JIAIC[S

COMMUNICATIONS

Published on Web 05/02/2006

Scanning Tunneling Spectroscopy in an lonic Liquid

Tim Albrecht,” Kasper Moth-Poulsen,* Jgrn B. Christensen,* Johan Hjelm,$
Thomas Bjgrnholm,** and Jens Ulstrup*

Department of Chemistry, NasidTU, Technical Unéersity of Denmark, Building 207, 2800 Kongens Lynghby,
Denmark, H.C. @rsted Institute, NanoScience Centerpéhsity of Copenhagen, 2100 Copenhagen, Denmark, and
Department for Fuel Cells and Solid State Chemistry, Risg National Laboratory,

Frederiksborgej 399, 4000 Roskilde, Denmark

Received April 4, 2006; E-mail: ju@kemi.dtu.dk; tb@nano.ku.dk

In this communication, we report, for the first time, the appli-
cation of an ionic liquid, 1-butyl-3-methylimidazoliumhexafluoro-
phosphate (BMI), as an electrochemical gate medium for tunneling
spectroscopy at the single-molecule scale. In a proof-of-principle
experiment, we use the Os(l1)/Os(lll) redox transition of a hetero-
leptic redox-active Os bisterpyridine complex (Ossac) to achieve
tunneling current modulation at room temperatini®One terpy-
ridine ligand is functionalized with a 6-acetylthiohexyloxy linker
to achieve efficient binding to Au(111) electrode surfaces. The sur-
face redox potential of Ossac is determined by monolayer cyclic
voltammetry (CV) (Figure 1). The black CV was measured in aque-
ous 0.1 M HCIQ. The surface redox potential was determined to
be E%,+ = +0.68 V versus saturated calomel electrode (SCE), in
good agreement with solution redox potentials of closely related L —
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The small peak separation even at low scan rates is due to ion substrate potential vs E:" [\

iring with CIQ,~, which al xplains the slight k mmetry.

'FI)'ﬁe re?d CcVv r?a?b;een r?"leZssuc;eed ipnaBl\jI. Tehz gv g;ﬁagz};e briager Figure 1. CV data of Ossac on Au(111) in aqueous 0.1 M H{Black)
; i . - 'and BMI (red); scan rate= 0.1 V/s.

with a larger peak separation which remains constant at low scan

rates. The average peak potential serves as a common reference in

Figure 1.

Irrespective of thermodynamic details of the electron transfer
(ET) process, the key point is that the redox level can be used for
tunneling current modulation, also in an ionic liquid. To probe this
effect, we employed an electrochemical Scanning Tunneling
Microscope (STM). In contrast to STM in air or vacuum, tip and
substrate potentials are controlled independently with respect to a
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common reference electrode. This offers two spectroscopic tools: 051
I((Vbia9 Spectroscopy at constant substrate poteriiednd I(Es) 0.0 2
spectroscopy at constant tip/substrate Mas (Vyias= E; — E).10 T 08 -06 -04 02 00 02 04 06 - i

The latter is exemplified in Figure 2Vhi,s = +0.7 V (cf. substrate potential [V] vs E* substrate
Methods). The tunneling current increases from the initial value Figure 2. Left: Tunneling current enhancementlitEs)ias SpeCtroscopy;
lse? = 0.05 nA atEs; = —0.85 V versus the anodic peak position  Vbias= 10.7 V; sweep duratior 8 s;lsef = 0.05 nA (8 curves averaged);
in CV, E,a, to 2.3 nA, corresponding to an on/off ratio 6/50. constant tunneling distance; forward (anodic) potential sweep; red line,

The enhancement factor depends on the number of molecules thapauss'an' Right: Tunneling configuration (schematic).

contribute to the tunneling process. Due to the strong distance de-
pendence of the tunneling current, this number is smalh-10.
The enhancement also depends on the charge transport mechanis
We have previously shown that electron hopping is likely to dom-
inate at smallVpias (KT < €\Whias < reorganization free energp).4

The feature in Figure 2 resembles transistor function, but the
independent control of tip and substrate potential can be used to
induce rectifying behavior, as weft.For example, if the substrate
potentialEs is set to a potential “left” of the peak in Figure Bs g,
and the tip potentiak; swept symmetrically arounHs a strong
current increase is expected f.s > 0 V (Figure 3). Only in this
bias direction the redox level(s) associated Wi, will enter

the Fermi window between tip and substrate and induce a strong
rﬁunneling current increase. The prominent role of these levels
emerges by considering the density of states (DOS) distribution of
oxidized and reduced states on the surfdg,and D,eq, and the
individual ET rate constantk; and k;, (e.g., substrate/molecule,
molecule/tip). The productBox x Dreg andk; x k, and thus the
tunneling currenty(Dox,Dreq,k1,kz) are maximum a&yy.

In Figure 3, the bias sweep begins in positive directioWat
=—0.7V (Es= —0.3 VVSE(CV), Isc? = 1.5 nA). As expected,
I first decreases with decreasing absolute biasMsge> 0V, I;
increases quite rapidly whef exceeds the potential of the anodic

: — peak E&" (in CV). Under the conditions used, this refers to the

Iaﬁf\t‘e"r‘;%', gf”'(‘:’g[osétr{hgggﬁnmark- equilibrium peak position after ion pairing. This becomes obvious
S Risg National Laboratory. in the reverse sweep direction (s = +0.7 — —0.7 V) when
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Figure 3. Tunneling current/bias spectroscopy of Ossac at con&aint
BMI; Esi= —0.3 V; Ei = —1.0 V (Vhias,j= —0.7 V); forward and reverse
sweep indicated; all potentials versgs(CV), the average peak position
in CV (cf. Figure 2). Positions of anodic and cathodic CV signals on this
scale are specified. Inset: Enlarged representatidnddta forVpjas < 0

V.

E; drops below the potential of the cathodic signal in the CV. lon
pairing also explains the apparent hysteresis in Figure 3.

Most importantly, the tip/substrate distance has not changed
significantly during the measurement, as the tunneling current at
Voias = —0.7 V is the same before and after the sweep. The
rectification ratio RR generally depends on the potential difference
betweenEs; and E® (or E2"ca). In the present case, RR is large,
~60 for Vpias = £0.7 V.

The bias range used is already somewhat larger than the acces-

sible potential range in aqueous electrolyted{1.2 V), which is
limited by hydrogen and oxygen evolution at low and high poten-
tials, respectively. This highlights a particular advantage of ionic
liquids as electrolyte, as their intrinsic stability range can be as
large as 6 \A? In the present case, however, the electrochemical
window is limited by the Auf/thiol linker (thiol oxidation/reductive
desorption). lonic liquids further offer high intrinsic (ionic) con-
ductivity, thus minimizing resistance, and extremely low vapor pres-
surel213 Single-molecule conductivity studies exploiting the in-
creased temperature range, which is essentially limited by melting
point and thermal decomposition (about 289 K and 473 K for
BMI), 4 would yield important information on details of the charge
transfer proces®.

Their application in single-molecule conductivity studies opens

new perspectives toward both fundamental research and application

molecular electronic circuitry could be based on a single gate
electrode for a whole chip as long as the gate medium is in physical
contact with the individual electrodes.

Methods. Ii(Es) spectroscopy was performed by bringing the
STM tip (Pt/Ir, 80:20) into tunneling range over a monolayer of
Ossac on Au(111) to a predefined setpoint curdggh at given
Vhias The initial substrate potentiés; was set far from the redox
potential of the complex, the feedback then switched off, and the
substrate potential cycled once in a given potential window at
constantVyias and tip/substrate distanck(Vhiad Spectroscopy was
performed by keeping the substrate poterfiatonstant and only
sweeping the tip potentid; in a predefined potential range. All
STM experiments were performed under argon protection and at
room temperature (295 K).
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