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Charge transport mediated by d-orbitals in transition metal complexesT
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This communication reports an asymmetric charge transport
with a large rectification ratio and finely featured NDR
(negative differential resistance) by d-orbitals of a neutral
ruthenium(1r) complex with a C, axis of symmetry.

An extensive research effort in the area of molecular electronics is
to synthesize and characterize new molecules with designed
physical properties, such as switch, rectification and storage.'
Numerous molecular systems have been explored for mediating
charge transport in metal-molecule-metal junctions.> Among
these molecules, transition metal complexes received attention
only recently. Interesting phenomena such as the Kondo effect and
electrochemically gated charge transport were observed.> This
paper reports an asymmetric charge transport through a molecular
wire ligand with a chelated transition metal complex. In the past
years, our group has described the rectification effect in molecular
diodes based on conjugated diblock co-oligomer structures.* We
have unambiguously shown that the origin of the rectification
effect in these molecules is from the existence of a permanent
dipole moment. However, the rectification effect described in this
work is imparted by the chelated transition metal complex.

The molecule studied is shown in the inset of Fig. 1 and contains
a conjugated macromolecular bipyridine ligand chelated to a
ruthenium(ir) complex. It was synthesized according to a
procedure developed in our lab.> The compound contains two
thiols protected with different groups (acetyl, Ac and methoxy-
methyl, MOM). The complex exhibits a UV/Vis spectrum red-
shifted from the corresponding molecular wire ligand (Fig. 1(a)).
Metal to ligand charge transfer (MLCT) bands can be clearly
observed in the wavelength range from 500 to 600 nm. The results
indicate that the m-electronic system of the macromolecular ligand
is coupled with d-orbitals.

In order to immobilize the compound on the Au(111) surface,
the acetyl protection group of the compound was cleaved by
aqueous NH4OH in THF. The resulting complex with free thiol at
one end was inserted into the defect sites of dodecanethiolate self-
assembled monolayers (DDT SAM). Afterward, the MOM
protection group was cleaved with trifluoroacetic acid (TFA) to
free the top thiol group that was further reacted with a gold
nanoparticle (Au NP) solution. Finally, an assembly with a gold—
molecule-gold structure was formed and used for scanning
tunneling spectroscopy (STS) measurements on charge transport
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behaviors.® The stepwsie immobilization process is needed in order
to prevent the formation of mulitlayer assemblies.

Cyclic voltammetric measurements confirmed the immobiliza-
tion of the Ru(il) complex. A quasi-reversible half-wave redox
potential (E5) at 045 V (vs. Fc/Fc") from the monolayer was
observed and is attributable to the oxidation from Ru(1r) to Ru(1ir)
(Fig. 1(b)). The plot of anodic and cathodic current density against
the scan rate is linear, indicating the existence of a surface confined
faradaic reaction due to Ru(ir) complex.” These results prove that
the Ru(1) complex is intact after all of these chemical manipula-
tions. STM images provide further evidence for the immobilization
of complex in DDT SAM.®

The STS technique was used to investigate the charge transport
behavior through the single molecular junction. Under the
conditions of set point of 1 pA and 1000 mV bias voltage, the
current was taken as the bias voltage scanned between —2.0 V to
2.0 V. A typical -V curve is shown in Fig. 2. As a comparison, the
charge transport through the molecular wire ligand was also
investigated and is shown as an inset in Fig. 3. The results show
several unique features. First of all, the /- curve is asymmetric,
identical to the -V curves observed in a typical molecular diode.*
The average rectification ratio (RR = I(+2.0 V)/I(—2.0 V)) is 3.53.
Over 85% of the measured Ru(ll) complexes showed higher
tunneling current at positive bias voltage than at negative bias
while the rest of them had the opposite rectifying behavior. The
inset histogram shows the statistical distribution of RR for the
different Ru(I1) complexes measured, indicating the reproducibility
of charge transport behaviors of different Ru(il) complexes.

8 1.0 j \—"‘ ,‘,_/ IS\ IS\ s~o”
= \
B Ryt
8 CFy  FoC
L 0.6
<C :(b’
3 : T
N 0.44 E [
= : £ 10
:
B 0.2 T o0 o0z 04 0% 08
Z Potential (V, vs Fc/Fc')
0.0

300 400 500 600 700 800
Wavelength (nm)

Fig. 1 (a) UV/Vis spectra of the ruthenium(I1) complex (dotted line) and
molecular wire ligand (solid line). Inset: Molecular structure of the
ruthenium(i1) complex. (b) Cyclic voltammogram of a monolayer of the
ruthenium(ir) complex on the Au(111) substrate. Scan rate 0.5 Vs .
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Fig. 2 [V characteristics of the ruthenium(il) complex (set point
conditions: 1 pA and 1000 mV). Inset: Histogram of RR range for
different Au NP-Ru complex—Au assemblies measured.

Second, there were a few fine features of the conductance in the
positive bias region, which is shown more clearly in Fig. 3 as
the differential conductance (dZ/dV). Third, the I~V curve of the
molecular wire ligand is almost symmetric and has no fine features,
at least at room temperature as shown, in the inset of Fig. 3. The
resistance of the complex is much smaller than that of the ligand,
which is caused by the forced planarity in the ligand conjugation
system. These are unprecedented results; the rectification effect is
especially unusual, considering that the complex has a C, axis of
symmetry. These results can be explained if we consider the relative
line-up of the Fermi energy levels of the gold electrodes to the
molecular orbitals (MOs) of the complex and a resonant tunneling
mechanism.” We calculated the electronic structure of the Ru(ir)
complex by using B3PWO1 hybrid density functional theory
(DFT) with the LANL2DZ basis set. As shown in Fig. 4, HOMO,
HOMO-1, HOMO-2, HOMO-3, and HOMO-4 are closely
located. HOMO, HOMO-3, and HOMO-4 orbitals are derived
from the ruthenium d-orbitals (d,,, d,., d.,) with the =n*
contribution from the molecular wire and the acetoacetate (acac)
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Fig. 3 Differential conductance (dZ/dV)) versus applied bias relationship
for the ruthenium(ir) complex. Inset: I~V characteristics of the molecular
wire ligand.
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Fig. 4 Energy band diagrams for Au NP-Ru complex—Au assembly at
(a) equilibrium, (b) positive applied bias, V., (c) negative applied bias, V_.

ligands. It seems that HOMO-1 and HOMO-2 orbitals are made
of the m-orbitals of bithiophene molecular wire because the major
electron density is located on the electron-rich bithiophene
segment.® When no bias voltage is applied to the assembly, the
Fermi energy level of electrodes can be assume to line up at
the middle of the gap between the HOMO and LUMO of the
molecule.'” This will lead to a symmetric =V curve if the
molecular wire ligand is free of metal complexes. However,
the compound is a heteroligand complex and exhibits a permanent
dipole moment perpendicular to the molecular wire ligand.
Theoretical calculations indicated a dipole moment of 11.3
Debye along the direction from acac to the bipyridine ligand.

When this molecule is immobilized into DDT SAM on the gold
surface, it will be tilted due to the thiol-gold bond. There are two
possibilities: the dipole moments of the complex will point either
toward the grounded STM tip or the Au electrode. When the
dipole moment of the complex has projected a component that is
pointed toward the direction of grounded STM tip, the Fermi
energy levels between electrodes relative to molecular orbital will
show an uneven line-up (Fig. 4a) due to the dipolar field, Ej.
Therefore, a small positive bias voltage (V) is needed to bring the
Fermi energy level with the molecular orbital into resonance to
allow charge transport (Fig. 4b). However, when a negative bias
voltage is applied, a large voltage V_ is needed to overcome the
dipolar field and bring the molecular orbital into resonance with
the Fermi level of electrodes (Fig. 4c). This caused asymmetric
charge transport to ensue. However, when the direction of dipole
moments of the complex are pointed toward the Au electrode, the
opposite rectifying behavior can be achieved. This explanation is in
agreement with our observation that the complexes showed
opposite rectifying behaviors although with less probability. We
believe that there is a dominant orientation of the complex onto
the Au electrode due to the electrostatic, van der Waals, or
anchoring group interactions, leading to a preferred asymmetric
charge transport. A more detailed characterization is needed to
elucidate the orientation.

Differing from the charge transport through ligand, the d,,, d,.,
and d,. orbitals provide resonance channels for the charge
transport via ©* orbital in the complexes. A small positive bias is
needed to push the Fermi level of the ungrounded electrode into
resonance with these orbitals. When the Fermi level undergoes
resonance with these orbitals, small negative differential resistance
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will be observed. The Fermi level will not have a resonance with
the d.. and d,._ > because they are not coupled with the ©* orbital
in the molecular wire and are spatially isolated from the electrodes.
When a negative bias voltage is applied, electron tunneling will
occur only when the bias voltage is negative enough to bring either
the MOs containing xy, yz, xz or the LUMO MOs into resonance
with electrodes. When the bias voltage passes the threshold for the
tunneling through the first ©* orbital, NDR peaks can be observed
because the available state density is reduced.

These explanations provide several directions for further studies.
First of all, the rectification should be a function of the relative
energy levels between the d-orbitals and the ligand. It can be
predicted that introducing an electron-withdrawing group into the
ligand will change the rectification ratio. Second, the fine structures
should depend on the d-orbital ordering. If a complex with
different geometry is used, the fine structures must change
correspondingly. Third, detailed theoretical calculations of mole-
cular structure involving model gold electrodes will shed light into
the detailed mechanism. Our further research effort will investigate
these points.

In summary, we have synthesized molecular electronic compo-
nents containing a neutral ruthenium(if) complex. STS studies
revealed an interesting rectification effect with a large rectification
ratio and finely featured NDR. A plausible explanation is offered
to interpret the results. Much more detailed studies are needed to
further explore this system.

We gratefully acknowledge the financial supports of the
National Science Foundation and the NSF MRSEC program at
the University of Chicago. We also thank UC-Argonne
Nanoscience Consortium and UC/ANL collaborative seed grant
for partial support.

Notes and references

1 G. Cuniberti, G. Fagas and K. Richter, Introduction to Molecular
Electronics, Springer, Berlin and Heidelberg, 2005.

2 (a) J. He, F. Chen, J. Li, O. F. Sankey, Y. Terazono, C. Herrero,
D. Gust, T. A. Moore, A. L. Moore and S. M. Lindsay, J. Am. Chem.
Soc., 2005, 127, 1384; (b) B. Kim, J. M. Beebe, Y. Jun, X.-Y. Zhu and
C. D. Frisbie, J. Am. Chem. Soc., 2006, 128, 4970; (¢) L. Venkataraman,
J. E. Klare, C. Nuckolls, M. S. Hybertsen and M. L. Steigerwald,
Nature, 2006, 442, 904; (d) A. S. Blum, J. G. Kushmerick, D. P. Long,
C. H. Patterson, J. C. Yang, J. C. Henderson, Y. Yao, J. M. Tour,
R. Sashidhar and B. R. Ratna, Nat. Mater., 2005, 4, 167; (e)
S. Kubatkin, A. Danilov, M. Hjort, J. Cornil, J. Bredas, N. Stuhr-
Hansen, P. Hedegar and T. Bjornholm, Nature, 2003, 425, 698.

(a) J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish,
J. R. Petta, M. Rinkoski, J. P. Sethna, H. D. Abruna, P. L. McEuen
and D. C. Ralph, Nature, 2002, 417, 722; (b) T. Albrecht, A. Guckian,
A. M. Kuznetsov, J. G. Vos and J. Ulstrup, J. Am. Chem. Soc., 2006,
128, 17132; (¢) D. Natelson, L. H. Yu, J. W. Ciszek, Z. K. Keane and
J. M. Tour, Chem. Phys., 2006, 324, 267.

4 (a) M.-K. Ng, D.-C. Lee and L. Yu, J. Am. Chem. Soc., 2002, 124,
11862; (b) M.-K. Ng and L. Yu, Angew. Chem., Int. Ed., 2002, 41, 3598;
(c) P. Jiang, G. M. Morales, W. You and L. Yu, Angew. Chem., Int. Ed.,
2004, 43, 4471; (d) G. M. Morales, J. P. Jiang, S. Yuan, Y. Lee,
A. Sanchez, W. You and L. Yu, J. Am. Chem. Soc., 2005, 127, 10456.

5 Q. Wang and L. Yu, J. Am. Chem. Soc., 2000, 122, 11806.

6 G. K. Ramachandran, T. J. Hopson, A. M. Rawlett, L. A. Nagahara,
A. Primak and S. M. Lindsay, Science, 2003, 300, 1413.

7 A.J. Bard and R. Faulkner, Electrochemical Methods, John Wiley &
Sons, New York, 1980.

8 See ESI.

9 (@) N. J. Tao, Phys. Rev. Lett., 1996, 76, 4066; (b) S. Lenfant,
C. Krzeminski, C. Delerue, G. Allan and D. Vuillaume, Nano Lett.,
2003, 3, 741; (¢) N. P. Guisinger, M. E. Greene, R. Basu, A. S. Baluch
and M. C. Hersam, Nano Lett., 2004, 4, 55; (d) T. Rakshit, G.-C. Liang,
A. W. Ghosh and S. Datta, Nano Lett., 2004, 4, 1803; (¢) S. Y. Quesk,
J. B. Neaton, M. S. Hybertsen, E. Kaxiras and S. G. Louie, Phys. Rev.
Lett., 2007, 98, 066807.

10 A. Nitzan and M. A. Ratner, Science, 2003, 300, 1384.

w

This journal is © The Royal Society of Chemistry 2008

Chem. Commun., 2008, 247-249 | 249



