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he core field of molecular electron-

ics is to understand and control ABSTRACT A ruthenium(ll) bis(o--arylacetylide)-complex-based molecular wire functionalized with thiolacetyl

nanoscale charge transport. A prom- jjligator dlips at both ends (OPERu) was used to fabricate gold substrate—molecular wire— conductive tip

ising approach for this purpose is to trap

few molecules or even a single molecule be-

tween two nanoscale-separated electrodes,
n1—

namely, “molecular junctions”.! ~2 Significant
progress, including the measurement®* and

conductance, and barrier height were obtained by scanning tunneling microscopy (STM) apparent height

junctions. To elucidate the ruthenium-complex-enhanced charge transport, we conducted a single-molecule level
investigation using the technique-combination method, where electronic decay constant, single-molecular

measurements, STM break junction measurements, and conductive probe-atomic force microscopy (CP-AFM)

modeling™? of charge transport in molecular measurements, respectively. A quantitative comparison of OPERu with the well-studied 77-conjugated molecular

junctions, has been made to reveal the un- wire oligo(1,4-phenylene ethynylene) (OPE) indicated that the lower electronic decay constant as well as the
derlying charge transport mechanism. Unfor- higher conductance of OPERu resulted from its lower band gap between the highest occupied molecular orbital
tunately, almost all of the molecular wires (HOMO) and the gold Fermi level. The small offset of 0.25 eV was expected to be beneficial for the long-range
obey a length-dependent charge transport charge transport of molecular wires. Moreover, the observed cross-platform agreement proved that this technique-

rule,® which originates from the energy mis-
match between the molecular orbitals and

molecular wires.

the electrode Fermi level and is considered
to hamper the long-range charge transport
of molecular wires. To tackle this problem,

combination method could serve as a benchmark for the detailed description of charge transport through

KEYWORDS: ruthenium-complex-enhanced charge transport - scanning tunneling
microscopy - conductive probe-atomic force microscopy - technique-combination

transition metal complexes containing method - electronic decay constant - single molecular conductance - barrier height
m-conjugated molecular wires have been

proposed,®® due to their capability of such findings are encouraging, the reason-
modulating the electronic band structure. able interpretation of the ruthenium-

For instance, a strong coupling between complex-enhanced charge transport phe-
metal fragments along the m-conjugated nomenon remains an open question.
backbone was observed due to the incorpo- The ability of STM to study molecular
ration of ruthenium complex,® and a weak wires at molecular resolution provides an
dependence of molecular conductance on unprecedented insight into how individual
molecular length was found in ruthenium(ll) ~ Molecules function as active electronic
bis(o-arylacetylide) complexes.? Although components.’ Generally, there are three im-

portant factors dominating the electrical
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Scheme 1. Structures and computed molecular lengths
of molecular wires studied in this work.
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property of molecular junctions: elec-
tronic decay constant (3, single mo-
lecular conductance, and barrier
height. Weiss and co-workers iso-
lated individual molecules in an al-
kanethiol matrix'®'" and assessed
their electronic decay constant B by
a two-layer tunnel junction model.’?
Xu et al. reported a reproducible
method to form a large amount of
molecular junctions,® by which
single molecular conductance was
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Figure 1. (a) Constant current STM topography (/ = 2 pA, V = 1 V) of OPERu inserted into the decanethiol matrix. Scanning
size: 325 X 325 nm? The inserted molecules appeared as the bright spots in the image. (b) A 200 X 200 nm? topography of
the mixed SAM. (c) A zoom-in image with the scanning size of 35 X 35 nm? (d) Cross-section analysis of the bright spot in

(c). (e) A zoom-in image with the scanning size of 20 x 20 nm?. (f) Cross-section analysis of the bright spots in (e). (g) A car-
toon illustration of a single OPERu molecule inserted into the decanethiol matrix. (h) Statistical analysis of the measured ap-
parent heights of OPERu on the basis of 70 insertion events. The bin size was 0.5 A. The data were fitted by Gaussian function.
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Figure 2. (a) Constant current STM topography (/ = 3 pA, V = 1 V) of OPE inserted into the decanethiol matrix. Scanning
size of 200 X 200 nm?. (b) Statistical analysis of the measured apparent heights of OPE on the basis of 50 insertion events.
The bin size was 0.5 A. The data were fitted by Gaussian function.

obtained statistically. Beebe et al. found a transition
from direct tunneling to field emission in w-conjugated
thiols, and the voltage at which the transition occurs
could be regarded as a measure of the barrier height."*
Since each of these methods describes molecular junc-
tions from a different point of view, a combination of
different techniques may be a choice to gain a com-
plete understanding.'® Therefore, this paper is focused
on two issues, one is to elucidate the factors dominat-
ing the ruthenium-complex-enhanced charge trans-
port, and the other is to present a methodology for the
precise determination of critical parameters affecting
charge transport.

To that end, molecular wire OPERu (Scheme 1) was
used to fabricate gold substrate—molecular
wire—conductive tip junctions, where electronic decay
constant, single molecular conductance, and barrier
height were obtained by STM apparent height mea-
surements, STM break junction measurements, and CP-
AFM measurements, respectively. Further, the inter-
play among these three parameters will be intensively
discussed, and the feasibility of using this technique-
combination method to provide the detailed informa-
tion of the ruthenium-complex-enhanced charge trans-
port will also be demonstrated.

RESULTS AND DISCUSSION

STM Apparent Height Measurements for Electronic Decay
Constant. STM images were recorded in the constant cur-
rent mode under ambient conditions, and high imped-
ances (300 G() or higher) were chosen to ensure that
the STM tip was above the mixed self-assembled mono-
layer (SAM). Figure 1a illustrates a typical topography
of OPERu inserted into the decanethiol SAM matrix,
and the bright spots reflect the presence of OPERu. As
shown in Figure 1b, it was clearly seen from the topog-
raphy that the inserted conjugated molecules OPERu

www.acsnano.org

tended to adsorb nearby the etched-pits, which were
caused by the Au surface re-formation during the self-
assembly process.'® As depicted in Figure 1c, OPERu
was protruding above the decanethiol matrix. This pro-
trusion feature of OPERu was mainly due to its higher
conductivity compared with the decanethiol SAM ma-
trix, which could be quantified with apparent height.
Figure 1d was the cross-section analysis of the bright
spot in Figure 1c, giving the apparent height of ~0.7
nm and the lateral size of ~5 nm. The lateral sizes of
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Scheme 2. Two-layer tunnel junction model. The h and d
were the layer thicknesses, « and 3 were the tunneling de-
cay constants, and Gy, and G, were the conductance of the
gap and molecule, respectively. ASTM is the measured appar-
ent heigh difference, and Ah is the calculated physical height
difference.
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Figure 3. (a) Traces of current versus traveling distance for OPE recorded at
—50 mV. (b) Conductance histogram based on 328 /—S traces.
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bright spots typically ranged from 2 to 5 nm according
to our observation, and each bright spot could be at-
tributed to a single molecule or a small bunch of mol-
ecules, depending on its lateral size. For example, two
bright spots in Figure 1e with lateral sizes of ~2 nm had
apparent heights of ~0.5 nm. We tentatively attrib-
uted each bright spot in Figure 1e to a single OPERu
molecule, while the bright spot in Figure 1c corre-
sponded to a small bunch of OPERu molecules. Thus,
bright spots with relatively smaller lateral sizes were se-
lected for the cross-section analysis to yield the appar-
ent heights of single OPERu molecules. It is worth not-
ing that both OPERu and OPE displayed stochastic
switching,"” ' which was a random phenomenon
manifested as inserted molecules that blinked on and
off (Figures ST and S2 in Supporting Information). Due
to the fluctuation of the measured apparent heights,
the distribution of the measured apparent heights of
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OPERu was plotted on the basis of a statistical analysis
of 70 insertion events. As shown in Figure 1h, the mea-
sured apparent heights ranged from 3to 6.5 Ain a
Gaussian distribution. Therefore, the apparent height
of OPERu was determined as 4.8 + 1.0 A using Gauss-
ian fitting. As a reference, the topography of OPE in-
serted into the decanethiol SAM matrix was recorded
and is shown in Figure 2a. In contrast with OPE, a rela-
tive smaller density of OPERu was observed from to-
pographies, which could be attributed to the hindered
effect caused by the ligands in OPERu. As shown in Fig-
ure 2b, on the basis of 50 insertion events, the appar-
ent height of OPE was determined as 4.7 + 0.8 A, which
was consistent with previous reports.'®'"'”

As first developed by Bumm et al.,'? the method of
using the STM apparent height to determine the elec-
tronic decay constant 8 of w-conjugated molecules has
been successfully utilized to correlate the electronic
transmission property with molecular structure.
Poulsen et al. systematically investigated the effect of
conjugation path on the electronic transport through
single oligo(phenylene vinylene) molecule.?° Blum et al.
observed a significant change in the electronic decay
constant 3 due to the incorporation of a ruthenium
fragment at the end of OPE molecular wire.” As shown
in Scheme 2, a simple two-layer tunnel junction
model”'>1>2%21 was used to relate the STM apparent
height of the inserted molecule to its electronic decay
constant B. In this two-layer model, the transconduc-
tance (G) of each layer was G = G, exp(—Bh), where G,
was the contact conductance, 3 was the electronic de-
cay constant, and h was the layer thickness. Since STM
was operated in the constant current mode, thus
GgapiG = Ggap2Gmolz- Assuming that the tunneling
property of the air gap and the contact conductance
were the same for both molecule fragments, the elec-
tronic decay constant of the inserted molecule was
solved through a simple mathematical deduction, Bg,,
= [Bciohcio — @(ASTM — Ah)l/hg,,, where ASTM was
the measured apparent height difference, Ah was the
calculated physical height difference, and « was the de-
cay constant of air with a value of 2.3 A~". The elec-
tronic decay constant {3 for alkanethiols has been deter-
mined as 1.2 A~ by electrochemistry,®> STM break
junctions,?® as well as CP-AFM,?* and it serves as a ref-
erence for evaluating the conductivity of inserted con-
jugated molecules. Therefore, the electronic decay con-
stant 3 of OPERu was 1.01 = 0.25 A~", determined
from the two-layer tunnel junction model, while it was
1.11 = 0.18 A~ for OPE. For OPE, an agreement with
reported values of the electronic decay constant g72°
determined by STM was observed. It should be noted
that the electronic decay constant (3 of OPE determined
by STM was much larger than that determined by CP-
AFM. This discrepancy originates from the difference in
the operational principle between STM and CP-AFM.
For STM, the determined electronic decay constant 3

mol1
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is a relative value using the insulating alkanethiols
as the reference, and an air gap lies between the
STM tip and SAM. For CP-AFM, the determined elec-
tronic decay constant 3 is an absolute value ob-
tained from the semilog plot of molecular resis-
tances versus repeated units, and the conductive
tip is in direct contact with SAM.

The difference of 0.1 A~ in electron decay con-
stant 3 between OPE and OPERu was as much as
the difference between OPE and decanethiol. Nu-
merically, OPERu would be 6 times more conduct-
ing than OPE. So, one can predict that the incorpo-
ration of ruthenium complex would enhance
molecular conductance more remarkably for longer
molecular wires. However, a low B is a necessary
but not sufficient condition for high conductance
of molecular wires. Therefore, single molecular con-
ductance measurements were needed for a direct
comparison between OPE and OPERu.

STM Break Junction Measurements for Single Molecular
Conductance. As shown in Figures 3a and a,
current—distance (/—5) traces displayed a typical
stepwise feature with the stretched length of ~0.05
nm. On the basis of at least 300 successful pull-off
processes out of thousands of repeated measure-
ments, conductance histograms were constructed
statistically. As shown in Figures 3b and b, conduc-
tance histograms revealed well-defined peaks at in-
teger multiples of a fundamental conductance
value, which was used to identify the single molec-
ular conductance. As a result, the single molecular
conductances of OPE and OPERu were determined
as 3.6 = 2.0 and 19 = 7 nS, respectively. As a refer-
ence, the experimental single molecular conduc-
tance of molecules analogous to OPE ranged from

a
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2t0 13 nS>>7% Figure 4. (a) Traces of current versus traveling distance for OPERu recorded
As expected, OPERu was more conducting than ~ at =100 mV. (b) Conductance histogram based on 350 /S5 traces.

OPE. However, the shorter molecular length of

OPERu (1.88 nm) as compared with OPE (2.01 nm)
may also lead to higher conductance. Assuming that
molecular length was the only factor affecting molecu-
lar conductance, the single molecular conductance of
OPERu would be 6 nS using a B value of 0.21 A~.28
Therefore, apart from the molecular length, the struc-
ture of backbone did play an important role in molecu-
lar conductance for OPERu. This experimental observa-
tion was consistent with the prediction in the above
section. In contrary, a break junction investigation re-
ported by Mayor et al. indicated that trans-platinum(ll)
bis(c-arylacetylide) complex acted as an insulator.?®
This discrepancy should be related to the difference in
the nature of the metal—acetylene bond between
these two systems®® since the platinum—acetylene
bond has hardly any 7 character separating the molec-
ular rod into two independent conjugated systems,*’
whereas the ruthenium—acetylene bond has high elec-
tron mobility delocalizing the backbone.>”*® Therefore,
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Figure 5. Plot of In(I/V?) versus In(1/V) for OPE. Circles were
the average of 10 current—voltage curves for the
Au—OPE—PtTi junction by CP-AFM. The dashed line corre-
sponds to the voltage (V,,,) at which the tunneling barrier
transition from trapezoidal to triangular occurred. The inset
shows current—voltage data.
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Scheme 3. Cartoon for the transition from trapezoidal barrier to triangular barrier. The scheme was
drawn for HOMO-mediated hole tunneling; V,,, was the voltage at which the transition occured, and
V,pp Was the applied voltage. (A) represented the rectangular barrier, (B) represented the trapezoidal
barrier, (C) represented the transition from trapezoidal barrier to triangular barrier, and (D) repre-

sented the triangular barrier.

CP-AFM Determination of Barrier
Height and Molecular Orbital
Calculation. As shown in Scheme
3, when the applied bias is less
than the barrier height, the domi-
nant charge transport mecha-
nism is direct tunneling repre-
sented by Simmons equation,’
where a trapezoidal barrier exists;
when the applied bias exceeds
the barrier height, the dominant
charge transport mechanism is
replaced by Fowler—Nordheim
tunneling,®? where a triangular
barrier exists. Experimentally, a
transition from direct tunneling
to Fowler—Nordheim tunneling
was observed, corresponding to
an inflection point appearing on
the plot of In(I/V?) versus In(1/\).**
The excellent linear correlation
of the inflection point value (V,;,)
with the band gap between the
metal Fermi level and the closest
frontier molecular orbital sug-
gested that this transition volt-
age could serve as a measure of
the barrier height.

we could conclude that the incorporation of ruthe- The plots of In(//V?) versus In(1/V) for OPE and

nium complex into the backbone may be a potential OPERu are shown in Figures 5 and 6, respectively. Gen-

choice for constructing long molecular wires with high erally, a logarithmic increase corresponding to the di-

conductance. rect tunneling mechanism appeared at low bias, and a
To further understand the ruthenium-complex- linear decrease corresponding to the

enhanced charge transport, a detailed description of Fowler—Nordheim tunneling mechanism appeared at

how ruthenium complex functioned was given on the  high bias."* The value of barrier height was equal to the

basis of the electronic band structure. transition voltage. To verify the reproducibility, four

supplemental measurements were performed for OPE
and OPERu (Figures S3 and S4 in Supporting Informa-

Applied Voltage (V)

tion). The barrier heights along with their standard de-

45
viations for OPE and OPERu were determined as 0.66 =
a0l | 0.11 and 0.25 = 0.03 eV, respectively. For OPE, a good
: agreement with recent reports was observed.'*** For
350 ° J OPERu, Mahapatro et al. reported a quite consistent re-
o sult using nanogap method during the preparation of
‘\g 301 o 8 1 this paper.* The different energy offsets had a substan-
=z : ., oz 4 tial distinction in terms of charge transport. This evi-
- [ =y
25 o’ 0 1  dence based on the electronic band structure sup-
P % -4 ported our early argument that the incorporation of
20F o © _ . .
: ; 8% 5 ! ruthenium complex into the backbone led to lower
Voltage (V) electronic decay constant 3 as well as higher conduc-
12 0 10 20 30 40 tance. Therefore, using a technique-combination
av v method with good cross-platform agreement, a direct
Figure 6. Plot of In(I/V2) versus In(1/V) for OPERu. Circles rep-  COrrelation between electronic decay constant @, single
resent the average of 10 current—voltage curves for the molecular conductance, and barrier height was re-
Au—OPERu—PtTi junction by CR-AFM. The da§hed Iln_e corre-  yasled at the single-molecule level.
sponds to the voltage (V) at which the tunneling barrier tran- . -
sition from trapezoidal to triangular occurred. The inset shows The UV—vis spectra, as shown in Figure 7, corre-
current—voltage data. sponded to band gaps of 3.69 and 3.46 eV for OPE
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entire length of the molecule,

o OPE

334nm 3.69%eV
® OPERu 355nm 3.47eV

whereas the LUMO was localized in
the ruthenium fragment. For OPE,

1.2 4

Absorbance

0.0

the HOMO displayed a T feature,
which was in contrast with the o fea-
ture of the LUMO. Further, the calcu-
lated HOMO of OPERu nearly ar-
rived at the gold Fermi level in
energy, consistent with the barrier
height results. Overall, for OPERu,
the low barrier height between the
HOMO and the gold Fermi level led
to a low electron decay constant 3
and, consequently, high
conductance.

500 600

Wavelength (nm)

Figure 7. UV absorption spectra of OPE (O) and OPERu (®) in THF.

and OPERu, respectively, indicating that OPERu acted
as a more efficient conductor due to its relatively lower
HOMO—LUMO gap. The barrier height determination
for OPE and OPERu indicated that the tunneling effi-
ciency of OPERu across the molecular junction was en-
hanced due to its lower barrier height. However, there
still lacked information of key importance: whether the
LUMO or HOMO of OPERu was responsible for its lower
barrier height. It has been widely accepted that charge
transport in aromatic thiol systems is a HOMO-
mediated process (hole tunneling).>*~3° To address it,
quantum chemistry calculations on OPERu along with
OPE were performed within the density functional
theory approximation. As shown in Figure 8, there was
a remarkable distinction between the topologies of
HOMO and LUMO of OPERu. The HOMO spanned the

o

700

800 SUMMARY

We have performed a single-
molecule level investigation to
elucidate the ruthenium-complex-
enhanced charge transport
through molecular wire OPERu. Using technique-
combination method, we determined the electronic
decay constant B, single molecular conductance,
and barrier height by STM apparent height measure-
ment, STM break junction measurement, and CP-
AFM, respectively. By comparing with the well-
studied m-conjugated molecular wire OPE, we as-
serted that the lower electronic decay constant 8
and the higher conductance of OPERu resulted from
its lower band gap between the HOMO and the
gold Fermi level. The small offset of 0.25 eV would
be beneficial for the long-range charge transport of
molecular wires. This is a key experimental evidence
for the rational design of potential molecular wires
with high conductance. Furthermore, the observed
cross-platform agreement proved that the
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Figure 8. Electronic structures of OPERu and OPE. Quantum chemistry calculations were performed by density functional
theory approximation” using the B3PW91 functional®® coupled with the 6-311g(d,p) basis set>® for OPE and the LANL2DZ
basis set*® for OPERu (phenyl groups in the ligands were replaced by hydrogen, considering computation consumption),
respectively.
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technique-combination method presented here
could be proposed as a benchmark for the detailed
description of charge transport through molecular

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 was similar to the earlier publication.?®

STM Apparent Height Measurements of Conjugated Molecules Inserted
Decanethiol SAMs. The STM experiments were performed at room
temperature under ambient atmosphere on a Digital Instru-
ments (Santa Barbara, CA) Nanoscope 3A Multimode equipped
with an A-scanner and low-current converter with a picoamp
boost stage. Mechanically cut Pt—Ir tips (0.25 mm) were used.
The bias voltage was 1V, and set-point current was 2 pA. The
Au{111} substrate on mica (Molecular Imaging, Phoenix, AZ) was
annealed by hydrogen flame before SAM deposition; the host
SAM was then prepared by immersing the Au substrate in a 1
mM solution of the decanethiol in ethanol for 24 h. The de-
canethiol SAM-modified Au{111} on mica was rinsed with etha-
nol ultrasonically and dried under a nitrogen stream. To make
conjugated molecule wire inserted decanethiol SAMs, a 0.1 uM
THF solution of the molecular wire from Scheme 1 was prepared
under nitrogen protection, and the thioacetyl group was depro-
tected by adding concentrated NH,OH (5 L) and incubated for
10 min. The above decanethiol SAM-modified Au{111} on mica
was immersed in the thioacetyl group deprotected molecular
wire solution for 4 h, then rinsed by dry THF ultrasonically, dried
under nitrogen stream, and finally the conjugated molecule
wire inserted decanethiol SAMs were prepared.

Preparation of the Conjugated Molecular Wire SAMs. The target con-
jugated molecular wire (1 mg) was dissolved in 5 mL of THF un-
der nitrogen atmosphere; concentrated NH,OH (5 L) was then
added, and the mixture was incubated for 10 min to deprotect
the thioacetyl group. After the Au substrate was immersed in the
solution for 12—24 h in the absence of the light, it was rinsed
with dry THF ultrasonically and dried under a nitrogen stream
to give conjugated molecular wire SAMs.

Single Molecular Conductance by STM Break Junctions. STM break
junctions were operated under ambient atmosphere using Au
STM tips, following a modified procedure of Xu et al.'® 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 Au—S 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 po-
sition constant. During the repeating vertical movement of the
tip, the current was recorded as a function of the traveling dis-
tance. This procedure was repeated thousands of times for each
sample, and statistical analysis was constructed to extract single
molecular conductance from the staircase-like current—distance
(I-5) curves.

CP-AFM Experiments. The CP-AFM experiments were performed
at room temperature under ambient atmosphere on a Digital In-
struments (Santa Barbara, CA) Nanoscope 3A Multimode
equipped with an E-scanner and current sensitive attachment.
Contact mode silicon cantilevers coated with Ti—Pt (MikroMasch,
CSC21) were used. Ti—Pt conductive tip was in contact with
SAMs as the top electrode, and the Au substrate served as the
bottom electrode. Each /—V curve was recorded at an applied
load of 2 nN using the same tip; /—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 spectrometer at room temperature in THF with conventional
1.0 cm quartz cells.

Quantum Chemistry Computation. The electronic structures of the
molecular wires were calculated by density functional theory ap-

Am\\ N \"a :‘\\ - -
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wires. Currently, the construction of functional mo-
lecular wires containing metal complex is ongoing in
our laboratory.

proximation,®” using the B3PW91 functional®*® coupled with the
6-311G(d,p) basis set>® for OPE and LANL2DZ basis set* for
OPERu, respectively.
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