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1,3-Dialkylimidazolium salts, known as one of the ionic liquids, are very attractive molecules because
their physicochemical properties can easily be tuned by the variation of the alkyl appendages of the
imidazolium cations and counteranions. In this paper we report that the self-assembled monolayers (SAMs)
terminating in 1,3-dialkylimidazolium salts with various counteranions [except Fe(CN)s*~] on a gold
substrate exhibited a selective electron-transfer toward redox-probe molecules: the electron transfer occurred
in the presence of Fe(CN)g3~ (anionic redox-probe molecule) but did not occur in the presence of Ru(NH3)g3 "
(cationic redox-probe molecule). The SAM having Fe(CN)s?~ as an anion showed the electron-transfer
toward Ru(NHj3)e3t, and the Ru3*2* redox-switchable SAM was generated by reversible anion exchange

between Fe(CN)g3~ and SCN~ (or OCN™).

Electron transfer through nanometer-thick organic films
is of fundamental importance to the development of
nanometer-scale electronic materials.! = Knowledge of how
chemical compositions and chemical structures affect the
electron transfer between a solid substrate and a redox-
active molecule is central in the study of molecular-level
electron transfer. In particular, the concept of switching
of molecular properties, “molecular switch”, is of relevance
to the design and development of new electronic nano-
devices.58 Self-assembled monolayers (SAMs) are com-
monly employed to study the influence of molecular-level
modifications on the switching of molecular properties,®~14
and most of the modifications are based on either photo-
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induced or electro-induced processes and are often as-
sociated with changes in molecular structure, for example,
isomerization, proton transfer, or redox reactions.’®~20
Tonic liquids (ILs), especially 1,3-dialkylimidazolium
salts, would be very attractive molecules because their
physical and chemical properties can easily be tuned by
the variation of the alkyl appendages of the imidazolium
cations and counteranions and have received a great deal
of attention in many fields of chemistry, such as catalysis,
extraction, and organic synthesis.?'23 They are also
functional as electrolytes in electrochemical systems with
unprecedented electrochemical stability. Additionally, the
combination of ILs with polymers and low-molecular-
weight gelators can produce quasi-solid-state materials,
which have been employed as electrolytes for electro-
chemical devices and highly selective separation mem-
branes.?*~2° Because of the increase in the potential of ILs
as alternative materials in diverse electrochemical ap-
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Figure 1. CVs of (a) (i) bare gold and SAM I having (ii) X =
Br, (iii) X = PFg, and (iv) X = NTf; with Ru(NHj3)Cls; (b) (i) bare
gold and SAM I having (ii) X = Br, (iii) X = PFs, and (iv) X =
NTf,; with KsFe(CN)g; (¢) SAM I (X = Br) with Ru(NHj3)Cls (i)
before and (ii) after pretreatment with KsFe(CN)g. The active
area of the gold electrode was 0.283 cm?. The potential scan
rate was 50 mV/s.

plications such as rechargeable batteries and molecular
electronic devices,?* 33 studies on the electrical properties
of individual molecules and molecular assemblies of ILs
are of great importance. In this paper, we incorporated
the core moiety of the ILs, imidazolium cation, into SAMs
on a gold surface and achieved the anion-directed switch
of electron transfer.?4

To study the effect of the anion on electron transfer in
the SAMs of imidazolium salts, the conductivity of SAM
I, formed with 1-(12-mercaptododecyl)-3-methylimidazo-
lium salts (X = Br, PFs, and NTf;)342 on a gold electrode,
was investigated using Ru(NHj;)sCl; and K3Fe(CN)g as
cationic and anionic redox probe molecules, respectively.
Our previous study showed that the imidazolium ion-
terminated thiol compounds formed well-ordered, close-
packed SAMs on gold.?*2 We observed that SAM I showed
the selectivity toward redox probe molecules. The cyclic
voltammogram (CV), obtained from SAM I (X = Br) in an
aqueous solution of Ru(NHj3)6Cl; (100 uM), showed that
the conductivity (ii in Figure 1a) was attenuated signifi-
cantly compared with that for the bare gold surface (i in
Figure 1a) at an applied potential in the range from —0.75
to —0.25 Vversus MSE (mercury sulfate electrode), which
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suggests the formation of ordered insulating monolayers.
In contrast, in the presence of KsFe(CN)g (100 uM) the CV
of SAM I (X = Br) showed redox peaks of hexacyanoferrate-
(ITIT) with slightly attenuated conductivity (ii in Figure
1b) compared with the bare gold surface (i in Figure 1b).
Similar CV behaviors were observed with the SAMs of
imidazolium salts bearing different counteranions such
as PFg (iii in Figure 1,b) and NTf;~ (iv in Figure 1a,b).
These results imply that SAM I has the selectivity toward
redox probe molecules and hydrophobicity of the surfaces
is not a key factor in the electron transfer.?> When the
electroactive probe molecule in the bulk solution was
Fe(CN)¢*~, we always observed a sufficient electron
transfer, no matter what the nature of the counteranion
was. We believe that the observed electron transfer was
caused by much stronger attraction between the imida-
zolium cation and Fe(CN)s®~ compared with the cases of
other anions. The strong attraction was proved by the
experimental fact that the surface-immobilized Fe(CN)g3~
could not easily be exchanged with other anions. Of
interest, when we pretreated SAM I (X = Br) with an
aqueous solution of KsFe(CN)g (10 mM, 10 min), the
blocked electron transfer between Ru(NH3)¢*" and the gold
surface that was previously blocked was now switched
on. Figure 1c shows the CVs of the substrates containing
Ru(NHj;)6Cl; (i) before and (ii) after the treatment with
Ks3Fe(CN)g. Although we have not yet determined the mode
of the electron-transfer process of the SAM pretreated
with Fe(CN)g~, the result suggests that the deposited
Fe(CN)g®~ promoted tunneling of electrons between the
gold surface and Ru(NHj3)¢?t. Cooper and McGimpsey also
recently reported the similar results on photoelectro-
chemistry where Cu(I) ion promoted the electron transfer
of SAMs terminating in pyridin-2,6-dicarboxylic acid for
Ks;Fe(CN)g solution.19:20

The X-ray photoelectron spectroscopy (XPS) spectra of
the SAM I (X = Br) after CV experiments with KsFe(CN)g
showed that some of the bromide anions (3dss, 69 eV;
3ds/e, 68 eV; compare i and ii in Figure 2b) of SAM I were
exchanged with Fe(CN)g?~ (Fe 2p15, 721 €V; Fe 2psj, 708
eV; compare i and ii in Figure 2a). The anion exchange
was further confirmed by the independent treatment of
the SAM I (X = Br) with aqueous KsFe(CN)g solution: the
Br anion was completely exchanged with Fe(CN)g®~
(compareiandiiiin Figure 2a—c). The Br anion, however,
remained as a counteranion after the CV experiments
with Ru(NHj3)sCls. These results clearly indicate that the
SAMs containing imidazolium salts at the terminal residue
acted as insulating layers for the positively charged redox
molecule, Ru(NHj3)¢*", whereas the negatively charged
redox probe molecule, Fe(CN)s?~, was adsorbed onto the
surface via anion exchange and then the resulting
monolayer became electrically active.

We reasoned that anions capable of reversibly exchang-
ing Fe(CN)g?~ would result in the formation of insulating
layers on the surface against Ru(NHj3)s*", and the forma-
tion of the anion-directed Ru?"2* redox-switchable surface
could be achieved. After screening various counteranions,
we found that the Fe(CN)g?~ was reversibly exchanged
with OCN~ and SCN-, resulting in the formation of
insulating layers on the surface against Ru(NHj)¢?t. For
example, SAM I (X = Br) was exposed to an aqueous
solution of KSCN (0.2 M, 10 min), yielding the anion-
exchanged SAM II. The CV of SAM II with Ru(NH3)g?"

(35) Recently Gorman et al. reported that the rate and extent of
electron hopping within the films composed of a redox-active dendrimer
were increased with increasing the hydrophobicity of the counterion.
See: Chasse, T. L.; Smith, J. C.; Carroll, R. L.; Gorman, C. B. Langmuir
2004, 20, 3501.
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Figure 2. Narrow-scan XPS spectra of the (a) Fe 2p, (b) N 1s, and (c¢) Br 3d regions acquired from SAM I (X = Br). (i) Before the
CV experiment with KsFe(CN)g; (i1) after the CV experiment with KsFe(CN)g; (iii) after the pretreatment with KsFe(CN).
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Figure 3. CVs of (a) (i) SAM II (X = SCN) and (ii) SAM III
with Ru(NH;)sCls; (¢) i) SAM IT' (X = OCN) and SAM III. The
solutions contained 10 mM of KBr. The potential scan rate was
50 mV/s. Ru?*?* redox switching of (b) SAM II and SAM III,
(d) SAM IT' and SAM III with 100 #«M Ru(NHj3)6Cls. The Y axis
is the reduction current at —570 mV.
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showed the significantly attenuated conductivity (i in
Figure 3a). When SAM II was exposed to an aqueous
solution of K3Fe(CN)g, resulting in SAM III, the CV of
SAM IIT with Ru(NHj3)e*t (ii in Figure 3a) was nearly
identical to that of ii in Figure lc. Re-exposure to an
aqueous solution of KSCN resulted in the formation of
insulating monolayers. The suitability of SAMs IT and III
as reversible molecular switches was tested by the
alternating exposure of the substrates to aqueous solutions
of KSCN and K3Fe(CN)g. As aresult, the five times Ru? ™2+
redox cycles were achieved (Figure 3b). The reversible
switching of electron transfer was also achieved when
KOCN (SAM II' in Figure 3) was used instead of KSCN
(Figure 3c,d). In the XPS analysis, we confirmed that the
Fe(CN)g®~ of SAM III (i in Figure 4a,b) was exchanged
with the OCN~ (ii in Figure 4a,b) and SCN~ (iii in Figure
4a,b). These findings provide clear and direct evidence
that a reversible electron transfer of the imidazolium ion-
terminated SAMs on gold occurred via the anion exchange
of the imidazolium salt.

In conclusion, we showed the anion-directed Ru?*2*
redox-switchable SAM surfaces coated with imidazolium
salts on a gold electrode. The SAMs on gold are highly
ordered and well-defined structures, and, therefore, the
SAMs have advantages over polymeric thin films in the
precise design of surfaces and the molecule-level control
of the physicochemical properties of surfaces. We believe
that the anion effect on electron transfer demonstrated
herein could advantageously be incorporated into the
design of integrated molecular switch nanodevices.

Materials and Methods

The gold substrates were prepared by thermal evaporation of
5 nm of titanium and 100 nm of gold onto silicon wafers. Prior
touse, gold substrates were cleaned for 1 min in piranha solution
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Figure 4. Narrow-scan XPS spectra of the (a) Fe 2p and (b) N 1s regions. (i) SAM III formed by the treatment of SAM I (X = Br)
with KsFe(CN)g; (ii) after the treatment of SAM III with KOCN; (iii) after the treatment of SAM III with KSCN.
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(3:7 by volume of 30% Hs02 and HoSOy4, Caution: piranha solution
reacts violently with most organic materials and must be handled
with extreme care), rinsed with HoO and ethanol, and dried under
a stream of argon. SAM I (X = Br) was prepared by immersing
the gold substratesin a 1 mM solution of 1-(12-mercaptododecyl)-
3-methylimidazolium bromide in ethanol overnight, rinsing with
ethanol several times, and then drying under a stream of argon.
The SAM I having different counteranions (X = PFg and NTf,)
was prepared via direct anion exchange with the SAM I having
a Br anion. The SAM I (X = Br) having a bromide anion was
immersed in an aqueous solution of an aqueous 10 mM solution
of salts (NaPFg, LINTf,) for 6 h. The surfaces were rinsed with
water followed by ethanol and dried under an argon stream.
CVs were acquired using an Autolab potentiostat 10 (Eco-
chemie, Netherlands). The three-electrode electrochemical cell
consisted of a modified Au electrode, a Pt wire counter electrode,
and a Hg/Hg»SO4 (MSE, saturated K2SOy) reference electrode.
Experiments were carried out in aqueous solution containing 10
mM KBr as a supporting electrolyte. The solution was deoxy-
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genated with argon prior to use, and the active area of the
electrode is 0.283 cm?2. The XPS study was performed with a
VG-Scientific ESCALAB 250 spectrometer (U.K.) with a mono-
chromatized Al Ka X-ray source. Emitted photoelectrons were
detected by a multichannel detector at a take-off angle of 90
relative to the surface. During the measurements, the base
pressure was 1079—1071° Torr. Survey spectra were obtained at
a resolution of 1 eV from 3 scans, and high-resolution spectra
were acquired at a resolution of 0.05 eV from 5 to 20 scans.
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