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Energy-Level Alignment for Single-Molecule Conductance of
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Abstract: The use of single-molecule junctions for various
functions constitutes a central goal of molecular electronics.
The functional features and the efficiency of electron transport
are dictated by the degree of energy-level alignment (ELA),
that is, the offset potential between the electrode Fermi level and
the frontier molecular orbitals. Examples manifesting ELA are
rare owing to experimental challenges and the large energy
barriers of typical model compounds. In this work, single-
molecule junctions of organometallic compounds with five
metal centers joined in a collinear fashion were analyzed. The
single-molecule -V scans could be conducted in a reliable
manner, and the Epy levels were electrochemically accessible.
When the electrode Fermi level (Eyp) is close to the frontier
orbitals (Epyo) of the bridging molecule, larger conductance
was observed. The smaller | Ep—Eryo | gap was also derived
quantitatively, unambiguously confirming the ELA. The
mechanism is described in terms of a two-level model involving
co-tunneling and sequential tunneling processes.

E lectron transport is an essential theme across major
disciplines and is of utmost importance to the success of
molecule-based electronic devices. For further improving
such systems, an understanding of the interfacial transport
processes, which can be analyzed in terms of the energy-level
alignment (ELA), is crucial.'! A small barrier height (¢g),
that is, the difference between the electrode Fermi level (Er)
and the frontier molecular orbitals (Egyp), is expected to lead
to facile transport. The degree of ELA for thin-film devices is
typically unveiled by ultraviolet photoelectron spectroscopy
(UPS).""l However, for ultimate miniaturization down to the
single-molecule level, the relatively large beam size of UPS
renders it unsuitable for probing local structures. Moreover,
each single-molecule junction confers only one ¢g. The lack of
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systematic changes in ¢y makes the correlation with electron-
transport efficiency difficult. To this end, Egy;o can be shifted
with a gate electrode by the field effect with single-molecule
transistors (SMTs).” Unfortunately, SMT studies are very
limited owing to fabrication difficulties. Scanning tunneling
microscopy (STM) based break junctions have been shown to
be a convenient method for creating single-molecule junc-
tions,’) and the tuning of Ey and ¢y is achievable through
electrochemical control (hereafter referred to as EC-STM
BJ) by driving the potential of the working electrode (E,,)
against that of the reference electrode.® Thus far, the effect
of ¢y on the single-molecule conductance has only been
proposed sporadically.*” Most EC-STM BJ studies were
performed at fixed E,; values and unable to monitor the
system upon Ep approaching Epyo.

EC studies of single-molecule conductance focus mostly
on organic redox moieties.’”! Examples of organometallic
compounds are rare and limited to those with onel''" or
twoll*1] metal centers, such as ferrocenedicarboxylate, !
ferrocenedithiol,l""'? and osmium!" or ruthenium! com-
plexes ligated by bis(terpyridine). Extended metal-atom
chains (EMAGCs, Figure 1a)l"®"® represent a unique category
of stable, electroactive, and one-dimensional wires with metal
atoms robustly interwoven by metal-metal and metal-ligand
bonds."*?! With this framework, a wide range of physico-
chemical properties can be achieved. For example, the
strength of the metal-metal interactions depends on the
number of d electrons™! and can be tuned by selecting/mixing
various transition-metal atoms,”?”! by the use of specific
ligands to reduce/oxidize the coordinated metal centers, or by
chemical reactions with oxidants."”"!®! Electrochemistry is an
alternative method to adjust the degree of d orbital electronic
coupling between neighboring metal atoms, the Epy,o values,
and consequently the molecular conductance. EMACs exhibit
well defined redox waves within accessible potential win-
dows."*""! Thus, EMACs constitute an ideal platform to
manifest ELA characteristics by EC gating. Herein, the
single-molecule conductance of Ni, Co, and Cr EMAGCs:,
which were used as prototypical compounds, is studied by
in situ EC-STM BJ (Figure 1b). The signature of ELA was
unambiguously characterized by EC-gated i~V curves, and
the conductance behavior will be analyzed by simulations
involving co-tunneling and sequential tunneling mechanisms.

The single-molecule conductance of pentametallic
EMACs was determined by EC-STM BJ at fixed E,,
(Table 1; for experimental details, see the Supporting Infor-
mation). The EC results are consistent with our previous
study™ where the oxidized EMACs were prepared by
chemical oxidation of the neutral forms. Hence, the afore-
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Figure 1. a) ORTEP view and schematic representation of the EMACs.
The metal-atom chains were supported by four oligo-a-pyridylamido
anions, tpda®~ (tripyridyldiamido dianion; m =1). One of the four
equatorial ligands is highlighted in red to illustrate the helical
structure. b) Experimental set-up of the EC-STM BJ measurements.

c) Cyclic voltammogram of [Nis(tpda),(NCS),]. DMFc (decamethyl
ferrocene) was the internal reference standard with —23 mV against
Epgngar- Other conditions: 0.1 m TBAP (tetrabutylammonium perchlo-
rate) solution in propylene carbonate; scan rate=100 mVs™"; working
electrode: glassy carbon electrode (3 mm in diameter); reference
electrode: Ag wire; counterelectrode: Pt wire.

mentioned rationale that correlates metal-metal interactions
with EMAC conductance also applies to the present EC study.
Specifically, the ascending conductance for neutral Nis, Cos,
and Cr; EMAC:s is consistent with the respective bond orders
of 0, 0.5, and 1.5.1"1 After in situ one-electron oxidation, the
conductance of the Ni; EMAC has increased by approx-
imately 40% (16.4 MQ for [Nis]” and 11.8 MQ for [Nis]"),
which was ascribed to the increase in bond order resulting
from the removal of one electron from an antibonding orbital.
The distances between neighboring Ni atoms in the latter are
shorter by 0.047 A (from 2.294-2.371 A in the former).?>%
Given the minute contraction of the molecular length, the
40% increase in conductance cannot be attributed to the
decrease in the tip-substrate distance. It is henceforth

Table 1: Single-molecule conductance (x107* G,) of pentametallic
EMACs Pl

[Ms(tpda)4(NCS),]° [Ms(tpda)4(NCS),]*
Ni 7.9 (£1.0) 10.9 (+1.5)
Co 9.1 (£1.1) 9.3 (£1.1)
Cr 48.8 (+1.0)%  9.5(+£1.2)k 10.8 (£1.3)

[a] The solvent and supporting electrolyte were propylene carbonate and
0.1 m TBAP solution, respectively. The conductance histograms are
shown in Figure S6. [b] Neutral Cr; EMACs have two sets of single-
molecule conductance peaks, which were attributed to delocalized and
localized Cr—Cr interactions.
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ascribed to the different intrinsic properties of [Nis]° and
[Nis]". For the Cos EMAC, the conductance and the Co—Co
bond order remain unchanged because the electron is
removed from a nonbonding orbital.

The structure of the Cr; EMAC and the corresponding
conductance behavior are fascinating, yet complicated.['1%24]
X-ray crystallography®?! and Raman spectroscopy!®>
studies have confirmed that the neutral Cr EMAC has two
types of conformations, termed the delocalized and localized
forms, but the chemically oxidized product adopts exclusively
the localized one (see Figure S6¢). For the delocalized Cr;
EMAC, the four Cr—Cr interactions all have bond orders of
1.5, meaning that the electrons are delocalized along the
string of five Cr centers. For the other conformation, the
electrons are localized within two of the four Cr—Cr pairs,
which are alternatingly triple-bonded and nonbonding.['6124l
The neutral and oxidized forms exhibit two sets and one set of
conductance values, respectively, in which the value of the
oxidized form appears to be almost identical to the less
conductive set of the neutral form (Table 1). Accordingly, the
higher conductance of the neutral form is attributed to its
delocalized nature whereas the less conductive system
displays alternating bond lengths.

Although the effect of EC gating on single-molecule
conductance is shown in Table 1, the values were determined
at fixed E,, values by conductance histograms which in
practice cannot monitor the conductance continuously over
a range of E, values. To disclose the individual behavior of
one single molecule, G-E, traces were acquired to elucidate
the single-molecule conductance as a function of E,
(Figure 2). Note that the Ey,, (= E;,_w=E;—Ew) value
was fixed by sweeping E;, synchronously with E, (Fig-
ure 2a). Prior to and after the one-electron oxidation of [Nis]’,
the respective nominal conductance values are about 0.79 x
107 G, and 1.1 x 10~ G, (indicated in Figure 2b), which are
in a good agreement with those obtained at fixed E,, values
(Table 1). The conductance of [Cos]*" (at > 1.0 V) is approx-
imately 0.9x107* G, and thus about the same as those of
[Cos]” and [Cos]" (at Ey=0.6-0.8 V; Figure 2c). As the Crs
EMAC has two conformations, the scan of the G-E, traces
starts from the oxidized form (E,, = 0.5 V) such that the same
initial experimental conditions can unveil the behavior of
both the localized (ca. 0.95x 107 G,; Figure 2d) and the
delocalized form (ca. 5.0x107° G,; Figure 2¢c). The i-E,,
traces of the reverse scans (i.e., from [M;]" to [M;s]") are
shown in Figure 2d,e (see Figure S8 for that of the Nij
EMAC). The direction of the current flow is the same as
that for the forward E,, scan, confirming that what is
monitored is not predominantly due to the diffusional redox
current of the EMACs. The variation in the peak positions
sometimes reaches 0.4V, probably owing to molecular
conformations with various degrees of deformation for each
junction, which cause the redox reactions to deviate from the
optimal transition pathways described by the potential energy
surface. Note that the second electron oxidation processes,
[M;]™/[M;]*", were also monitored, which can otherwise not
be studied owing to the difficulties associated with the
purification and crystallization of the chemically oxidized
products.
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Figure 2. Determination of the energy-level alignment by continuous

G-E, scans. a) Waveforms of E,, and E, for the measurement of

i~E, curves from single-molecule junctions of b) Nis, c) Cos, d) local-
ized Crs, and e) delocalized Cr; EMACs. After the feedback was turned
off, both tip and substrate were subjected to a potential sweep, with
Eyp—wi being fixed at 50 mV. To validate the curves, the returning
current was shown to be the same as that before the potential sweep
(ifinal = it In (). The current of the i-E,, traces was divided by Ey;
which resulted in the G-E,, traces. Scan rate: 5Vs™' (b), 0.5 Vs™
(c—e). The values in mG, indicate the nominal conductance of the
samples at either E; s, or Eg.,. The arrows indicate the sweeping
direction of E,,. All other conditions were the same as those in

Figure 1.

The significance of Figure 2 is that all of the traces exhibit
elevated conductance and that the positions agree reasonably
well with the corresponding redox potentials of the EMACs
(Figure S4). The peak-shaped conductance fluctuation was
therefore ascribed to the alignment of the electrode Ep with
the molecular Epyo. To scrutinize the mechanism of the EC
gating effect on the single-molecule conductance, a two-level
model involving co-tunneling and sequential-tunneling pro-
cesses was utilized to describe the electron transfer at the
molecular junction. Co-tunneling processes (superexchange)
use a virtual intermediate state of the molecule for electron
transitions whereas sequential tunneling processes (two-step
electron transfer) add or remove electrons to or from the
molecule during the transport of one electron from one
electrode to the other. The simulations of quantum transport
were carried out based on the Master equation approach
combined with a two-level model (see the Supporting
Information).””! Sequential tunneling processes can be coher-
ent or incoherent. Here, only incoherent sequential tunneling
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was considered because the simulation of coherent sequential
tunneling remains a challenge and requires the detailed
vibronic structures of the EMACs. The incoherent process
occurs when full vibrational relaxation of the occupied
(reduced) level is achieved, and the two-step electron transfer
processes are uncorrelated.”!

The electron-transfer processes mediated by the energy
levels of the two states of the bridging molecule are illustrated
in Figure 3a. When E,, is very different from the redox
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Figure 3. Proposed EC gating mechanism. a) Electron transport
through an electrode/Nis; EMAC/electrode junction under EC control.
The blue and red parabolas represent the neutral and oxidized forms,
respectively. b) Calculated conductance plotted against E,,. The solid
black line is the sum of the conductance of co-tunneling (dashed red
line) and sequential tunneling processes (dashed gray line).

potential, 1, the molecule is mainly in its neutral or oxidized
state. The co-tunneling process is thus predominant because
the electron passes through either the neutral or the charged
state of the molecule. When E|, is similar to E,, the redox
reaction adds or removes electrons to or from the molecule.
Sequential tunneling processes may come into play. The
results of a modeling experiment that considers both co-
tunneling and sequential tunneling processes are displayed in
Figure 3b. The simulated conductance of Nis is depicted by
the solid curve, which resembles the experimental results
(Figure 2b). The dashed traces unveil the details. The dashed
red curve near Ei, reveals that the conductance of the co-
tunneling process results from equal contributions from the
neutral and oxidized forms, whereas sequential tunneling
yields a peak centered at approximately 0.75 V. The con-
ductance fluctuation shown in Figure 2 cannot be depicted in
Figure 3 because the effects of molecular geometry fluctua-
tions were not considered in the simulations. The conductance
fluctuation in EC-gated transport deserves further explora-
tion.

Transition voltage spectroscopy (TVS) provides profound
information on molecular junctions by i~E,;,, scans.”’) By
plotting In(i/ Ey;,,>) against 1/Ey,, (e.g., Figure 4c), as derived
from TVS, a Fowler-Nordheim (FN) plot was obtained in
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Figure 4. Transition voltage spectroscopy at EC-gated E,,. a) Wave-
forms of the applied E, and Ey, for i~E,;,, scans. b) Typical i—Ey,,
curves obtained at potentiostatted E,,. Validation of the curves
followed the same procedure as for the i-E,, scans reported in

Figure 2a (igna = finia)- ) Fowler—Nordheim plots of [Nis(tpda),(NCS),]
acquired at four E,, values. The shaded regions indicate the distribu-
tion of V,, for each E,, from more than 120 i-E,;,, curves (Figure S7).
For comparison, the black trace was acquired under EC conditions for
a solution not containing Ni; EMACs and thus undergoing through-
space tunneling. E,: 0.750 V (vs. Epgpec). Scanning rate: 5 Vs™'. Scale
bar, S=1.0xIn(uA/V?). All other conditions were the same as those in
Figure 1.

which the minimum is termed V, and is proximal to where the
energy-level alignment takes place.” The FN plot can be
interpreted by a potential barrier model or a molecular orbital
model. Recent literature shows that the Landauer approach
with a single-level molecular orbital model is more compre-
hensive,*” and that the potential barrier model cannot
explain the length independence of V,.P'! Given that
EMACs are very large compounds, the complicated elec-
tronic structures may lead to the overlap of multiple
conduction channels, which may not be adequately described
by the one-level molecular orbital model. The potential
barrier model provides the effective barrier height, @y,
which results from synergistic effects of multiple molecular
orbitals and may help understand the correlation of the
effective potential barrier height and EC gating. The elevated
single-molecule conductance around E: (Figure2 and
Figure 3) prompted us to explore the effective tunneling
barrier height, @5, as a function of E,,. The illustration
shown in Figure 4c (top),*” although oversimplified, shows
how molecular levels become accessible to the applied Ey;,
(= Ep— E)- Therefore, V,, can be correlated to @

The i-E,;,, curves for [Nis(tpda),(NCS),] acquired at
E,, values near the redox event, including 0.65, 0.75, and
085V (E,—0.10V, Ey, and E/,+0.10V) are shown in
Figure 4b. The i—E;,, curves obtained at 0.20 V (vs. Eyyaqci)
represent the behavior of [Nis]”. The E,, value was held
constant at the indicated potential, and the current was
measured as a function of E.j,. These i—FE, curves are
asymmetric. In the high bias regime, In(i/V?) is proportional to
[—8rd(2m) "D /3 he](1V), where d, m,, and e are the
interelectrode spacing of the molecular junction, the effective

Angew. Chem. 2015, 127, 1596015964

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o

electron mass, and the elementary charge, respectively.’” The
FN plots in which In(i/V*) was plotted against 1 V are shown in
Figure 4c. Note that E,, was fixed, and for E, >0, the
scanning of Ey,, moves E;, towards or even beyond the
Enowmo of [Nis]”. For E.;, <0, the E,;, value approaches the
Epumo of [Nis]".

The significance of Figure 4 c is that for Ey;,, > 0, the value
of V,, reaches a minimum of approximately 0.35V at E,, =
E., consistent with optimal energy-level alignment. A larger
or smaller E results in a higher V. For E, <0, the
V. value appears to be independent of E,, suggesting that
the energy-level alignment exerts negligible effects. This
finding could be explained by voltammetry measurements,
which showed that the one-electron reduction of the Nis
EMAC takes place at —1.0 V (vs. E sy a0 Figure S4a). With
the energy difference of 1.2-2.05 V between the potentios-
tatted E,, and that of the reduction event, the observation of
similar V, values from the i-E,,, curves at FE,;<0 is
plausible. The distinct dependence of V, on the scan direction
of Ey;,, further demonstrates the characteristics of the energy-
level alignment by EC gating.

In conclusion, the single-molecule conductance of Nis,
Cos, and Crs EMACs has been measured by EC-STM BJ. The
additional electrochemical control obviates the need for
tedious experimental procedures involving the synthesis,
purification, and characterization of the chemically oxidized
compounds. By taking advantage of the in situ redox reaction,
the conducting behavior of the one- and two-electron-
oxidized states could be explored. The continuous i—E,,
scans reported in this study represent a significant advance-
ment as they enable the unambiguous analysis of the
conductance behavior of Cr EMACs with delocalized
Cr—Cr interactions and for those with alternating Cr—Cr
bond lengths. The position of the conductance peak indicates
the extent of energy-level alignment. The experimentally
obtained peak-shaped i-E,, curves are in good agreement
with the model ones obtained by taking co-tunneling and
sequential tunneling processes at Ey~ Fy, into account.
Finally, transition voltage spectroscopy was employed for the
first time to derive the V, values of a single molecule under
electrochemical control. V, and the single-molecule conduc-
tance are strongly correlated with the proximity of E,, and
Ey,, manifesting that the energy-level alignment of the
electrode Fermi level with the molecular frontier orbitals is
of utmost importance.
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