires is demonstrated by the increased conduc-
tance of the ferrocene molecules, attributed to the reduction of
the tunneling barrier and the HOMO-LUMO gap induced by
the insertion of ferrocene. Furthermore, the electron-withdrawing
carbonyl group on the unconjugated backbone has little or
no influence on single-molecule conductance. The current work
provides a feasible approach for the design of high-performance
molecular wires.

Introduction

The goal of molecular electronics is to facilitate the manufac-
turing of electronic devices from single molecules."™ In parti-
cular, linear single molecules with two anchoring groups have
received great attention, as they can serve as rectifiers,>”
switches,®® transistors,**” 13713 and other key electronic
components.'® It is crucially important to measure and effec-
tively control the electron transport through single molecules
for the purpose of developing molecular electronic devices.
A promising approach to examine the electron transport behavior
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of single molecules is to construct metal-molecule-metal
junctions and measure their single molecular conductance.
Therefore, various technologies were developed, including
STM break junction (STM-B]),"*'”>" mechanically controllable
break junction (MCB]),"***"** conducting atomic force micro-
scopy (C-AFM),>*” STM trapping method®® and electromigra-
tion.>! Studies have shown that the electron transport
through single-molecule junctions is strongly affected by the
intrinsic nature of the molecular structures, the molecule-
electrode contact and the local environment of the mole-
cule.’®**3% The intrinsic nature of the molecule includes the
degree of electronic delocalization,®® substituent groups,®*=®
and molecular topology.'® Recently, molecules with redox
centers have received increasing attention, as the electron
transport in such molecular junctions can be reversibly tuned
by a gate electrode (or electrochemical gate). To date, many
devices comprising redox centers as controllable switches or
transistors have been reported, including viologens,*”*® metal
transition complexes,>'”° perylenetetracarboxylic diimide deri-
vatives,'' terathiafulvalenes,">*° ferrocene,*' anthraquinone,”*?
perylenetetracarboxylic bisimide,** and redox-active proteins.***>
However, a few works have been done to assess the enhancing
effect of the redox center on the electron transport behavior of
single-molecule junctions.***8

Ferrocene molecules are possibly the earliest and most
widely studied redox molecules due to their satisfactory elec-
trochemical reversibility and synthetic stability.*® For example,
many ferrocene-based molecular devices have been studied,
including molecular wires,*” transistors,>'~° rectifiers,””* and
negatively differential resistance devices.>>>* Compared with
compounds with a thioacetyl terminal group, linear compounds
with carboxylic terminal groups can be easily synthesized with
high yields and chemical stability. We report here a study on
the electron transport in alkane-linked ferrocene molecules
with carboxylic acid anchoring groups (Fig. 1), with a particular
focus on the effect of the inserted ferrocene center and
electron-withdrawing carbonyl groups on the electron transport
characteristics of a saturated alkane.

This journal is © the Owner Societies 2014


http://dx.doi.org/10.1039/c3cp53269k
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP016006

Published on 14 November 2013. Downloaded by Xiamen University on 12/07/2015 13:28:44.

View Article Online

Communication PCCP

OH Characterization

a

]

Cyclic voltammetry (CV) was performed on a CHI 660D electro-
chemical workstation in a three-electrode electrochemical cell
with an SCE reference electrode and a Pt counter electrode.
Conductance measurements were carried out on a modified
Nanoscope IIIa STM (Veeco, US) with external control of the
z-piezo movement in ambient conditions.?"*>>® Briefly, the
electrochemically etched Au tip was driven toward and out of
contact with the molecule-adsorbed Au(111) substrate at a fixed
bias. Then the tip current was recorded at a sampling frequency
of 20 kHz during the pulling of the tip away from the Au(111) at
a typical speed of 20 nm s~ '. This process was repeatedly
performed until enough data for a large number of conductance-
distance curves had been collected."” The curves with clear
stepwise features were selected to make the histogram (the ratios
for the data selection was around 15%).
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Fig. 1 Molecular structure of the ferrocene molecules: (a) Fc-1, (b) Fc-2

CV characterizations of self-assembled monolayer (SAM) of
and (c) Fc-3.

the three molecules on Au(111) electrodes were carried out in
0.1 M H,SO, aqueous solution. As shown in Fig. 2a, a pair of
Experimenta[ section well-defined reversible peaks for Fc-1 was observed at ca. 0.5 V
vs. SCE. As expected for the voltammetric behavior of the
surface-confined redox species, the redox peak current density
Ferrocene molecules were prepared according to the literature js linearly proportional to the scan rate (Fig. 2b), demonstrating
procedures.*>** The ferrocene center is very stable in air and adopts  that Fe-1 was self-assembled onto the Au(111) surface. The surface
the +2 oxidation state in these molecules.* 1,6-Hexanedicarboxylic  coverage evaluated from the cyclic voltammetric reduction peak
acid was purchased from Alfa Aesar, while terephthalic acid and  area was 3 x 10"® molecules cm ™2, which indicates that the
1,4-phenylenedipropionic acid were purchased from Sigma- surface coverage of Fc-1 on the gold electrode is less than a
Aldrich. All aqueous solutions were prepared with ultrapure monolayer.** The STM image of Fc-1 adsorbed on Au(111) is
water (>18 MQ cm). shown in Fig. 2¢c. The CV and STM results clearly show that Fe-1
has been successfully assembled on the Au(111).

The single-molecule conductance of Fc-1 was measured by
Au(111) was immersed in freshly prepared dichloromethane or ~STM-BJ under ambient conditions at room temperature. Fig. 3a
acetone solutions containing 0.1 mM target ferrocene mole- shows the typical conductance traces with stepwise features at the
cules for 5 min and then in dichloromethane or acetone solvent  bias voltage of 50 mV. The conductance histogram constructed
for 5 min. The naturally formed (111) facet of the single crystal from hundreds of curves with stepwise features produces a peak of
beads was used for the conductance measurement, while Au(111) preferential occurrence of conductance at 16 nS (inset of Fig. 3b).
from Mateck was used for cyclic voltammetry. The two-dimensional (2D) conductance histogram was obtained
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Fig. 2 (a) Cyclic voltammograms (CVs) of Fc-1 adsorbed onto Au(111) in 0.1 M H,SO,4 aqueous solution with scan rates of 20, 50, 100, 200, 500,
1000 mV s~ (b) Linear dependency between the current density intensity of the anodic (black square) and cathodic (red circle) peaks and the scan rates.
(c) Large-scale STM image (100 nm x 100 nm) of the SAM of Fc-1 on Au(111). Eyjas = 465 mV, Iy, = 1.53 nA.
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Fig. 3 (a) Typical conductance (G)-distance (d) traces and (b) conductance histogram of the single-molecule junction of Fc-1 with a high conductance

value. Two-dimensional histograms of (c) medium conductance and (d) low conductance values of Fc-1. Insets are the corresponding conductance
histograms. The conductance value of 190 nS was set as the zero distance for all three 2D histograms.

by counting the number of data points at each conductance
value with each stretching distance from the conductance
curves. The conductance value and typical step length of the
molecular junctions can be obtained from the high counts of
the 2D histogram. Typically, a special conductance value was
set as the zero distance in each of the 2D histograms. Fig. 3b
shows the same conductance value in the 2D histogram as that
with the one-dimensional histogram method.

The step length measures the distance over which a mole-
cular junction can be stretched before its conductance jumps to
another step,'” while the breaking-off length of single-molecule
junctions represents the distance from the metal-to-metal
point contact (77.4 pS for Au) to the end of the conductance
plateau before the junction breaks in conductance vs. distance
curves.”” Coming back to our experiment, the typical step
length of the conductance curves is around 0.1 nm, which is
similar to that reported by Tao’s group®® and Nichols’ group®’
using the same carboxylic acid group. However, this value is
much less than the length of Fc-1 (1.6 nm). The reason is that
the step length may be caused by the slip of the COO™ or Au
atom on the electrode, and does not represent the molecule
length. Interestingly, the breaking-off length is comparable to
the length of the molecule reported by Nichols’s group.’”
However, the peak is centered on a very low distance in
Fig. 3, which is caused by the fact that the zero distance is
not the metal-to-metal point contact.

2262 | Phys. Chem. Chem. Phys., 2014, 16, 2260-2267

Besides the conductance value of 16 nS, the steps with
values of ~5 nS and ~1.5 nS can also be often obtained from
conductance curves. For example, the step value of ~5 nS can
be found in the second curve of Fig. 3a, while the step value
of ~1.5 nS can be seen in the third curve of Fig. 3a. Here,
we defined the three sets of conductance values 16 nS (Fig. 3b),
5 nS (Fig. 3¢) and 1.5 nS (Fig. 3d) as high conductance (HC),
medium conductance (MC) and low conductance (LC) values,
respectively. Moreover, three sets of conductance values can
also be obtained in one histogram as shown in Fig. 4, though
the shape of the third peak is not so good and has a small shift
value. The HC is about 3 times that of the MC, while the MC is
about 3 times of the LC. The ratios among HC, MC and LC are
similar to that of 4,4’-(ethane-1,2-diyl)dibenzoic acid with the
same anchoring group reported by Martin et al.’” In addition,
multiple sets of conductance values were also reported for the
other anchoring groups, such as thiol, pyridyl and amine,*3%%*
and can be attributed to different contact geometries between
the anchoring group and the electrodes.’”®

The influence of the substituent group on the unconjugated
backbone

In order to investigate the influence of the substituent on the
backbone, the conductance of Fc-2 with a carbonyl group on
the backbone was determined. The conductance histograms
are shown in Fig. 5. There are also three sets of conductance
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Fig. 4 The conductance histogram of Fc-1 shows the HC, MC and LC
values.

values, i.e. the HC, MC and LC are 16 nS, 5 nS and 1.5 nS,
respectively. Interestingly, these values are almost the same as
those of Fc-1, which indicates that the electron-withdrawing
carbonyl group has little effect on the conductance. A similar
result was reported for glycine and alanine, and there is one
more methyl substituent on the backbone for alanine.®”
According to previous literature reports, the molecular conduc-
tance depends on the substituent,*>*® and attachment of an
electron-donating substituent would raise the energy levels of
the frontier molecular orbital, while an electron-withdrawing
substituent would lower those energy levels. Therefore, the
energy separation between the frontier molecular levels and
E¢ermi Of the metal electrode can be changed, which would alter
the single-molecule conductance.

We have carried out DFT SIESTA code calculations®*®* for
the HOMO and LUMO levels of Fc-1 and Fc-2. The energies of the
HOMO and LUMO are —4.22 eV and —1.48 eV (HOMO-LUMO
gap 2.74 eV) for Fe-1, and —4.55 eV and —2.1 eV (HOMO-LUMO
gap 2.45 eV) for Fe-2, respectively. These results indicate that
the attachment of the electron-withdrawing carbonyl group
lowers the frontier molecular levels. Interestingly, the absence
of a substituent effect is found in the conductance measurements.
To better understand this phenomenon, further theoretical inves-
tigation on the contributions from each of the molecular conduc-
tance orbitals is therefore needed.
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The influence of the molecule length on the conductance

The length dependence of the single-molecule conductance was
also carried out by the conductance measurement of Fc-3 with
the shorter length. As shown in Fig. 6, there are three sets of
single-molecule conductance values, which are 480 nS (HC),
160 nS (MC) and 60 nS (LC). The HC is about 3 times that of the
MC, while the MC is about 3 times of the LC. For Fc-3, the
conductance value is about 30 times that of Fc-1 which terminates
with -(CH,);— units at both ends of the ferrocene center compared
with Fc-3. Xiao et al. also reported that the conductance value of
cysteamine—ferrocene-cysteamine is about 5 times that of cystea-
mine-Gly-ferrocene-Gly-cysteamine, which also have one more
—-CH,-NH-CH,- unit at both ends compared with cysteamine-
ferrocene-cysteamine.*' The different ratio may due to the
following reason: there is similar electron coupling between
cysteamine-ferrocene—-cysteamine and cysteamine-Gly-ferrocene—
Gly-cysteamine; compared with Fc-3, the insertion of two —(CH,)s-
groups would destroy the electron coupling of Fc-1, leading to a
more remarkable decrease in conductance.

Enhancing molecular conductance by insertion of ferrocene

Now we will focus on the influence on conductance by the ferrocene
center. The single-molecule conductance of 1,6-hexanedicarboxylic
acid (HOOC-C6-COOH) was first measured. As shown in Fig. 7,
1,6-hexanedicarboxylic acid has conductance values of 2.8 nS,
0.8 nS and 0.28 nS for the HC, MC and LC, respectively. These
values are in agreement with previous reports of Chen et al.>®
and Martin et al.®® Though Fe-1 (HOOC-C3-Fc-C3-COOH with
a length of 1.6 nm) is longer than 1,6-hexanedicarboxylic acid
(HOOC-C6-COOH with a length of 1.1 nm), Fc-1 is more
conductive. Taking the HC value of single-molecule conduc-
tance as an example, the single-molecule conductance of Fe-1 is
16 nS, and about 6 times that of 1,6-hexanedicarboxylic acid.
This result illustrates that ferrocene can be utilized to enhance
the electron transport ability of a molecular wire by insertion
into a molecular wire. Moreover, conductance measurements of
1,4-phenylenedipropionic acid give rise to conductance values
of 17 nS, 5.5 nS and 1.6 nS for the HC, MC and LC, respectively,
as shown in Fig. S1 (ESIT). Hence, the conductance values of Fc-1
(16 nS, 5 nS, and 1.5 nS) are similar to those for 1,4-phenylene-
dipropionic acid, which has a phenyl group center and an even

00 02 04 06 08 1.0 00 02 04
d/nm

d/nm

1 15 20 25 30
G /nS

G InS

0.6 0.8 1.0

06 08 1.0 “00 02 04
d/nm

Fig. 5 Two-dimensional histograms of the (a) HC, (b) MC and (c) LC values of Fc-2. Insets are the corresponding conductance histograms. The
conductance value of 190 nS was set as the zero distance for all three 2D histograms.

This journal is © the Owner Societies 2014

Phys. Chem. Chem. Phys., 2014, 16, 2260-2267 | 2263


http://dx.doi.org/10.1039/c3cp53269k

Published on 14 November 2013. Downloaded by Xiamen University on 12/07/2015 13:28:44.

PCCP

View Article Online

Communication

G InS

o J
00 01 02 03 04 05 06 0.0 0.2
d/nm

d/nm

0
0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
d/nm

Fig. 6 Two-dimensional histograms of the (a) HC, (b) MC and (c) LC values of Fc-3. Insets are the corresponding conductance histograms.
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Fig. 7 (a) Structure of 1,6-hexanedicarboxylic acid. One-dimensional histograms of (b) the HC, (c) MC and (d) LC values of 1,6-hexanedicarboxylic acid.

shorter length (missing one —-CH,- at both ends) compared
with Fe-1. These facts also demonstrate the enhancing effect on
electron transfer by the ferrocene center.

It is unsuitable to compare the conductance value between
Fc-3 (HOOC-Fc-COOH) and oxalic acid (HOOC-COOH), due to
the existence of through-space electron transport in ultrashort
molecular junctions.*® Therefore, terephthalic acid (TPA) was
chosen as a model molecule to compare with Fc-3. As shown in
Fig. 8, three types of conductance values were observed with
conductance of 250 nS, 90 nS and 30 nS for the HC, MC and LC,
respectively. The single-molecule conductance of Fc-3 is about
twice that of terephthalic acid (TPA), i.e. 480 nS, 160 nS and
60 nS for the HC, MC and LC of Fc-3, respectively. The ratio

2264 | Phys. Chem. Chem. Phys., 2014, 16, 2260-2267

between conductance values of Fc-3 and TPA are similar to
those values for molecules with thiol as the anchoring group
reported by Lu et al*’ The enhancement of the molecular
conductance of Fc-3 can also be attributed to the reduced
tunneling barrier (energy between the molecular HOMO level
and the electrode Fermi level) in the junction.*”

The above results demonstrate that the insertion of ferrocene can
enhance molecular conductance. Similar results were also reported
for other molecules with a redox center. For example, Wen et al.
found that molecules with two ruthenium redox centers exhibit
higher molecular conductance than that of oligo(p-phenylene
ethynylene (OPE) with a similar length, which was ascribed to
the better energy match of the Fermi level of the electrodes with
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Fig. 8 (a) Structure of terephthalic acid. One-dimensional histograms of (b) the HC, (c) MC and (d) LC values of terephthalic acid.

the HOMO of the molecule having two ruthenium redox centers.*®
Also, Lu et al reported that conjugated OPEs incorporating
ferrocene would enhance the molecular conductance, which
is attributable to the reduction of their tunneling barriers in
the tunneling region.*” In the above studies, molecules with
different backbones were compared to investigate the influence
of redox center, while direct conductance measurements and
comparisons between the same backbone with or without a
redox center were carried out in this work. Besides, it is reported
that the conductance of dithiol benzene derivatives and the
dithiol viologen molecule is greater than that of alkanedithiol
with the same or shorter length by Nichols’ group, and they
explain that the benzene or bipyridinium provides an effective
reduction in the tunneling barrier.®®®”

Returning to the current molecules, the DFT SIESTA code
calculations provide the HOMO and LUMO energy levels
(Table S1, ESIT) and orbitals (Table S2, ESIT) of these molecules.
The charge is mainly located at the ferrocene center for Fec-1,
Fc-2 and Fc-3, while the charge spans across the molecular
bridge for 1,6-hexanedicarboxylic acid and terephthalic acid.
Assuming that the Au Fermi level is equal to the work function
of —5.1 eV,°® the molecular HOMO levels are closer to the Au
Fermi level. One can expect that the transport is dominated by
the molecular HOMO level in these molecules. The tunneling
barrier defines the energy between the electrode Fermi level and
molecular energy levels.** For Fc-1 and 1,6-hexanedicarboxylic
acid, the tunneling barrier of Fc-1 is small. Similarly, the
tunneling barrier of Fe-3 is less than that of terephthalic acid.

This journal is © the Owner Societies 2014

These reveal that the enhanced molecular conductance by the
insertion of ferrocene may be attributed to the reduced tunneling
barrier in the junction. On the other hand, ferrocene molecules have
a smaller HOMO-LUMO gap (less than 2.74 eV) than that of
1,6-hexanedicarboxylic acid (5.27 eV) and terephthalic acid
(3.49 eV). The small HOMO-LUMO gap may also contribute
to the high electron transport efficiency through the ferrocene
molecules. Correspondingly, the enhanced molecular conductance
by the insertion of ferrocene in the current work may be due to
the influence of the redox center (ferrocene), which reduces the
tunneling barrier and the HOMO-LUMO gap.”” A two-step
mechanism for the electron transport through the redox center
is also proposed.®”’®® However, further experimental and theo-
retical investigations are needed to better understand the
enhancing effect.

Conclusions

We have studied the single-molecule conductance of ferrocene-
based molecules by the STM break junction technique. Three
sets of conductance values were found for those molecules,
which can be attributed to the different contact conformations
between the anchoring group and electrode. The substituent
group (carbonyl group) on the unconjugated backbone has
little effect on the single-molecule conductance. Particularly,
ferrocene has an enhancing effect on the electron transport in
single-molecule junctions due to the reduction of the tunneling
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barrier and the HOMO-LUMO gap. The current research reveals
that molecular wires with excellent electron transport can be
realized through the insertion of a redox center (such as ferrocene).
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