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Abstract

This dissertation compiles interdisciplinary topics broadly in Raman spectroscopy, nanoparticle
synthesis, nanoparticle electrochemistry and ionic liquids. Chapter one describes the overview on
the two topics Monolayer protected gold and silver cluster synthesis and investigation of their
electrochemical and electrical studies and, secondly, physico-chemical and charge transport
studies of ionic liquids (ILs) ranging from conventional (redox-inactive) to redox-active ILs. At

the end of the chapter the scope of this thesis is described in a problem solving based approach.

Chapter two describes the principles and techniques which rationalize in the designed problems
and the experiments. In chapter three, the general procedures used in preparing the experiments
and the sample preparation for the voltammetric, electrochemical Raman, and Scanning
Tunneling Microscopy/ Spectroscopy (STM/STS) experiments are discussed.

In chapter four, results are presented in the form of the three publications and one chapter of first
results. In the first publication, we have studied Au(55 nm)@SiO2 nanoparticles (NPs) on two
low-index phases of gold and platinum single crystal electrodes in ClOs and SO4* ion-
containing electrolytes by both electrochemical methods and in-situ shell-isolated nanoparticle
enhanced Raman spectroscopy (SHINERS). The blocking of the electrode with surfactants
originating from the synthesis of as-prepared SHINERS NPs is shown and an efficient procedure
to overcome this problem is introduced, which provides a fundamental platform for the
application of SHINERS in surface electrochemistry and beyond. The method is based on a
hydrogen evolution treatment of the SHINERS-NP-modified single-crystal surfaces. The
reliability of our preparation strategy is demonstrated in electrochemical SHINERS experiments
on the potential-controlled adsorption and phase formation of pyridine on Au(hkl) and Pt(hkl).
High-quality Raman spectra on these well-defined and structurally carefully characterized single-
crystal surfaces were obtained. The analysis of the characteristic Al vibrational modes revealed
perfect agreement with the interpretation of single-crystal voltammetric and chronoamperometric
experiments. The study demonstrates that the SHINERS protocol developed in this work
qualifies this Raman method as a pioneering approach with unique opportunities for in situ

structure and reactivity studies at well-defined electrochemical solid/liquid interfaces.



In the second publication, a proof-of-concept study is presented by electrochemically controlled
scanning probe experiments performed on tailor-made Au particles of narrow dispersity. In
particular the charge transport characteristics through chemically synthesized hexane-1-thiol and
4-pyridylbenzene-1-thiol mixed monolayer protected Auias clusters (MPCs) by differential pulse
voltammetry (DPV) and electrochemical scanning tunneling spectroscopy (EC-STS) are
reported. The pyridyl groups exposed by the Au-MPCs enable their immobilization on Pt(111)
substrates. By varying the humidity during their deposition, samples coated by stacks of compact
monolayers of Au-MPCs or decorated with individual, laterally separated Au-MPCs are
obtained. DPV experiments with stacked monolayers of Auis-MPCs and EC-STS experiments
with laterally separated individual Aui44-MPCs are performed both in aqueous and ionic liquid
electrolytes. Lower capacitance values were observed for individual clusters compared to
ensemble clusters. This trend remains the same irrespective of the composition of the electrolyte
surrounding to the Auis-MPC. The resolution of the energy level spacing of single clusters
however, is strongly affected by the proximity of neighboring particles.

In the third publication, a redox-active ionic liquid (IL), 1-butyl-1’-heptyl-4,4’-bipyridinium
bis(trifluoromethanesulfonyl) imide has been synthesized and its transport processes were
investigated. The conductivity and viscosity of the IL, as well as the diffusion coefficients of its
components were studied over a 50 °C wide temperature range: for the diffusivity studies, both
the pulsed-gradient spin-echo (PGSE)-NMR technique and voltammetric measurements have
been applied. The measured data are presented in the paper and are compared to each other. It
was found that the diffusion coefficients determined by means of NMR and chronoamperometry
measurements are, within the range of experimental error, equal — and they are (in accordance
with other ionic liquid studies) higher than what the conductivity or viscosity measurements
indicate. The results are interpreted in the light of the existing theories. The measured diffusion
coefficients and bulk conductivities can be well interrelated based on the “ionicity” concept (that
is, by treating the ionic liquid as a weak electrolyte). In agreement with the empirical Walden
rule, a direct comparison between the measured conductivities and viscosities is also possible,
for which a hole conduction model is utilized. Based on the fact that both the electrochemical
and the NMR measurements yield practically the same diffusion coefficients in the system, there
is no evidence that interpretations based in other redox-active IL systems on “homogeneous

electron transfer” apply to the system studied here.



In chapter 4.4, first results are presented on stabilization of monolayer protected silver clusters
(“AgoMSA7”, MSA= Mercpatosuccinic acid) and their electrochemical and -electrospray
ionisation mass spectrometry (ESI-MS) investigations. Here, it has been shown that an enhanced
stability of “AgoMSA7” MPCs can be achieved by submitting them to phase transfer into an
organic solvent in the presence of sterically bulky counterions. The resulting phase transferred
clusters, “AgoMSA7(TOA)x” show a very high stability in ambient conditions that has enabled
for the first time to perform voltammetric investigations. Size exclusion chromatography reveals
also a minor yield of clusters with a smaller size during the synthesis of “AgoMSA7” clusters.
The electrochemical studies of the “AgoMSA7(TOA™),” (1.63 nm) clusters show an
electrochemical gap of 1.19 V with a HOMO-LUMO gap of 0.87 eV. However, as an important
result, the combination of the MS investigations with the electrochemically determined HOMO-
LUMO gap strongly suggest that the real cluster sizes are larger than the empirically used
formula “AgoMSA7(TOAY)”.

In chapter five, the findings are summarized and an outlook is given of the investigated problems

in the view of broader range.
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1. Introduction

1.1. Monolayer protected gold and silver clusters

1.1.1. Synthesis

Metal clusters comprising up to several hundreds of atoms protected by organic
molecules such as aliphatic and aromatic thiols, acetylene, phosphines, amines, are called
monolayer protected metal clusters (MPCs). These MPCs are bridges between molecules and
larger nanoparticles, Figure 11, The synthesis and fundamental studies on nobel metal MPCs
have been the subject of intense research over the past decadel*®!. Whereas especially gold
MPCs have been synthesized with high atomistic precision, and their electrochermical properties
have been investigated, very little is still known about the synthesis and the electrochemical

propertiesof analogous silver MPCs.

Gold MPCs were first synthesized by Brust et.all”l, using a two phase liquid-liquid
system. These colloidal particles show very high stability with time. Then further synthesis
methods of MPCs were explored by several groups using different kinds of ligands and metals
over the past two decades!® . Afterwards, as a challenging task, the synthesis was more focused

on preparing uniformly sized MPCs and to find out their exact molecular compositions.
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Figure 1: Metal nanoclusters as bridges between organometallic complexes and nanocrystals. From™.



Several analytical techniques were applied to reveal the precise molecular formulas of such
MPCs and to understand their structure, size and composition. For example, mass spectrometry!®
has been widely used to investigate the composition of the cluster entities. The first
crystallization of the compound Auio2(p-MBA)4*% has boosted the further synthesis and
understanding of the cluster properties and has then risen profound interest to the researchers by
applying crystallization to clusters such as Au102(p-MBA) 44120,
[N(CsH17)a][Auzs(SC2H4Ph)1s]™ . Ausg(SC2H4Ph)1s*2,  Ausg(SPh-tBu)2s™  and  Auzs(SPh-
tBu)2014. Ligand exchange reactions, involving an exchange of the monolayer ligands of the
MPCs with other ligands of interest have also been studied™®],

In comparison to the gold cluster synthesis, the synthesis of silver clusters is quite
challenging due to the surface oxidation of silver by atmospheric oxygen. However, the synthesis
of arenethiolate protected silver clusters (soluble in organic solvents) Agis2(PET)eo!*!
(PET=Phenylethanethiol), Agso(SBB)120'1 (SBB=4-(tert-butyl)benzyl mercaptan), has been
reported recently and their composition was successfully investigated with electrospray
ionization mass-spectrometry (ESI-MS). But in most cases the silver clusters need to be water
soluble to be used in biological applications. Therefore, research focused on the preparation of
stable water soluble Ag clusters with precisely defined composition has a large impact. In
contrast to silver clusters stabilized with aromatic thiols that are soluble in organic solvents,
water soluble silver clusters are very difficult to synthesize due to their easy oxidation in
presence of water and oxygen. Nevertheless, several groups made efforts in this direction to find
out the causes affecting the stability and to stabilize such clusters.[*® 1 Udaya et al, reported the
synthesis of water soluble Ag clusters such as Agrs(H:MSA)7s%Y,  Age(H:MSA)7,2Y
Ags2(GSH)191?> 21 by interfacial etching and solid state methods. Farrag et al, reported that
Agx(NALC),?4 (NALC=N-acetyl-L-cysteine) and Agx(L-GSH)y,[?" (L-GSH="L-glutathione)
clusters were synthesized. Magic compositions of Agx(GSH)y clusters were separated by using
polyacrylamide gel electrophoresis (PAGE) by the Bigioni group!*®l. Also the synthesis of
Agaa(p-NMBA)30*% Agas(capt)1s?®!, Agz(DMSA)42! and Agsa(GSH)242% 271 clusters has been

reported.

A breakthrough was achieved recently by solving the crystal structure of the Ag44(SR)30

clusters independently by the groups of Bigionil?®l and of Zheng®l. Interestingly, the interfacial



structure observed on the thiol to the silver surface is drastically different than the well-known
RS(AuU-SR-)x,(x =1, 2) oligomeric unit found in thiolated Au MPCs and self-

Surface motif structures

[Au,(SR),,] [Ag.(SR),]"

b \( ne— \ d AN
L v
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Figure 2. The surface Au-SR coordination structure (a) and the surface protected layer structure (b) of
[Auzs(SR)1s]". The surface Ag-SR coordination structure (c) and the surface protected layer structure (d)
of [Ags(SR)30]*. Color legend: orange spheres Au; green spheres Ag; yellow spheres S. All carbon
atoms are omitted for clarity. From®?!,

assembled monolayers on Au(111)B%, In thiolate capped Au MPCs, Au(l) cations are linearly
coordinated to two thiolate ligands that are also bound to two core Au atoms, Figure 2.
However, in case of the surface layer of the [M12Ag32(SR)30]* (M=Au/Ag), the cluster consists
of six three-dimensional Ag2(SR)s units in which Ag cations bind to three thiolate ligands in a
planar Ag(SR)s configuration. The five thiolate ligands in each surface Ag2(SR)s motif are
classified into two groups?l. Although the four thiolates directly bonded to the Ag atoms on the
M12@Ag20 core are threefold coordinated, the one thiolate joining the outmost Ag(l) cations is

twofold coordinated.[?8 2]
1.1.2. Electrical properties of MPCs

Metal Nanoparticles (NPs) have been well investigated and used in biosensing and light
scattering. In general, the larger NPs exhibit surface plasmonic resonance (SPR), i.e. oscillation

of the surface (conductive) electrons induced by light. For example, this can be visualized as



characteristic surface plasmon peak in the absorption spectrum at ~ 400, 520 and 650 nm for Ag,
Au and Cu NPs respectively. However if the NP size decreases to the order of magnitude of
MPCs, the energy levels break down from continuous to discrete states due to the quantum size
effect. This means that surface plasmonic peaks are observed only with nanoparticles and not
with nanoclusters. Therefore, by looking at the absorption spectra it is possible to differentiate
smaller nanoclusters of the size of MPCs from bigger NPs. From Figure 3, it can be clearly seen
that SPR is observed for Auzaee, but the lack of SPR for Auzs, Auss, and Auisg confirms that these
samples are nanoclusters.4
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Figure 3. Optical absorption for Auzs, Auss, Aui40, AU140 and Auzsos and the Mie theory calculation using
parameters similar to Augs, FromEY,

The further miniaturization of the current microelectronics and the physical size limits
imposed in integrated circuits requires new concepts and technologies. For this, molecules,
metal complexes, and hybrid inorganic metal clusters (such as MPCs) can be used as new
building block units for molecular electronics. Charging effects arising from metallic clusters can
be used as promising concepts in developing single electron transistors, sensors, data storagel*?!
and switching devices.®® *# The electrical properties of nanoparticles have been addressed by
using three methods namely electrochemical methods, nanometer spaced electrodes (hanogaps)
and scanning tunneling microcopy and spectroscopy. 3 3%

The observation of single electron (quantized) charging is possible for noble metal MPCs
in classical electrochemical experiments at room temperature. The particles that are either

dissolved in the electrolyte solution or are immobilized on an electrode surface act as a tiny



capacitor accepting and donating the electrons from/to the electrode surface. First such
observations were made by the group of Murray®®® 371 who reports that the quantized charging
current peaks in voltammtery are due to the electrochemical double layer charging of the metal-
electrolyte interface. Furthermore it is reported that the quantized charging peaks of gold MPCs
break down into a molecular redox-like behavior when the core size reduces from 28 to 8 kDa. In
addition to this, they have used a simple concentric sphere capacitor model to calculate the
capacitance values of MPCs at each charge state. Based on this, the experimentally measured
dependence of the cluster capacitance on the chain length of the monolayer agrees with the
theoretical model®. As the cluster capacitance varies with the core size and is related with peak
spacing, monodispersity in size is a critical aspect in observing the quantized charging
phenomena. If the sample is polydisperse, the charging peaks of different sizes present will
overlap.B® 491 As each cluster has its own characteristic charging patterns, voltammetric methods
give a direct measure of size and dispersity. Besides these results, also the electrochemical
behavior of Augs, Auas, Auias Clusters have been studied.[*!42]

Similar to synthetic studies of silver clusters, their electrochemical properties have also
only been investigated to a limited extent. Branham et al,[’ reported the first electrochemical
studies of silver clusters, Ag120BBTss (BBT=4-tert-butylbenzyl mercaptan). It has been shown
that the charging of these silver MPCs also behaves similarly to gold MPCs. However in some
silver MPCs, oxide layer formation occurs on the MPC surface during its synthesis with the
consequence of absence of electrochemical charging features on these MPC surfaces“®l. The
same phenomena have been observed by several other groups*4,

As we discussed the available methods to address the electrical properties of the MPCs,
each of the methods has its own advantages and disadvantageous. For example electrochemical
methods cannot provide device information upto the single particle level, but they can be used to
make an ambient large scale stable device!®. Nanogap setups are relatively good methods in
terms of the device fabrication for larger size NPs (5-20 nm), but not for a size less of than 2
nm.3 Nanogaps have also the drawback in making a contact in a reproducible way difficult, and
the control of nanoparticles in such gap is a difficult task. Nevertheless reserachers use
mechanical breaking and also electromigration techniques to prepare such nanogaps.* Klein et
al*®l succeeded to make a single NP nanogap of a few nanoameters. Even though

electrochemical scanning tunneling microscopy and spectroscopy (EC-STM/STS) configurations



have a limitation for nanoparticle device fabrication, they are quite useful to understand the
working principle of the device upto the level of single NPs. The electrical properties of NPs are
sensitive to both the chemical nature of the ligand shell and the geometry of the contacts.]

Some of the examples concerning the sensitivity for the ligand shell are discussed below.
Recently, Xu et all*’l have investigated the change in the STM/STS tunneling characteristics of
hexanethiolate protected Au NPs (3.2-6.3 and 11.8 nm) upon the exposure of the NP/SAM/Au
structure to organic vapors. It has been shown that for particles with a size of ~6 nm an
enlargement of the Coulomb gap is observed in the I-V curves by increasing the vapor
concentration and decreasing the vapor polarity. Gittins et al,*® have studied the STM/STS
characteristics of an Au NP (6 nm) containing a viologen redox molecule in the ligand shell. It
has shown that by reducing and oxidizing the viologen molecule the transparency of the
insulating barrier could be modified. Brousseau et al*® reported a pH dependence of the I-V
characteristics of an Au NP coated with galvinol and octanethiol. The changes were observed in
the single electron tunneling (SET) staircase upon inducing charges on the galvinol by changing
the pH of the surrounding solution. Albrecht et al®® described that dielectric saturation effects
alter the SET characterizes of Auiss nanoclusters coated with mixed ligands of hexanethiol and
4-mercaptopyridine.

The results obtained from all the above mentioned methods give an essential information
in many applications to understand the fundamental aspects of more complicated processes in the

fields of solar cells,®!I catalysis, biology™?], sensing* and electronicst®.

1.2. Physico-chemical and charge transport studies of lonic
Liquids
1.2.1 Conventional redox-inactive ILs

Research on lonic liquids (ILs) takes great attention in chemistry and the chemical
industry due to their interesting properties in comparison with conventional organic solvents for
chemical reactions, calatalyic processes, separation and purification procedurest-l. This can be
recognized from the growth of the the annual number of publications(®® in this field. ILs can be

defined as salts with melting points near room temperature composed of cations and anionst!



and can therefore also be used as electrolytes in power sources and electrochemical devices®Y,
The growing interest for ILs for many applications is due to their unusual properties, in particular
1) a highly concentrated ionic atmosphere, 2) a low vapour pressure and flammability, 3) a wide
liquid temperature range in conjunction with thermal stability, 4) fast ion transport, 5) a wide
potential range for electrochemical applications, 5) structure-forming properties on the nanoscale
and 6) significant flexibility in material design due to the availability of wide varieties of cations
and anions!. Significant progress has been made to understand the synthesis and properties of
ILs. Several reviews were published on the electrochemical reactivity®?, the thermal
stability™, and the use as solvents for the sysnthesis and catalysis[®4l.

The ionic liquids are designed according to the need of the practical applications.
However the understanding of the properties and synthesis of the ILs are complementary.
Physicochemical properties and charge transport studies are a major subject investigated by
many research groups* 668 To understand the chemical reactivity and the physicochemical
properties of conventional molecular solvents, empirical solvent polarity scales have been
proposed.®®l. Similar to molecular solvents, the dielectric constantl’® and the solubility
parameterst’* have been considered to explain the ionic structure of the ILs. However, ILs are
more complex than conventional molecular solvents, because both cations and anions have their
own ion characteristics in addition to Coulomb, Van-der-Waals, hydrogen bonding and n-n
interactions!*. Even though ideal ILs are considered to consist of non-associated ions, in reality
they can form to some extent aggregates or clusters. Such IL association has experimentally been
observed[’? 731, Therefore it is also important to correlate the ionicity concept with the ionic

structure of the ILs.
1.2.2 Redox-active ILs

Similar to conventional (redox-inactive) ILs, redox ILs have been synthesized. Redox ILs
are room-temperature molten salts where an electro active (redox) component is either directly
attached to the cation or anion by means of an alkyl chain bridge, or where the cation or anion
itself has an intrinsic electro-active nature. Examples are shown in Figure 3. Redox ILs are very
good model systems to study both physicochemical and charge transport properties in absence of

any other electrolyte solvents. However, up to now studies of the redox ILs are rather limited.



It has been well known that charge transfer can occur by charge hopping between
adjacent redox sites in redox-active polymeric films.["41 The group of Murray has suggested in
several studies a similar hypothesis for some redox-active ILs>"71 based on charge electron
transfer between adjacent redox groups to explain apparent differences between the self-
diffusion coefficients of the ionic IL entities and an electrochemically determined “apparent”
diffusion coefficient. However, direct experimental evidence for this proposed hypothesis has
not been provided in this work. This questions therefore remains an interesting topic for further

investigation that is also the subject of part of the present thesis.
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Figure 4. Some of the studied redox ionic-liquids systems. From[’"

In addition to all of the above mentioned aspects, redox ILs are also used as electrolytes in the
Graetzel type dye sensitized solar celll”® 71, It is therefore essential to understand the charge and

mass transport of the redox ILs.



1.3. Scope of this thesis

This thesis work is an interdisciplinary work focused on 1. Protocols for efficient usage of SiO>
shell isolated Au NPs (Au@SiO.) in electrochemical Raman experiments 2. addressing the
quantized charging properties of single Auia4 mixed MPCs, 3. Charge and mass transport studies
of a viologen based ionic liquid, and 4. The enhancement of the stability and first
electrochemical and ESI-MS studies of mercaptosuccinic acid protected Ag clusters
“(AgsMSA7)”.

Shell Isolated Nanoparticle Enhanced Raman Spectroscopy (SHINERS)E is an effective
technique to study the electrochemical solid-liquid interface from polycrystalline to single crystal
electrode surfaces. However, additional current and spectroscopic features appear in
voltammetric and Raman experiments, and therefore cause disturbances in the data interpretation
and assignment. Here, we introduce an efficient procedure to overcome this problem, which
provides a fundamental platform for the application of SHINERS in surface electrochemistry and

beyond. The solution of this problem is presented in publication 4.1.

Voltammetric methods were used to map the energy level information (charging studies) of
MPCs. However, these techniques are limited for studies of en ensemble of particles. For the first
time Albrecht et al®™ investigated the quantized charging properties for an array of Aui mixed
MPCs. However, they could not achieve to control the particle assembly onto the level of a
submonolayer or single particles, and therefore the investigation of the quantized charging of
single Auiss mixed MPCs was still an open question. A successful approach to this topic is

presented in publication 4.2.

The group of Murray et al.l’s 81 has investigated the mass and charge transport properties of
some redox-active ILs with electrochemical methods and conductivity investigations and have
proposed an electron hopping process between adjacent redox centers involving also the
counterions to explain apparent deviations of the electrochemically determined diffusion
coefficients from the self diffusion coefficients. However, there is not a sufficient evidence based
on fully conclusive experimental techniques to support this hypothesis. In this thesis, we have
chosen for the first time a combined investigation of the diffusion properties of a redox-active IL

by electrochemical techniques and by pulsed-gradient spin-echo (PGSE)-NMR and show that in



our redoy-active IL system there is no evidence for such electron hopping transfer. This

investigation is presented in publication 4.3.

In a recent publication, we have reported the synthesis of water soluble silver clusters, whose

composition has been assigned to the formula “Age(H2MSA)7;” (H:MSA = mercaptosuccinic

acid)® based on its fragmentation products. These clusters decompose slowly in water within

one day to silver(l) thiolate. In this thesis, we discuss the approaches to stabilize the clusters and

show first investigations of the cluster composition based on size separation, TEM,

electrochemical and mass spectrometric techniques. These first results are presented in Chapter

4.4.
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2. Principles and Techniques

2.1 Electrochemical properties of monolayer protected metal

clusters (MPCs)

If we compare the electrochemical properties of a metal with macroscopic dimensions with those
of the metal with nanometer scale dimensions, the electrochemical properties change drastically
due to size-dependent quantization effects. For example, the energy levels in the bulk metal
systems are continuous, and upon size reduction to the 10-100 nm range, surface plasmonic
resonance appears. If the size is further reduced below ca. 5 nm, surface plasmonic resonance
disappears, and the discrete nature of the energy levels appears. Electrochemical techniques are
therefore very suitable to investigate the size and the dispersity in size from macroscopic to sub-
nanometer range particles. For example, the electrochemical properties of thiol protected noble

metal clusters have been intensely investigated!™ 2. Depending on the size of the particles, the
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Figure 1. (a) Overview of the core size dependent voltammetric behavior of MPCs [Auzs(CeS)1s,
Auszg(CsS)24, Au144(CeS)s0, Au@citrate measured in our lab and (b) the corresponding simplified structures

from refst®51,
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voltammetry can be classified into three categories: Molecule-like voltammetry (size <1nm),
quantized double layer charging (size 2-3nm) and bulk continuum voltammetry (size >3nm)™],
An example for these different categories is shown in Figure 1 for the voltammograms of gold

MPCs ranging from sub-nanometer to 100 nm size.

In the two examples of Figure 1 showing the quantum effects (“Molecule” and “Capacitive
charging”), each peak corresponds to an addition or removal of an electron, and the peak spacing
AV is connected to the MPC capacitance Cmpc by the formula AV = e/Cypc . 7 For the
experimental observation of quantized charging, AV should be greater than 6kgT/e (~150 mV at
room temperature) to enable to resolve individual peakst?!. For metallic clusters (size 2-3 nm),
the charging is purely a capacitive phenomenon and the successive addition and the removal of
electrons is separated by the charging energy only. This capacitive charging arises from the
nanometer size core and sub-attofarad capacitance associated with the protected ligand
monolayer shell. The addition or removal of an electron to the MPCs (acting as a tiny capacitor)
alters the energy barrier of the MPCs. This associated energy barrier must be overcome before a
second electron is added or removed to/from the MPCE, and this additional energy barrier
results in the voltage separation between the adjacent charging events. These phenomena can be
anticipated as waves in linear sweep or cyclic voltammetry (CV) of dispersed clusters in solution
or of immobilized clusters on a metal electrode, and as peaks in differential pulse voltammetry
(DPV)E. However, the voltammetric features of clusters depend also on the size of the cluster.
As the size of the cluster decreases, the evolution of the HOMO-LUMO gap is noticed, similar to
the case of moleculest®. The first two added or removed electrons occupy the same energy level,
and the spacing between them is the capacitive charging. Therefore, for small clusters the
charging is a combination of capacitive and molecule-like behaviorl®l. The electrochemical

energy gaps and the HOMO-LUMO gaps of Au MPCs with different size are listed in Figure 2.
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Figure 2. Energy level gaps for different size Au MPCs. From™,

Cluster capacitance models:

The cluster capacitance determines the charging energy related with the peak separation AV.
Therefore it is important to determine factors that affect the cluster capacitance. An electrostatic
model for the clusters predicts how the capacitance value changes with the cluster core size and

the ligand shell property, as shown in Figure 3010,

| o

electrode

Figure 3. Schematics of hexane-1-thiol protected gold MPCs (a) and the single electron transfer process
in a freely diffusing MPC at the electrode/ electrolyte interface.

The first model used for calculating the cluster capacitance is a purely electrostatic, concentric

sphere capacitor model™!],

C = 4mep, e, (g) (r+d) Equation (1)



where C is the cluster capacitance, &, is the relative permitivitiy of the thiol monolayer (ligand
shell), gq is the permittivity of the free space. r is the radius of the cluster core and d is
thethickness of the monolayer shell. Even though the concentric sphere capacitor model predicts
the capacitance values and explains the experimentally observed increase of capacitance values
using shorter ligands and larger cores, it fails to explain the increase of capacitance values at
higher charge states, and the decrease of the capacitance value at a close to zero charge statel*® 2
131 The above model does not take into account of electrical double layer formation between the
charged particle and the ions of electrolyte. It also assumes the potential drop across the core and
bulk phase happens in the protective monolayer. Finally, it has also not been included the effect
of solvent on the capacitance values of the clusters.[*!]

Later, a concentric sphere model has been developed by Girault et al.,**1 who introduced the

solvent medium effect.

AV - ( d +i) Equation (2)

o 4meg(ro+d) \emro &

Where, e is the elementary charge of electron and &; is the dielectric constant of the solvent. This
model predicts solvent dependent capacitances and ignores the double layer formation. Later,
Quinn et al, ¥ introduced a more complex model, which takes into account the formation of
the electrical double layer around the MPCs and ion penetration into the monolayer to explain

the increase of the capacitance values at higher charge states.

2.2 Charge transport through individual nanoparticles in an
Electrochemical Scanning Tunneling Microscopy and Scanning

Tunneling Spectroscopy (EC-STM/STS) configuration

The charging phenomena seen in voltammetric experiments are described in analogy to classical
Coulomb stair-case experiments.*8! Whereas classical voltammetric experiments describe
electron transfer processes in an ensemble of particles, an electrochemical STM/STS
configuration enables to study the electrical transport properties up to a single particle level, as
shown schematically in Figure 4a. The charge transport in MPCs is mainly affected by three

energy factors, namely the energy level spacing AE, the coulomb repulsion energy E. and the



thermal energy ksT[?. In order to observe single electron charging phenomena at room
temperature experimentally, the following conditions must be fulfilled.

1. The two barrier resistance values (tip to MPC and MPC to substrate) should be higher than the
quantum resistance, h/e? =25.8 kQ.

2. The single electron charging energy Ec should be higher than the thermal energy ksT at room
temperature.

The above two conditions are fulfilled by the intrinsic nature of the MPC core size and structure
of the monolayer ligand shell. Therefore we can do the STM/STS studies for the single electron
transfer events through the MPCs.
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Figure 4. (a) Schematics of double tunneling barriers in the case of the electrochemical scanning
tunneling spectroscopy of assembled monolayer protected Au clusters. (b) Schematics of the energy level
alignment of the tip and substrate with an MPC showing the possible electron transport process.

The principle of the electrochemical STS experiments is based on the situation when the Fermi
levels of the tip and the substrate come into resonance with the Fermi level of the nanoparticle,
whereby the charge transport occurs through the tip-particle-substrate junction, as shown in
Figure 4b. The process can therefore be described as two consecutive molecular reduction and
re-oxidation sequencel*”,

The advantage of tunneling spectroscopy is that it enables both the injection/withdrawal of
electrons into/from the MPCs, as well as a simple shuttle transfer of the electrons through the
MPCs. In contrast to this, voltammetric techniques are limited to only injection/withdrawal of
electrons into/from MPCs. Therefore Electrochemical tunneling spectroscopy is a good tool to

understand the energy level information of the given cluster entity.



If the tunneling rate into the cluster (/" in) is faster than the tunneling out of the cluster (7™ ou),
then the electrons accumulate in the cluster. If, however, the tunneling rate into the cluster is
slower than the tunneling out of the cluster, the electrons just shuttle through the cluster. The first
case is called shell filling spectroscopy, whereas the second case is called shell tunneling
spectroscopy.?! Therefore, the charge transport through a single cluster can be tuned by adjusting
the distance between the STM tip and the cluster. In most of the STM configurations the
asymmetric nature of the junction has a significant effect on the charge transport through the
system. Experimentally the above discussed principles have been tested very well at cryogenic
temperatures in the case of semiconductor quantum dots*®-211 whereas only very limited studies

have been done on metal MPCs[*® 221,
2.3 Charge and mass transport studies in ionic liquids

Kaufman(?®! and Engler?* ! proposed that electrons provide conductivity of thick films of a
pyrrolizin electroactive polymer by hopping between the redox sites. They argued that the
process of electron transfer occurs only if the electroactive sites are enough mobile and the film
matrix is sufficiently porous to allow the penetration of ions by supporting electrolyte to
maintain electroneutrality.?® It has been then shown that this mechanism may also be valid for
charge propagation when ionic redox species are bound electrostatically within polyelectrolyte
films.[2731 These studies discussed the diffusion limited current in the context of the Dahm-
Ruffs relation® 331 who proposed the following relation for the experimentally®¥ found
diffusion coefficient of a redox couple in homogeneous solution (Daep) in terms of the second
order self-exchange rate constant for the redox couple, (kex) and the diffusion coefficient that

measured in the absence of the electron self-exchange (Denys), Figure 5.4

Redox site

*# . # o
+ D + s

D,ee = Dyyye + D (Dahms-Ruff equation)

electrode |

In dilute solutions: D,.,.>> D,
In highly concentrated IL: D, << D,

Figure 5. Schematics of charge transport in highly concentrated redox ILs. From!®



Dapp = Dpnys + Dg

2
From cubic lattice model, D = Xex®¢
Koy 8%C
“ Dapp = Dppys + = (1)

Where, kex is electron self-exchange rate constant, ¢ is the distance between the redox sites
where the electron transfer occurs, C is the total concentration of the redox species. 6 is the

number of direction electron can exchange.®!

Murray et al.®% 371 applied the above mentioned concept also in the discussion of charge
transport mechanism of redox ILs. However, there is no direct experimental evidence to-date to
support this hypothesis. In addition to charge transport studies involving also conductivity, mass
transport properties such as diffusion coefficients and viscosity are also important quantities for
the understanding of the structure-related properties of ILs. In this field, the consideration of
concepts such as ionicity, that may affect the modelling and interpretation of transport equations,
remains a challenging task. To gain a further insight in both the charge and mass transport

properties of ILs more detailed studies are still required.

In view of the possible future increased application of ILs as electrolyte systems for nanoscale
studies at the electrode/electrolyte interface, a redox IL has been chosen in this thesis for detailed
studies, allowing both the investigation of charge transfer and of mass transfer in the same

system.
2.4 Linear Sweep and Cyclic Voltammetry (CV)

Linear sweep and cyclic voltammetry are amongst the most important techniques employed by
electrochemists to investigate the mechanisms of electrochemical reactions. In the case of cyclic
voltammetry, the potential is swept linearly with constant sweep rate (v) first in one direction,
then reversed and scanned in the opposite direction at the same sweep rate (v) within a certain
potential range, as shown in Figure 6 (left side). A typical reversible current-voltage response

for the case of a soluble redox compound dissolved in the electrolyte has the form shown in



Figure 6 (right side). The current response when sweeping the potential to negative values is
called cathodic current (lpc), and the positive counterpart is called anodic current (lpa). The
corresponding peak potentials are named Epc and Epa, respectively. The height and width of the
peaks, the separation between the peak potentials Epc and Eps, and the correlation between peak
height and sweep rate strongly depend on the kinetics of the electrochemical process. The formal
potential of the redox system is given as Eo = (Epc + Epa)/2[%8 and can then be used to identify the

involved redox compounds.
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Figure 6. Cyclic voltammetry: Potential-time signal (left side) and typical current-voltage curve for a
redox system in solution (right side). From®®!

Ve valtage

Experiments are usually carried out in a solution containing a large excess of inert electrolyte in
order to increase the conductivity of the solution, to eliminate effects of migration of any charged
analyte and to compress the size of the double layer adjacent to the working electrode to the nm
range or below. For a diffusion-controlled, reversible electrochemical redox reaction the

voltammogram recorded has certain well defined characteristics.®!

i) The potential separation between the current peaks is AEp = Epc - Epa = 59/n mV; n = the
number of electrons.

ii) The ratio of the peak currents amounts to (Ipc /lpa) = 1 at different scan rates.
iii) The peak current I, is proportional to the square root of the sweep rate (v*/?) and to the bulk

concentration (Cb).

Conditions (ii) and (iii) are necessary but not sufficient criteria that a reaction is diffusion
controlled. Besides them, condition (i) has to be fulfilled to prove unambiguously the diffusion

controlled kinetics of the reaction.



In case of a surface-confined reversible redox reaction (adsorbed state), a linear relation between
the scan rate and the heights of the corresponding current peaks is observed.8!

2.5 Differential pulse voltammetry (DPV)

All electrochemical pulse modulation techniques have been developed to minimize the
contribution and overlap of charging and adsorption currents over faradaic currents involving an
electron transfer with the compound to be investigated. DPV is an example of such a pulse
modulated technique, where a potential pulse of constant amplitude and width is modulated on
top of a linear potential scan, as shown in Figure 7. The current is sampled just before and at the
end of the modulation pulse, recording the current difference as the result. The obtained
difference current — voltage curves resemble approximately the first derivative of a sampled

normal linear voltage scan, resulting in sharper peaks instead of waves.
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Figure 7. The potential-time program for differential pulse voltammetry. From!**!

Compared to the normal pulse technique, Faradaic signals can be discriminated better from
background signals related with double layer charging and adsorption, due to the larger 2"
derivative of the current/potential relation for faradaic processes. In this way, the sensitivity is
increased and the measured current represents almost exclusively a faradaic reaction involving a
direct electron exchange with the compound. To avoid distortion and broadening of the DPV

peaks, the modulation amplitude should preferably be used in the range of 5-100 mV.[“%



2.6 Electrochemical STM/STS

Scanning tunneling microscopy (STM) was invented in 1981 at the IBM Zurich Research
Laboratory by G. Binnig and H. Rohrer. This technique is widely used in the fields such as

surface and interfacial science, biochemistry and nano-electronics.

When an atomically sharp conductive tip is brought close to a conductive surface with a bias
voltage, electrons tunnel from one side to the other side. The tunneling current follows the

exponential dependence on the tunneling distance (gap width) as shown below.

it

i X Epigs -€XD (—T,/Zmecb.s)

Here, Enias represents the bias voltage, me is mass of the electron, h is the Plank constant, @ is
barrier height and s is gap width.

Later, the STM was extended to solid-liquid interfaces at electrochemical conditions
independently by the groups of Bard et al.[*’]l, Siegenthaler et al.*4l, Itaya et al.**l, and Behm et
al.l®l. All 4 groups employed the same concept, presented schematically in Figure 8, whereby
the potential of the working (substrate) electrode Es and of the tunneling tip Et are independently
controlled versus a reference electrode by means of a bipotentiostat. This allows to adjust the
potential of the tip to a value where only a vanishing faradaic current flows, whereas the
potential of the working electrode is set to a value where the electrochemical process to be
investigated occurs. The tunneling bias voltage is then given by Enias = ET — Es. The independent
control of the tip potential at an appropriately chosen value where faradaic reactions are absent is
the most important measure to prevent the superposition of the tunneling current by unwanted
faradaic currents at the tip, which can be a principal problem in electrolytic STM. An equally
important disturbance of the tunneling current can occur from capacitive current contributions at
the tip, as the double layer capacitance of the substrate-electrolyte-tip configuration can give rise
to charging current signals due to small fluctuations in the tip-substrate distance. To reduce this
effect, the substrate-electrolyte-tip double layer capacitance has to be lowered by decreasing
drastically the tip surface exposed to the electrolyte with rigorous tip insulation except for the

foremost protruding tip part.



Electrochemical STM (EC-STM) offers great advantages not only to image electrode surfaces
and processes in contact with the electrolyte at atomic scale, but also to study the charge
transport through systems up to single molecule level, as shown in the previous subchapter in the
STM-break junction method. In combination with high-resolution imaging, STM-based charge
transport studies are powerful tools for enhanced insight into correlations between structure and
functional properties of nanoscale systems. In addition to the STM imaging, three possible

STM-based spectroscopic modes

) tunneling current-distance (i-s) mode,
i) tunneling current-overpotential (ie-n, fixed Epias) mode, and

iii)  current-variable bias (it-Ebias) mode

can be performed.
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Figure 8. Schematics of an electrochemical STM set-up.!"!
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3. Experimental procedures and instrumentations

3.1 Chemicals and materials

All the chemicals and materials used in this thesis can be found in the corresponding result

chapters under the sections chemicals and materials.
3.2 General procedures of cleaning cells

For synthesis purpose the glassware was first cleaned with aqua regia to remove any trace
amount of metal ions and rinsed well with Milli-Q water and was then dried in an oven. In the
case of conventional electrochemical experiments the glass ware were boiled in a 25 % HNO3
solution and rinsed thoroughly with Milli-Q water, followed by a boiling process in Milli Q
water for three to four times to completely remove the acid from the surfaces. In the case of EC-
STM experiments, cell and O ring were soaked in a piranha solution and repeated as above to

remove all the acid.

3.3 Sample preparation for electrochemical, EC-STM and Raman

experiments

3.3.1 Electrode fabrication

The below mentioned single crystal half bead and “bead-on-a-sheet” electrodes have been
fabricated in our research group according to the procedure described in the Supplementary
Information of the publication by Kolivoska et alll: Here we describe the fabrication of Pt(111)
(i) half-bead and (ii) “bead-on-a-sheet” electrodes. Using the similar procedure corresponding

gold electrodes could be prepared. Adapted from(!!

Fabrication of bead electrodes. A Pt wire (0.50 mm in diameter, 99,999%, Goodfellow) was
first cleaned by immersion into an aqua regia mixture for ~ 10 s. Afterwards, the wire was rinsed
with Milli-Q water and vertically positioned by the aid of a lab clamp. The lower part of the Pt
wire was melted by a hydrogen flame, forming a progressively growing Pt bead. The melting of

the wire was stopped when the bead size reached approximately 2 mm in diameter.



Subsequently, the bead was heated up and melted again. After letting it solidify without cooling
down completely, the bead was quickly immersed into the aqua regia mixture for 10 s and
copiously rinsed with Millipore water. This melting/immersing/rinsing cycle is known to
gradually remove impurities driven to the surface of the Pt bead. The cycles were repeated until
no impurities could be observed on the surface upon heating the bead in the flame. The Pt bead
prepared in this way was melted again and left to solidify very slowly using the hydrogen flame
from a nozzle positioned on a slowly moving lab jack. The resulting Pt bead electrode (Figure
1a) was immediately placed in a glass test-tube to avoid contamination. The bead electrode was
further processed either (i) to form a half-bead Pt(111) electrode (for hanging meniscus-type of
measurements, (Figure 1b) or alternatively (ii) was fixed on a platinum sheet (10 mm x 10 mm x
1.0 mm, 99.95% Goodfellow (Figure 1c) equipped with a 0.50 mm (diameter) Pt wire for
electrical connection. The half- bead Pt(111) electrode (Figure 1b) was used to study the shell

(111) facet

Figure 1. Photographs of a lab-made half-bead Pt(111) electrode (b), and a lab-made “bead-on-a-sheet”
Pt(111) electrode (c). The inset shows the top view of the “bead-on-a-sheet™ electrode. Commercial
polycrystalline Pt microelectrode (d).

isolated nanoparticle Raman experiments and for voltammetric experiments with Auiss mixed
MPCs assemblies. The Pt “bead-on-a-sheet” electrode (Figure 1c) was fabricated so that one of
the (111) facets (naturally grown on the bead and with an area of several pm?) pointed upwards
(Figure 1c, inset). The facet was used as a substrate for all electrochemical STM/STS
experiments. A commercial gold microdisk electrode (Bioanalytical Systems), shown in Figure
1d, was used for all chronoamperometric measurements, as well as cyclic voltammetry and

electrochemical impedance measurements in the study of the viologen redox-active lonic Liquid.

Fabrication of half-bead (hanging-meniscus type) Pt(111) electrodes. A Pt wire attached to a

bead electrode (Figure 1a) was glued to an aluminum cylinder. The bead was oriented so that



one of the naturally grown (111) facets was parallel to the cylinder surface. A proper alignment
was ensured by inspecting the direction of a laser beam reflected off the (111) facet. The
aluminum cylinder with the bead electrode was placed into a steel drum of a matching size. A
quickly solidifying two-component dispersion (Technowitz 4004, Heraeus Kulzer GmbH) was
poured on the Pt bead in the steel drum until the bead was entirely immersed. The assembly was
left to harden overnight. The entire assembly was then polished by an emery paper (coarseness
P100) in the direction parallel to the electrode surface until approximately half of the bead was
removed. The newly exposed surface was subsequently polished by a series of emery papers
with decreasing coarseness (P100 to P1200) and then with an aqueous colloidal dispersion of
alumina with gradually decreasing particle sizes (from 1 pm through 0.3 um to 50 nm). Finally,
the Technowitz dispersion was removed by dissolving by a repetitive boiling in acetone. The
released half-bead electrode (Figure 1b) was subsequently cleaned by an immersion into the
concentrated H>SO4 (Sigma Aldrich) overnight, to remove the Technowitz dispersion and
alumina residues. The electrode was then extensively rinsed with Milli-Q water, tempered in an
electromagnetic induction oven at orange heat (<1500 °C) in an argon atmosphere overnight,
cooled down to room temperature and immediately placed in a clean glass test-tube under the
argon atmosphere for storage. The electrode surface was inspected by cyclic voltammetry in the
aqueous 0.1 M H.SO4 (Merck, Suprapure). Only electrodes showing characteristic features of the

Pt(111) surface were employed further in this study.
3.3.2. Preparation of electrode surfaces modified with SiO- shell-isolated NPs

A detailed description for the synthesis of silica shell-isolated Au core NPs (Au@SiOy) is given
in the subchapter of the publication presented in chapter 4.1 in the methods section. Figure 2

shows a schematic representation for the sample preparation for the Raman experiments.
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Figure 2. (a) Schematic presentation of the electrode surface preparation modified with shell-isolated Au
NPs. From®?! (b) High-resolution transmission electron microscopy (HR-TEM) image of a single
Au@SiO; NP (from chapter 4.1).

3.3.3. Preparation of electrode surfaces modified with Aui4s monolayer
protected clusters (MPCs)

The Au144(CsS)60(C11HsNS)s MPCs (m = 2.1 mg, M = 36 520 g/mol, n = 57 nmol) were
dissolved in CH2Cl; (3 mL), forming a solution with the concentration of 19 uM. Lab-made Pt

(111) electrodes (Figure 1a, 1c) were flame-annealed with a butane flame, shown in Figure 3a,

b. dry Ar

/ cooling
_—

a. Flame annealing

d. self-assembly

c. water
saturated
Ar+ H,

Figure 3. Photographs for the self-assembling procedure of Auissa mixed monolayer MPCs onto the
Pt(111) surface. Details are given in the text.



for 1 minute to red-glow temperature and subsequently cooled down in two different ways: (1)
under a dry Ar stream for about 10 min, shown in Figure 3b, and (2) by cooling in a closed flask
containing a water-saturated mixture of Ar/Hx (4:1 v/v), shown in Figure 3c. After that, the
electrode was immersed into the above cluster solution (Figure 3d) for 1 hour and rinsed with 10
ml of CH2Cl, to remove all physisorbed MPC layers. The electrode was then immediately

transferred into the deareated electrochemical cell.
3.4. Electrochemistry

All electrochemical experiments were carried out by either using a commercial p-Autolab type-
I11 potentiostat/galvanostat (PGSTAT-30; Metrohm Autolab) system or using a homemade
potentiostat/controlling system.t®! Before each measurement, the single crystal electrodes were
first cleaned by an electrochemical polishing method followed by annealing with a butane flame.
In particular, the Au and Pt single-crystal electrodes were anodically oxidized at +5 V in 1 M
H2S04 for 30 seconds and then chemically reduced by keeping the electrode in 1 M HCI solution
about 1 minute followed by extensive washing with Milli-Q water to remove all the adsorbed
chloride ions on the electrode surface. The above procedure was repeated three to four times. As
a result of this procedure, surface layers were removed and a fresh surface was obtained for each
experiment. The resulting electrode was then flame-annealed. After flame-annealing, the
electrode was cooled in Ar environment to avoid the surface contamination. The above
mentioned electrochemical polishing method was also used to remove the nanoparticles from the

surface.

A lab-made large volume glass cell with a typical volume of working solution of 50-150 mL,
shown in Figure 4a, was used for the measurements in the aqueous solutions. For the
experiments in organic electrolytes and in ionic liquids a single compartment small-volume cell
with a working volume as small as 200 uL, shown in Figure 2b. An Ag/AgClI- or a Pt or Ag
wire were used as reference electrodes, and a Pt wire served as counter electrode. The electrolyte

solutions were de-oxygenated by Ar bubbling for 15-20 minutes before each experiment. The



controller

Figure 4. Photographs of the large volume and small volume electrochemical cells. Further explanations
in the text.

space over the electrolyte in the electrochemical cell was continuously purged with Ar to avoid
any further oxygen contamination during the measurement. The cleaned working electrodes
were fixed into the glass capillary holder and contacted with the electrolyte solutions under a
preset precise potential control. All electrochemical measurements were carried out in a Faraday

cage to shield the experimental set-up from electronic noise.
3.5 Electrochemical STM (EC-STM)

STM tips were prepared by either mechanically cutting or electrochemically etching of a Pt/Ir
(80/20) wire (@ = 0.25 mm, 99.999%; Goodfellow). In case of etching, the clamped Pt/Ir wire
was immersed into a solution of 1 M CaClz + 0.25 M HCI with an applied AC voltage amplitude
of 80 V vs. a glassy carbon electrode. The cut/etched tips were then coated by a thin layer of
polyethylene as shown in Figure 5a. For that, a small piece of polyethylene was melted on a thin
Pt sheet with a small hole in its center. The cut/etched tip was then passed through the hole from
the bottom part of the sheet. With this procedure, the tip was coated with polyethylene except for
its outermost apex, as shown in Figure 5b. However, there are several materials and methods
in use for coating the STM tip such as polyethylene, Apiezon wax, nail coat, or
electrophoretic paint coating. Appropriate coating materials have to be selected according to the

experimental electrolytic environment.



Figure 5. Photographs of the tip coating set-up (a), a polyethylene coated Pt/Ir tip (b), the STM cell
assembled base plate (c), the Molecular imaging, MI-STM head installed with scanner (d), and the entire
MI-STM together with the glass chamber (e).

Figure 5c shows the assembled STM sample base plate. The Pt single crystal surfaces were fixed
on the metal holder of the STM cell by using an O-ring. Two platinum wires served as counter
and quasi-reference electrode, respectively. The Pt quasi-reference electrode is stable in a ionic
liquid electrolyte. An Au/AuO wire was used as quasireference electrode in 0.1 M NaClO4
solution. The electrolyte was then filled into the cell after connecting the microscope setup under
potential control. All EC-STM experiments were conducted using a molecular imaging
indtrument (MI, Agilent technologies, Inc.), as shown in Figure 5d. All STM experiments were
performed under Ar atmosphere (Figure 5e). The tip potential ET must be controlled at a proper
potential range where the tip material is stable and neither oxidation of the tip nor hydrogen
evolution take place. This is crucial in the case for a tungsten tip. The alternatives of the tip
material are Pt-Ir and Au, which have a more extended potential window, but are usually less
sharp than the tungsten tip. At an appropriately chosen potential, a well-coated tip should

typically show a remaining faradaic current of less than 5 pA.
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ABSTRACT We have studied Au(55 nm)@Si0, nanoparticles (NPs) on two low-index phases of
gold and platinum single crystal electrodes in (10, and 50>~ ion-containing electrolytes by both
electrochemical methods and in-situ shell-isolated nanoparticle enhanced Raman spectroscopy
(SHINERS). We showed the blocking of the electrode with surfactants originating from the synthesis .
of as-prepared SHINERS NPs. We introduce an efficient procedure to overcome this problem, which § [
provides a fundamental platform for the application of SHINERS in surface electrochemistry and =

beyond. Our method is based on a hydrogen evolution treatment of the SHINERS-NP-modified
single-crystal surfaces. The reliability of our preparation strategy is demonstrated in electrochemical
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SHINERS experiments on the potential-controlled adsorption and phase formation of pyridine on

Au(hkl) and Pt(hkl). We obtained high-quality Raman spectra on these well-defined and structurally carefully characterized single-crystal surfaces. The

analysis of the characteristic A; vibrational modes revealed perfect agreement with the interpretation of single-crystal voltammetric and

chronoamperometric experiments. Our study demonstrates that the SHINERS protocol developed in this work qualifies this Raman method as a

pioneering approach with unique opportunities for in situ structure and reactivity studies at well-defined electrochemical solid/liquid interfaces.
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is a powerful spectroscopic technique
to study molecular adsorption and
mechanisms of electrochemical reactions at
metal/electrolyte interfaces.' > The method
was initially limited to rough and/or nanostruc-
tured surfaces of coinage metals and subse-
quently extended toward transition metals by
exploiting various concepts of “borrowing”
SERS activity.*® During the past decade, tem-
plate and nanoparticle-based fabrication stra-
tegies led to various SERS-active plasmonic
nanostructures of controlled size, shape and
composition to approach single molecule sen-
sitivity and to overcome the problem of ill-
defined surface morphologies of roughened
samples.”® Examples for applications at elec-
trochemical solid/liquid interfaces are gold and
silver nanoclusters,>~"" nanorods'? and tem-
plate-based or nanosphere lithography.'>'
The extension of SERS to well-defined
single-crystal metal/electrolyte interfaces

Surface enhanced Raman spectroscopy

LI ET AL.

was pioneered by Otto et al., who studied
the adsorption of pyridine molecules on
Cu(hkl) surfaces."”® Ikeda et al.'® and Cui
et al.'” reported high quality, potential-
dependent Raman spectra of aromatic thioles
on gold single-crystal electrodes using
gap-mode plasmon excitation in a sand-
wich structure Au(hkl)/organic monolayer/
Au(55 nm) nanoparticles (NPs). A particular
unique approach for expanding SERS to
electrified single-crystal electrode/electro-
lyte interfaces, termed shell-isolated nano-
particle enhanced Raman spectroscopy
(SHINERS), was developed by Tian et al 1821
The principle of the method is based on the
assembly of a sphere-plane gap mode sys-
tem composed of gold or silver NPs sur-
rounded by a chemically inert, ultrathin and
pinhole-free coating of SiO, or Al,0s3, dis-
persed on electrode surfaces, such as metals,
oxides or silicon. The NPs act as plasmonic
antennas and provide the electromagnetic
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Figure 1. (A) HRTEM image of 55 nm Au@SiO, NPs with ~3 nm shell thickness. (B) SEM image of a Au(111) half-bead single-
crystal electrode. (C) Large-scale AFM and high-resolution (7 nm x 7 nm) STM images of an island-free Au(111)-(1 x 1) surface.
(D) SEM image and (E,F) AFM images of a Au(111)-(1 x 1) single-crystal surfaces modified with Au@SiO, SHINERS NPs (E)
before and (F) after HER cleaning procedure. The corresponding insets represent magnifications (0.3 um x 0.3 um) of SHINERS
NP islands. The large scale images in panels (C) to (F) represent frames of (2 um x 2 um) in size.

enhancement of Raman scattering, while the SiO, or
Al,O3 shells prevent the core from interacting with the
electrochemical system under study. Three-dimen-
sional finite-difference-time-domain (3D FTDT) simula-
tions demonstrated that most of the enhancement
occurs between the SHINERS NPs and the substrate.'®
The overall SHINERS signal is substantially greater
than for tip-enhanced Raman spectroscopy (TERS), an
alternative plasmon-based approach for Raman spec-
troscopy at single-crystal surfaces with potential for
applications in an electrochemical environment.?*?*
The latter is based on a single TERS tip, while the laser in
the former approach probes a significantly larger
number of plasmonic antennas.'®'? SHINERS has been
demonstrated to give high quality Raman spectra of
adsorbates at various atomically flat surfaces, such as
Au(hkl), Pt(hkl), Rh(hkl) and Cu(hkl). Examples include
hydrogen on Pt(111)'® and Rh(111),'® CO on Pt(111),"®
SCN™ on Au(hkl),'® pyridine on Au(hkl) and Pt(hkl),%°
viologen on Au(111),** 2,2"-bipyridine on Au(hkl),*®
benzotriazole on Cu(hkl)® and two very recent studies
of Au(111) surface oxidation in H,504%" respective
alkynes on Pt(111).%® These pioneering studies demon-
strate convincingly the ability of SHINERS to obtain
high-quality face-dependent Raman spectra of adsor-
bates at single-crystal surfaces. The method bears a
great potential in exploring correlations between struc-
ture and reactivity as well as in monitoring intermedi-
ates and pathways for a wide range of fundamental and
applied processes at electrochemical interfaces.
However, the more general application of SHINERS
in surface electrochemistry requires several important
issues to be addressed. These include (1) the modeling
of the spectroscopic response, the role of adsorbates
and nearby solution species, (2) exploring SHINERS NPs
as plasmonic antennas “only” and minimizing their role
on the spatial occupation (blocking) of surface sites, (3)
the chemical inertness of the NP-shell as well as (4)
their effect on the potential distribution at the mod-
ified electrode/electrolyte interface. The preparation of
chemically inert and “clean” single-crystal surfaces
modified with SHINERS NPs for subsequent structure
and reactivity studies is rather difficult. Reagents used
in the synthesis of the NPs may interfere severely with
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Raman signals of adsorbates under investigation. At-
tempts to improve the inertness of NPs involve iodine
displacement,?® chemical polishing with cyanide,*'
ozone cleaning,*? argon ion sputtering®' or the deposi-
tion of ligand-free NPs on suitable substrates in a
vacuum."® However, none of these methods are applic-
able to single-crystal surfaces modified with SHINERS
NPs because of surface roughening and damaging of
the isolation shell.

In this paper we explore the influence of submono-
layer coverages of Au(55 nm)@SiO, (~3 nm) NPs on
the electrochemical response of low-index gold
and platinum single-crystal electrodes (Figure 1A—C)
in ClO,~ and SO,*~ ion-containing electrolytes. We
address the blocking of surface sites and introduce
cathodic polarization as a unique strategy to prepare
electrochemically rather inert NP-modified electrode
surfaces. The quality of this preparation strategy is
illustrated in electrochemical SHINERS experiments
on the potential-controlled adsorption and phase
formation of pyridine on Au(hkl) and Pt(hkl).

RESULTS AND DISCUSSION

Electrochemical Conditioning of the Au(111)-Au(55 nm)@5i0,
Electrodes. Figure 1D,E shows typical SEM and AFM
images of a Au(111)-(1 x 1) surface modified with
Au(55 nm)@SiO, SHINERS NPs. The sample was pre-
pared by drop-casting a dilute NP solution followed by
gentle drying in a stream of argon and subsequent
extended rinsing with Mill-Q water to dissolve un-
bound particles. Following this protocol, we obtained
submonolayers of NPs with coverages ranging be-
tween 20 to 30%. Typically, the NPs are assembled in
evenly distributed small islands containing from 4 up
to 30 NPs. These islands are rather uniformly distrib-
uted on the substrate surface under our experimental
conditions. The statistical analysis demonstrates that
the islands contain typically 15—20 NPs (see Support-
ing Information for details). Isolated NPs or three-
dimensional clusters are rarely observed after HER
treatment.

Cyclic voltammograms (CVs) recorded in the double
layer regions as well as upon extension to surface oxida-
tion and reduction demonstrate a distinct influence of

A N N S
VOL.7 = NO.10 = 8940-8952 = 2013 A@@L%{\j

WWwWW.acsnano.org

8941



100

-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 14
E/V

100

B P1 P5a P5b

-100+ p5

0200 02 04 06 0.8 1.0 12 14
E/V

Figure 2. CVs of Au(111)-(1 x 1) single-crystal bead electrodes unmodified (black lines) and modified (solid blue lines) with
Au@SiO, SHINERS NPs. The dotted blue traces were recorded with “as-prepared” NPs, while the solid blue lines represent data
obtained with HER-SHINERS NPs. The voltammograms in the double layer region are displayed with a magnification factor of

30. Solution: 0.1 M (A) H,SO,4 and (B) HCIO,. Scan rate: 10 mV/s.

the SHINERS NPs on the electrochemical response. As an
example, Figure 2 displays the corresponding data for
Au(111) in 0.1 M H,SO, and 0.1 M HCIO,. The solid black
lines represent the response of the unmodified, atom-
ically flat Au(111) electrode, while the dotted blue curves
are obtained in the presence of “as-prepared” SHINERS
NPs following the procedure outlined in the literature'®33
and summarized briefly in the Methods section. The
double layer currents and the oxidation/reduction pat-
tern are strongly distorted. The characteristic features in
the charging current representing the lifting and refor-
mation of the surface reconstruction Au(111)-(p x +/3) —
Au(111)-(1 x 1) (P1/P1’), the adsorption of sulfate ions
(P2/P2') and the transition into the ordered (+/3 x +/7)
sulfate phase (P3/P3')%734739 are quenched for Au(111)/
0.1 M H,SO4 in the presence of “as-deposited” NPs during
both the anodic and the cathodic scans (Figure 2A).
Extending the potential range up to 1.45 V demonstrates
that the NPs diminish the Faraday charges representing
the surface oxidation at step (P4) sites. The position of the
reduction peak P5’' appears to be not influenced by the
presence of the “as-prepared” SHINERS NPs (Figure 2A).
However, the current magnitude is reduced. Inspection
of the surface by AFM reveals that multiple cycling
the potential in the double layer regions and upon
oxidation/reduction does not modify the coverage of
the SHINERS NPs.

Similar trends as for Au(111)/0.1 M H,SO, were also
observed in 0.1 M HCIO, (Figure 2B). The weaker
specific adsorption of ClIO,~ anions, as compared to
50,27, leads to rather broad features for the lifting (P1)
and reformation (P1’) of the surface reconstruction
within the time scale of the voltammetric experiments.
Oxide formation on terrace sites and the AuO place
exchange take place on energetically different steps as
represented by the occurrence of two current peaks
labeled P5a and P5b.383° Their exact nature is still not
clear.

In conclusion, we may state that the as-prepared
SHINERS NPs influence the double layer and the oxida-
tion/reduction response of Au(111) in H,SO4 and in
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HCIO, electrolytes severely. Possible reasons are block-
ing of surface sites or organic contaminants released
from the NPs upon deposition and polarization.

In an attempt to overcome the undesired electro-
chemical response, we developed a protocol based on
polarization in the hydrogen evolution range (HER)
followed by sequences of electrolyte-exchange cycles.
The Raman spectra were monitored simultaneously:
An electrode (Au(hkl) or Pt(hkl)) modified with a sub-
monolayer of SHINERS NPs was mounted in a three-
electrode thin-layer cell (Au or Pt wires as counter
electrodes, and Ag/AgCl as reference electrode) filled
with deoxygenated neutral electrolyte, such as 0.1 M
NaClO,4. We typically used a spectro-electrochemical
cell in a vertical configuration (Figure 3A). A thin
electrolyte film was established by positioning the
working electrode close to the optical quartz window
(less than 50 um). Next, the electrode was polarized at
—2.00 V vs Ag/AgCl for 50—100 s. The HER proceeds
vigorously. However, the thin layer geometry prevents
the formation of big hydrogen bubbles, which keeps
the submonolayer of NPs rather stable. This polariza-
tion procedure was repeated 3 to 4 times, accompa-
nied by cycles of solution exchange to remove the
desorbed impurities.

The efficiency of the procedure is illustrated in the
sequence of Raman spectra displayed in Figure 3B.
Trace a was recorded at 0.00 V in 0.1 M NaClO, for
Au(111) covered with 0.2 mL of Au(55 nm)@SiO, NPs.
We observed broad peaks at ~1308, ~1565 and
~2883 cm™, which are assigned to C—C, C=C and
C—H vibration modes of adsorbed organics. Polariza-
tion at —2.00 V leads to the desorption of these species
as indicated by the absence of the three bands in the
SHINERS trace b of Figure 3B. The feature at 1618 cm ™'
corresponds to the bending mode of interfacial water.
Electrolyte exchange and several repetitions of the
polarization at —2.00 V resulted in Raman spectra
without any impurity contribution as illustrated by
trace c¢ in Figure 3B. The spectrum was recorded at
0.00 V. Comparison with trace a demonstrates the
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Figure 3. (A) Picture of the thin-layer electrochemical Ra-
man cell employed for the HER-cleaning and the spectro-
scopic characterization. (B) SHINERS spectra of a Au(111)
single-crystal electrode (a) before (E=0.00 V), (b) during (E =
—2.00V), and (c) after (E= 0.0 V) the HER cleaning procedure
in 0.1 M NaClO, solution.

efficiency of the HER-polarization and electrolyte ex-
change procedure. The SHINERS spectra plotted in
Figure 3B are typical representations of properties of
the entire NP-modified Au(111) surface. AFM inspec-
tion of the polarized Au(111) surface reveals a ~5%
decrease of the NP coverage and a slight increase of
the island size (Figure 1F). Finally, we also like to
emphasize that the HER in acidic electrolyte does not
lead to the complete removal of organic adsorbates, as
monitored by in situ Raman experiments.

Employing the HER-treated Au(111) electrode in
voltammetric experiments in 0.1 M H,SO4 or 0.1 M
HCIO, leads to curves (solid blue lines in Figure 2) that
are almost identical to the response of the NP-free
surface (black lines in Figure 2). The most pronounced
difference is a 10% increase of the double layer char-
ging current at £ < E(P1), i.e., at a negatively charged
surface, and a ca. 10% reduction of the charge con-
sumed during lifting/reformation of the surface recon-
struction (P1/P1’), as well as of the disorder/order
phase transition within the sulfate adlayer (P3/P3’ in
Figure 2A). Position and charge of the characteristic
current peaks of surface oxidation (P4, P5) and reduc-
tion (P5’) appear to be unaltered in both electrolytes.

We also performed control experiments with NP-
free Au(111) electrodes. The HER-treatment following a
similar protocol as described above does not change
the shape of the current—voltage response. The dou-
ble layer responses and the characteristics in the gold
surface oxidation/reduction regions are identical to the
black traces in Figure 2.

Cydlic Voltammograms of Au(100)-(1 x 1) in the Presence of
SHINERS NPs. In an attempt to generalize the HER-treat-
ment for preparing high-quality SHINERS-NP modified
electrodes, we investigated next the electrochemical
response of Au(100)-(1 x 1) electrodes in 0.1 M H,S0,
and 0.1 M HCIO,4 (Figure 4). The Au(100)-(hex) recon-
struction was lifted prior to the electrochemical experi-
ments following a previously described protocol,*
which gives rise to large, island-free terraces of several
hundreds of nm? with a nominal quadratic arrangement
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of the gold surface atoms.”® The coverage of the
SHINERS NPs was estimated to approximately 20%. To
eliminate possible interference with the potential-in-
duced reformation of the Au(100)-(hex) surface recon-
struction,*>* all experiments started at 0.60 V. The black
and blue solid traces, which represent the current vs
potential response of the bare and of the cleaned NP-
modified Au(100)-(1 x 1) electrodes, are basically iden-
tical in the double layer region as well as upon extension
toward surface oxidation/reduction in both electrolytes.
The voltammograms reveal signatures of nearly perfect,
defect-free Au(100)-(1 x 1) electrodes in both electro-
lytes 38404243 pq \which is located at 0.34 V in H,SO,,
and more positive at 0.57 V in HCIO,, represents the
charge contributions due to the lifting of a small fraction
of potential-induced Au(100)-(hex) reconstructed patches
(<5%).

The current response in the surface oxidation/re-
duction regions reveals the characteristic current
peaks P4 and P5 representing surface oxidation at step
and terrace sites as well as a single cathodic reduction
peak P5’. The corresponding charges of 640 uC cm ™2
(H,S0,4) and 620 uC cm 2 (HClO,) decrease by less than
10% in the presence of the “cleaned” SHINERS NPs.
AFM experiments demonstrated that the NP coverage is
not changing during multiple oxidation/reduction cycles.

Finally, we notice in Figure 4 the distinct difference
in the current response of Au(100)-(1 x 1) modified
with HER-SHINERS (solid blue line) and “as-deposited”
SHINERS NPs (dotted blue lines). This comparison
illustrates the importance for establishing carefully
designed and evaluated experimental protocols for
SHINERS NPs on electrode surfaces to obtain mean-
ingful electrochemical and Raman signatures on atom-
ically smooth single-crystal electrode surfaces.

SHINERS NPs on Pt(111)-(1 x 1) and Pt(100)-(1 x 1). Next
we adopted the HER-based SHINERS-NP post-treat-
ment to Pt(111) and Pt(100) electrodes. The Pt(hkl)
bead electrodes, as prepared by flame-annealing and
subsequent cooling in Ar/H,, revealed high quality
voltammograms of low-defect surfaces (black lines in
Figure 5), which agree with literature data.3*~>"** The
data for Pt(111)/0.1 M H,SO, show at E< 0.10 V, a clear
signature P1/P1’ of hydrogen adsorption on terrace
sites. The chargein —0.20V < E < 0.10 Vis estimated to
160 uC cm ™2 The additional small peaks at —0.13 and
0.02 V represent hydrogen adsorption on (110) and
(100) step sites.>>~3” P2/P2’ at E > 0.10 V represents a
disordered adlayer of sulfate anions, which undergoes
a disorder/order phase transition at P3/P3’. The height
and the shape of this pair of current peaks is a measure
of the long-range order and cleanliness of the Pt(111)
terrace sites.*> P4/P4’ at more positive potentials is
assigned to a structure transition within the ordered
sulfate layer.*® The voltammogram of a cleaned Pt(111)
electrode modified with a submonolayer of SHINERS
NPs reproduces nearly all features of the bare Pt(111)
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Au@SiO, SHINERS NPs. The dotted blue traces were recorded with “as-prepared” NPs, while the solid blue lines represent data
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Figure 5. CVs of (A,B) Pt(111)-(1 x 1) and (C,D) Pt(100)-(1 x 1) single-crystal bead electrodes unmodified (black lines) and
modified (solid blue lines) with Au@SiO, SHINERS NPs. The dotted blue traces were recorded with “as-prepared” NPs, while
the solid blue lines represent data obtained with HER-SHINERS NPs. Solution: 0.1 M (A,C) H,SO, and (B,D) HCIO,. Scan rate:

50 mV/s.

electrode in 0.1 M H,SO,4. A comparison of the solid
blue and black traces in Figure 5 reveals only a
decrease of the charge consumed in P3/P3’ (<30%).
On the other hand, experiments with “as prepared”
SHINERS NPs lead to a significant depression of hydro-
gen adsorption until the onset of hydrogen evolution
at E < —0.20V, as well as to the blocking of sulfate and
hydroxide adsorption at more positive potentials,
which is indicated by the dotted blue line in Figure 5A.

Similar trends were observed for Pt(111) in 0.1 M
HCIO, (Figure 5B). The HER-SHINERS NPs do not alter
the voltammogram for hydrogen adsorption (P1/P1)
and in the double layer charging region until £ < 0.30 V.
The charge consumed in —0.20 V < £ < 0.10 V is
estimated to 160 uC cm™2. However, the so-called
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Butterfly peak P4/P4’ at E > 0.30 V, which is assigned
to the reversible OH-adsorption,*” decreases moder-
ately in the presence of SHINERS NPs. The current
response of the NP-modified Pt(111) electrodes with-
out treatment by HER reveals the complete blocking of
this region and a significant reduction of available (111)
terrace sites in the potential region of hydrogen ad-
sorption (dotted blue line in Figure 5B).

The situation is more complex for Pt(100)-(1 x 1) in
0.1 MH,SO,4 and in 0.1 M HCIO4. The voltammogram of
Pt(100)-(1 x 1) in 0.1 M H,SO, (black line in Figure 5C)
shows two characteristic current peaks labeled P1/P1’
at £ = 0.05V and P2/P2" at E = 0.13 V. The latter is
assigned to the adsorption/desorption of hydrogen
and sulfate ions on (100) terrace sites, and the former to
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that on (111) step and/or step-edge sites.***¥7>* The

total charge consumed in —0.10 V < £ < 050 V
amounts to (220 & 10) uC cm 2. STM measurements
demonstrated that Pt(100) electrodes, cooled down
after flame-annealing in an Ar/H, atmosphere, are
unreconstructed and composed of long and wide
terraces, which alternate with step-bunched regions.
On terraces wider than 500 nm, we also observed
square-shaped Pt ad-islands of 0.21 nm height and
10 to 40 nm in x—y dimensions.** This higher defect
density, as compared to Pt(111)-(1 x 1), might explain
why the HER-treatment of SHINERS-NP-modified Pt-
(100) electrodes is less effective. The solid blue line in
Figure 5C reveals an increase of the number of (111)
defect sites of type P1/P1’ and a significant reduction
of accessible (100) terrace sites for hydrogen/sulfate
adsorption respective desorption in the presence of
SHINERS NPs. The total charge consumed in the double
layer region is reduced by ~15% with respect to the
NP-free surface. However, the effect is still rather small
as compared to the current response of an electrode,
which was not exposed to HER conditioning. The
dotted blue line in Figure 5C shows that all character-
istic features of an ideal Pt(100)-(1 x 1) electrode in
H,SO, are blocked completely.

The voltammogram of a bare Pt(100)-(1 x 1) elec-
trode in 0.1 M HCIO, displays a broad current feature
between —0.10 to 0.25 V, which is composed of at least
two current peaks labeled P1/P1" and P2/P2’. This poten-
tial region is assigned to hydrogen ad/desorption.® The
broad peak P4/P4’ in 025V < E < 045 Vs related to OH-
adsorption. The charge consumed in —0.10V < E< 0.50V
is estimated as g = 250 uC cm 2. We observed a reduction
of the charging current in the hydrogen- and OH-adsorp-
tion regions for a Pt(100) electrode modified with SHINERS
NPs, even after extended conditioning in the potential
region of HER (blue line in Figure 5D). The total charge in
both potential regions decreases by ca. 30%. The current
response of Pt(100)-(1 x 1) in 0.1 M HCIO, with “as-
deposited” SHINERS NPs is similar to observations in 0.1 M
H,SO, (dotted blue lines in Figure 5C,D). No anion-specific
signature could be extracted.

In Situ SHINERS Case Study: Pyridine Adsorption on Au(hkl)
and Pt(hkl). We present in this paragraph an application
study of the spectro-electrochemical response of 1 mM
pyridine dissolved in 0.1 M NaClO,4 in contact with
Me(111)-(1 x 1) and Me(100)-(1 x 1), Me = Au and Pt,
which demonstrates convincingly the great potential
of HER-SHINERS in electrochemical surface-science
based studies of nanoscale interfacial phenomena. Pyr-
idine qualifies as an ideal compound for model studies
on adsorption, orientation and surface coordination of
molecules at electrified solid/liquid interfaces.>**” Pyr-
idine was the first molecule used in demonstrating the
SERS effect and has been an important probe molecule
thereafter to test SERS activity and surface properties of
SERS substrates.'>°® However, most of these studies
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were carried out on roughened or colloidal surfaces and
interfaces.>'%*° Only very few papers report data on
atomically flat, truly single-crystalline surfaces®® The
approaches chosen use either an attenuated total re-
flection configuration (ATR)'>®" or SHINERS NPs as
plasmonic antennas, as illustrated in our recent preli-
minary communication.?

Figure 6A shows typical voltammograms of a bare
(black line) and a HER-SHINERS-NP-modified Au(111)
electrode in T mM pyridine/0.1 M NaClO,. The current
response of the NP-free gold electrode reveals three
characteristic pairs of peaks P1/P1/, P2/P2’ and P3/P3'.
P1/P1" is assigned to the ad/desorption of pyridine
with the m-system oriented flat on a negatively
charged electrode surface.>”°%%2 The coverage in-
creases at more positive potentials, and a certain
fraction appears to assume a tilted N-coordinated
orientation at defect sites.®® This process is proposed
to start around P2/P2’. Chronocoulometric measure-
ments by Lipkowski et al. suggest that a maximum
coverage of 1.4 x 107 '° mol cm ™2 is reached.5? Next,
and close to the potential of zero charge of the
pyridine-covered Au(111) surface (Ep,c & 0.13 V) an
adlayer structure transition from planar to N-coordi-
nated vertically standing molecules takes place.?~%
This process is marked by the current peak P3/P3’ and
leads to a sz-stacked assembly of pyridine molecules on
a positively charged electrode at £ > P3/P3/ with T =
6.7 x 107" mol cm 252 We note that within the
transition region marked by P3/P3’ a certain tilted
orientation with a rather small tilt angle referring to
the surface normal forms a stable intermediate
adlayer,®* as indicated by the sharp current spikes in
0.10V = E < 0.20 Vin Figure 6A.

The voltammogram of the NP-modified Au(111)
electrode (solid blue line in Figure 6A) reproduces
the current profile of pyridine adsorption in the double
layer regionin —0.70V < E<0.05Vandin0.20V<E <
0.40 V. The charge involved in the structure transition
region around P3/P3’ is reduced by ca. 30%, and the
sharp current spikes are not resolved. Most probably,
the SHINERS NPs act as local defects on the electrode
surface preventing the formation of a long-range, two-
dimensionally ordered adlayer and the phase transi-
tion accompanied with it.

The simultaneously recorded SHINERS spectra of
pyridine adsorbed on Au(111) are plotted in Figure 6C.
Data acquisition started at 0.40 V. We observed four
pyridine-related bands, which are assigned to the
following A; modes: 1009—1012cm ™" (¥4, ring breathing),
1033—1035 cm ™" (v;,, symmetric trigonal ring breathing),
1207—1209 cm ™' (v, C—H deformation) and 1593—
1597 cm™ " (vg,, ring stretching).>'%%>~%8 The band at
933 cm ™!, marked by “*” in Figure 6C, is attributed to
coadsorbed perchlorate ions.** The pyridine modes are
blue-shifted with respect to those in neat pyridine solu-
tion. The frequency of the ring breathing mode v; is
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Figure 6. CVs of (A) Au(111)-(1 x 1) and (B) Au(100)-(1 x 1) single-crystal bead electrodes unmodified (black lines) and
modified with Au@SiO, SHINERS NPs. The dotted blue traces were recorded with “as-prepared” NPs, while the solid blue lines
represent data obtained with HER-SHINERS NPs. Solution: 1 mM Py + 0.1 M NaClO,. Scan rate: 10 mV/s. In situ SHINER spectra of
pyridine adsorbed on (C) Au(111) and (D) Au(100) single-crystal electrode surfaces. Laser power: 1 mW; Collecting time: 10 s. (E)
Normalized Raman intensities and (F) Raman frequencies of the ring breathing mode v, in dependence on the applied potentials.

particularly sensitive to potential-dependent structure
changes of the pyridine adlayer including electrostatic
effects, o-donation and s-back-donation etc%~%®
Figure 6EF displays the potential dependence of inte-
grated intensity and peak position of the ¥; mode. We
note that the Raman spectra plotted in Figure 6 are typical
data of the HER-SHINERS NPs modified surfaces. Our
preparation procedure guarantees a rather uniform size
distribution of islands containing 15—20 NPs (see Sup-
porting Information for a characteristic histogram), which
can be identified and localized with the help of the CCD-
camera of the spectrometer. Typically, we recorded the
SHINERS intensity of up to 20 distinct island sites. Employ-
ing our preparation procedure of submonolayer HER-
SHINERS NPs, we observed a variation in intensity of less
than 15%.

We also notice that the SHINERS signal is dominated
by contributions from the NP/substrate interface (see
FDTD simulations in ref 19), where the pyridine adlayer
is well established on unperturbed terrace sites. In
consequence, one should expect a strong correlation
between the spectroscopic data and other surface
electrochemical studies, such as chronocoulometry®?
and cyclic voltammetry. And indeed, the following
characteristics were obtained (Figure 6): The v; mode
appears with the onset of pyridine adsorption at £ >
—0.60 V and grows until —0.40 V, where a first plateau
is reached. The corresponding region in the voltam-
mogram is marked by the peaks P1/P1" and P2/P2". The
peak position varies in this potential region less than
1 cm ™', which points to a slight deviation from a fully
planar orientation of the z-system. This interpretation
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agrees with conclusions from IR-spectroscopy.®® An
additional increase in intensity is observed at E >
0.10 V, simultaneously with the appearance of the
current peak P3/P3’ in the voltammogram. The signal
seems to level off at £ = 0.40 V. 6v,/0E is estimated to
6 cm™'/V. This value of the Stark shift is rather typical
for molecular adsorption at electrochemical interfaces
with a dipole contribution aligned perpendicularly to
the electrode surface.®® All four pyridine-related A,
modes scale similarly in their potential dependence
of peak intensities and wave numbers.

The above SHINERS data demonstrate unambigu-
ously that pyridine is adsorbed already at a negatively
charged Au(111) surface in a none-parallel, most prob-
ably slightly tilted orientation with respect to the plane
surface, and reorients into a fully upright orientation
upon pathing the potential of zero charge at E>0.10 V.
Possible complications of this behavior due to refor-
mation of the reconstructed Au(111)-(p x +/3) surface
or gold island formation upon the subsequent lifting of
the reconstruction (see Methods section for details)
should be of rather little influence since (1) all experi-
ments started with a fully unreconstructed surface at
positive potentials and (2) pyridine blocks drastically
the potential-induced surface reconstruction, even at
rather negative potentials.”

Similar spectro-electrochemical properties were
also observed with pyridine on Au(100)-(1 x 1) mod-
ified with HER-SHINERS NPs (Figure 6B,D—F). The vol-
tammogramms in the absence (solid black line) and in
the presence (solid blue line) of NPs coincide in the
double layer region in —0.70 V < £ < —0.30 V and in
0.10 V < E < 0.40 V. Chronocoulometric experiments
revealed that the pyridine coverage increases from 0 to
ca. 3.0 x 107" mol cm™2 gradually in —0.60 V < E <
E(P3), and reaches its saturation value 6.0 x 107'°
mol cm™2 at £ > E(P3) in a step-like manner. This
coverage is attributed to pyridine molecules adsorbed
in a vertical orientation with the nitrogen atom facing
the positively charged Au(100)-(1 x 1) surface.”" Pyr-
idine adsorption seems to facilitate structure changes
of the Au(100) surface, such as the reformation of the
Au(100)-(hex) reconstruction at sufficiently negative
potentials and its lifting toward the Au(100)-(1 x 1)
geometry around 0.0 V upon crossing the potential of
zero charge (Ep,c = —0.05 V), which coincides with the
position of P3.#'7°~73 The current peak P3 contains
charge contribution from both, the reorientation of
adsorbed pyridine as well as of the restructuring of the
electrode surface.’”7”?

This complex behavior is also reflected in the
voltammogram with HER-SHINERS NPs (Figure 6B).
The current peak P3 is reduced by 52% (blue line) as
compared to the bare (black line) Au(100) surface. The
cathodic counter feature P3’ around —0.20 V is quenched.
The corresponding SHINERS spectra, as recorded from
0.40 V toward more negative potentials, are displayed in
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Figure 6D. Qualitatively, we observed the same pyridine-
related bands as for Au(111). Figure 6EF displays, as a
representative example, the potential-dependencies of
integrated band intensity and position of the symmetric
v; breathing mode. Similar to trends for pyridine on
Au(111), the Raman intensity increases from the onset of
pyridine adsorption at E > —0.60 V up to a plateau in
—040V < E < —0.10V, and subsequently raises further in
the transition region P3/P3’ until saturation at £ = 0.30 V.
The position of the vi-mode changes gradually with
potential in —0.60 V < E < —0.10 V with ov/0F ~
1ecm™ 'V and at £ > —0.10 V with ov/0F ~ 6 cm™'\V.
The latter Stark shift is the same as for pyridine/Au(111) at
a positively charged electrode. The detection of the 1,
mode as well as the other pyridine-related modes at E <
Epzc and their evolution in dependence on the applied
potential demonstrate that pyridine is adsorbed on the
negatively charged Au(100) surface in a tilted orientation
with the nitrogen atom directed toward the surface and
undergoes a structure transition in a N-coordinated
vertical adsorption geometry at E > E(P3), where the
electrode surface bears a positive charge. The data in
Figure 6EF also demonstrate that this transition occurs
at more negative potentials on Au(100)-(1 x 1) as
compared to Au(111)-(1 x 1). This trend correlates with
the more negative value of Ep,. of the former.

Finally, we comment on the higher integrated
intensity of the pyridine-related Raman bands on Au-
(100). We have shown in a previous communication,*®
on the basis of periodic DFT calculations and a theore-
tical analysis of the dielectric functions, that the facet-
dependence is predominantly governed by the di-
electric properties of the surface. The much smaller
imaginary part of the dielectric function for the (110)
plane as compared to the other low-index planes leads
to a higher electroreflectance and a much stronger
electromagnetic field.

Pyridine adsorption on Pt(111)-(1 x 1) and Pt(100)-
(1 x 1)in 0.1 M NaClO, appears to be less complex as
compared to the two gold single-crystal surfaces de-
scribed above. The voltammograms are displayed in
Figure 7AB. They illustrate that pyridine adsorption
starts at potentials E > —0.70 V, slightly more negative
than the onset of hydrogen adsorption and the posi-
tion of P;. P; is thought to represent the adsorption of
neutral pyridine, while features at more negative po-
tentials are attributed tentatively to the protonated
form. The pyridine adlayer blocks the adsorption of
hydrogen and perchlorate ions, which corroborates with
a low double layer charging current (or capacitance) in
—0.20V < E < 030 V. The latter assumes smaller values
on Pt(111), which reflects the atomically somewhat larger
roughness of the unreconstructed Pt(100)-(1 x 1) surface,
as obtained after flame annealing and cooling in an Ar/H,
atmosphere3*** The voltammograms of pyridine on
Pt(111) and Pt(100) in the absence and in the presence
of HER-SHINERS NPs superimpose.
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Figure 7. CVs of unmodified (A) Pt(111)-(1 x 1) and (B) Pt(100)-(1 x 1) single-crystal bead electrodes (black lines). The dotted
blue traces were recorded with “as-prepared” Au@SiO, SHINERS NPs. Solution: 1 mM Py + 0.1 M NaClO,. Scan rate: 50 mV/s. In
situ SHINER spectra of pyridine adsorbed on (C) Pt(111) and (D) Pt(100) single-crystal electrode surfaces. Laser power: 1 mW.
Collecting time: 30 s. (E) Normalized Raman intensities and (F) Raman frequencies of the ring breathing mode v, in

dependence on the applied potentials.

The corresponding HER-SHINERS spectra are shown
in Figure 7C,D. In addition to the four A;-modes of
pyridine, a fifth band occurs at 1064—1066 cm™',
which is attributed to the C—H deformation A;-mode
118a.227% All A; modes reveal a similar behavior with
increasing electrode potential. Figure 7E,F demon-
strates the trend for v,. The integrated intensities
increase steeply at £ = —0.60 V and reach a plateau
at E > —0.40 V. The latter decreases slightly at £ >
0.20 V, which is attributed to the onset of competitive
adsorption of OH-species.”* Simultaneously, dv;/0F
increases from 1 cm™'/V at —0.40 V up to 7 cm™ 'V
at E > 0.00 V for both electrodes. These characteristic
vibration signatures are interpreted as gradual transfer
from an N-coordinated tilted adsorption geometry of
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pyridine at £ < —0.40 V to a vertical orientation at £ >
—0.40 V. This interpretation is in agreement with conclu-
sions from UHV-transfer experiments at controlled po-
tential and a subsequent analysis of the pyridine adlayer
on Pt(111) by Auger electron spectroscopy (AES) and
electron energy loss spectroscopy (EELS).”

Similar as for pyridine on the two gold facets
investigated, the SHINERS signal on Pt(100) is larger
as compared to that on Pt(111). This trend is also
supported by the different dielectric properties of the
two crystallographic orientations.*

CONCLUSIONS

We have studied Au(55 nm)@SiO, shelled insulated
nanoparticles on four low-index phases of gold and
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platinum Clavilier-type single-crystal bead electrodes by
both electrochemical methods and in situ Raman spec-
troscopy. We demonstrated that Au(hkl) and Pt(hkl)
surfaces modified with a submonolayer (and more!) of
“as-prepared” SHINERS nanoparticles show distorted
voltammetric and spectroscopic responses (see Sup-
porting Information). The electrode surfaces are blocked
with surfactants originating from the synthesis of the
Au(55 nm)@SiO, nanoparticles, which give rise to addi-
tional current and spectroscopic features, and therefore
cause artifacts in data interpretation and assignment.
We developed an efficient strategy to overcome this
problem. Our approach is based on the treatment of
surfaces modified with SHINERS NPs in the potential
region of hydrogen evolution in 0.1 M aqueous NaClO,.
Case studies with Me(111)-(1 x 1) and Me(100)-(1 x 1),
Me = Au, Pt, demonstrate the efficiency of our method.
Voltammetric experiments in 0.1 M H,SO, and 0.1 M
HCIO, reveal that all characteristic double layer fea-
tures of Au(111) and Au(100) electrodes in contact with
these electrolytes coincide in the absence as well as in
the presence of the HER-SHINERS NPs. Rather good
agreement was also obtained with Pt(111)-(1 x 1)
electrodes in both electrolytes. In case of Pt(100)-(1 x 1),
qualitative agreement is reached; however, the hydro-
gen and anion adsorption regions are slightly blocked

METHODS

Chemiaals. Chloroauric acid, (3-aminopropyl)trimethoxysilane
(97 M%; M% = mass %), sodium citrate (99 M%) and sodium
perchlorate (98—100 M%) were purchased from Alfa Aesar;
sodium silicate solution (27 M% SiO,) and pyridine (=99.8 M%),
were obtained from Sigma Aldrich; hydrochloric acid (30%) and
suprapure sulfuric acid (96 M%) were purchased from Merck. All
chemicals were used as received. Water was purified with a Milli-
Q system (18.2 MQ cm, 2—3 ppb total organic content) before
use.

Preparation of Au NPs. 55 nm Au NPs were prepared according
to the standard sodium citrate reduction method.”® Briefly,
200 mL of 0.294 mM chloroauric acid were placed in a round-
bottom flask and brought to boiling. Next, 1.4 mL of 38.8 mM
sodium citrate was added quickly to the boiling solution. The
mixture was refluxed for 40 min and then allowed to cool to
room temperature.

Preparation of Au@Si0, (SHINERS) NPs. Au@SiO, SHINERS NPs
were prepared by placing 30 mL of the gold NPs solution into a
round-bottom flask, adding 0.4 mL of 1 mM (3-aminopropyl-
)trimethoxysilane, and stirring for 15 min at room temperature.
Next, a 27 M% sodium silicate solution was diluted to 0.54 M%
(~90.0 mM) and adjusted to pH ~10.3 with hydrochloric acid.
3.2 mL of the diluted and acidified sodium silicate solution were
then added to the reaction mixture, which was stirred afterward
at room temperature for 3 more min. The solution was then
transferred to a 90 °C bath and stirred for a certain period of
time. The shell thickness could be tuned from a few nanometers
to tens of nanometers by controlling the reaction time. For
example, 30 min or 1 h of heating time resulted in coating
the gold core with a layer of about 3 or 5 nm thickness,
respectively.'®33 In this paper, we controlled the reaction time
to 30 min, which leads to a silica shell thickness of ~3 nm (see
Figure 1A). The shell is pinhole-free and provides a sufficiently
strong enhancement of the pyridine-related Raman signals.
Electrochemical and Raman experiments were carried out to
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by the presence of the HER-SHINERS NPs, even after
extended cycles of HER treatment. Application studies
with these electrodes require some caution and careful
control experiments.

Pyridine adsorption and phase formation on Me-
(111)-(1 x 1) and Me(100)-(1 x 1), Me = Au, Pt, were
chosen as a case study to demonstrate the potential of
HER-SHINERS for in situ investigations of nanoscale
phenomena and processes at electrified solid/liquid
interfaces. We obtained high-quality Raman spectra on
these well-defined and structurally carefully character-
ized Au(hkl) and Pt(hkl) single-crystal surfaces. The
analysis of the characteristic A; vibrational modes
revealed perfect agreement with the interpretation of
single-crystal voltammetric and chronoamperometric
experiments. Our study demonstrates convincingly
that the SHINERS protocol as developed in this study
qualifies this unique Raman method as a highly pro-
mising approach for in situ structure and reactivity
studies at well-defined electrochemical solid/liquid
interfaces. The study also reveals the need of combin-
ing the spectro-electrochemical investigations with
morphology studies of the respective substrate surface
and control experiments on the inertness of the plas-
monic nanoparticles with respect to the process under
investigation.

ensure that the as-prepared SHINERS NPs are free of pinholes.
The test protocols were described in our previous papers.'®'%2*

The hot NP mixture was then transferred into test tubes of
1.5 mL volume and cooled down in an ice bath, which quenches
the reaction. Upon cooling down to room temperature, the
samples were centrifuged at 5500 rpm for 15 min. The super-
natant was removed afterward. The concentrated SHINERS NPs
at the bottom of the test tube were diluted and centrifuged
again. This procedure was repeated several times. The cleaned
Au@SiO, NPs were dissolved in 200 uL of Milli-Q water, which
leads to a solution containing ~1.97 mM total gold. Two
microliters of this solution were then casted onto a freshly
prepared Au(hkl) or Pt(hkl) single-crystal bead electrode
(Figure 1B) and subsequently dried in a gentle stream of argon.
The SHINERS NPs form a submonolayer of small, statistically
distributed two-dimensional islands, which contain typically
15—20 NPs. The NP-coverage as obtained from SEM and AFM
measurements (Figure 1) is estimated to range between 20 to
30%. We note that the silicon shell prevents the formation of
three-dimensional aggregates.

Preparation of Au(hkl) and Pt(hkl) Single-Crystal Electrodes. The
electrodes used were Clavilier-type half-bead single-crystal Au-
(hkl) and Pt(hkl) electrodes (~ 2 mm diameter, Figure 1B).
Island-free and unreconstructed Au(hkl)-(1 x 1) electrodes were
prepared according to a previously described procedure.*
Briefly, the electrode was annealed in a butane flame for about
2 min and cooled down to room temperature in an argon
atmosphere. The flame-annealed Au(hkl) electrode was then
immersed into 10 mM HCl at open circuit for 10 min to lift the
reconstruction, which leads to island-free Au(hkl)-(1 x 1) sur-
faces with rather large terraces. The chloride ions were removed
by extended rinsing with Milli-Q water. The electrode was finally
dried in a stream of argon.

The Pt(hkl) electrodes were annealed in a hydrogen flame
for 1 min. The hot electrodes were quickly transferred into a
closed flask filled with a mixture of Ar/H, (4:1) and allowed to
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cool down to room temperature. The procedure leads to the
lifting of the surface reconstruction.>*** Flow and composition
of the gases in the flask were adjusted to ensure a slow cooling
rate. The cooled electrode was subsequently immersed into
deaerated Milli-Q water, which was saturated with hydrogen,
and then transferred with a protecting droplet of water adher-
ing to the polished surface into the electrochemical cell for
further characterization and/or modification.

Cyclic Voltammetry. The electrochemical measurements were
conducted in a three compartment all-glass cell with a platinum
or gold coil as auxiliary electrode and a leakless Ag/AgCl
reference electrode in 0.1 M NaClO, or a trapped, reversible
hydrogen reference electrode (RHE) in 0.1 M H,SO,4 and HCIO,,
respectively. High-purity Ar (Alphagaz 99.999%) was employed
to deaerate the solutions. Ar was also passed above the solutions
during the experiments. The freshly prepared electrodes were
brought in contact with the electrolyte under potential control in
a hanging meniscus configuration. The electrochemical mea-
surements were carried out with an Autolab PGSTAT30.

Raman Spectroscopy. Raman spectra were recorded with a
LabRam HR800 confocal microprobe Raman system (HORIBA
Jobin Yvon). The excitation wavelength was 632.8 nm from a
He—Ne laser. The power on the sample was typically about T mW.
A 50x magnification long-working-distance objective (8 mm)
was used to focus the laser onto the sample and to collect the
scattered light in a backscattering geometry. A lab-made
spectro-electrochemical cell with a Pt or a Au wire and an Ag/
AgCl electrode serving as the counter and the reference elec-
trodes was used for the electrochemical SERS measurements
(Figure 3A). All in situ Raman experiments were carried out in
the strict absence of oxygen. The simultaneous electrochemical
control was achieved by employing a lab-built potentiostat and
software developed in our group.
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Cluster size distribution

Drop-casting from a dilute NP solution and subsequent drying in a gentle stream of argon under
reduced pressure led to a submonolayer of nanoparticle islands. Spin-coating has also been
applied, and led to a further increase of the uniformity. The coverage of the as-deposited NPs
ranges typically between 20 to 30 %. The NPs are assembled in small islands containing 4 up to

NPs. The islands are rather uniformly distributed on the substrate surface. HER-treatment
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Figure SI1. Typical submonolayer of SHINERS NP islands (shown in different resolution) as
deposited on Au(111) after HER-treatment. The histogram is based on the statistical analysis of
120 NP-islands of the upper left panel. The effective cluster diameter was derived from the

experimentally estimated area of the islands transformed into area-equivalent circular patches.

reduced the coverage by approximately 5 %. No isolated NPs nor 3D islands remain. The
statistical analysis of the HER-treated NP-modified surfaces demonstrates that the islands

contain typically 15 to 20 NPs. Fig. SI1 shows representative data. The latter estimation was



derived from the effective diameter of the islands as obtained from the experimentally estimated

area of the islands transformed into area-equivalent circular patches.

Our preparation procedure guarantees a rather uniform size distribution of islands containing 15
to 20 NPs. Employing our preparation procedure of sub-monolayer HER-SHINERS NPs, we
observed a variation in intensity of less than 15 %. Isolated NPs or three-dimensional clusters are
rarely being observed on the HER-treated SHINERS-NP modified surfaces. We also note that
FDTD simulations revealed that the SHINERS intensity of islands containing more than 4 NPs in
one island seems to level off [S1], guaranteeing that the signals observed in our current study,

which originate from islands containing 15 to 20 NP, are highly reproducible.

SHINERS spectra of Py on Au(111) and Pt(111) with and without HER cleaning procedure

We have compared the SHINERS spectra of Au(111) (Fig. S1A) and Pt(111) (Fig. S1B)
electrodes modified with HER-SHINERS NPs (traces a) and “as-prepared” SHINERS-NPs
(traces b). In the latter case the spectrum displays additional peaks at around 1160 cm™, 1440 cm™
"and 1560 cm™. The additional featuers are atributed to organic contaminants resulting from the
SHINERS NP preparation process. Neglecting the influence of these additional species may lead

to artifacts and mis-interpetation of surface Raman-spectra..
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Figure S1. SHINER spectra of Py adsorbed on (A) Au(111) and (B) Pt(111) single crystal
electrodes at 0.0 V (vs. Ag/AgCl). (a) SHINERS NP prepared by HER und (b) “as-deposited”
SHINERS NPs.

Calcaulation of the surface enhancement factor (SEF)

The estimation of the SEF is based on the following equation

G — IS"”fface / ISU In
N surface N soln
o ‘ (S1)

where Ly, and Iy, are the integrated intensities of the pyridine v; ring breathing mode for

surface and solution species, respectively. Ny guce and Ny, represent the amount of the surface
and solution molecules in the laser beam.
The average experimental SEFs can be obtained using the following equation [S2]:

G — [Surface CN A O-h

IsolnR (Sz)



where ¢ is the concentration of pyridine in solution, N4 is Avogadro’s number, o is the cross
section area of one adsorbed molecule in a full monolayer, /4 is the focal depth of the laser and R
is the surface roughness.

In our experiments the concentration of pyridine in solution was 1 mM, the area of one
absorbed pyridine molecule is estimated as 0.21 nm [S3], and the focal depth of our laser is
about 60 um. The roughness of the single crystals employed in this study is set to R = 1. The
integrated intensity of the ring breathing mode of pyridine at ~1010 cm™, v, , is about 2 counts (1
s) for a 1 mM solution. The integrated surface Raman intensity was 13600 counts (1 s) for
Au@SiO; on Au(111) at 0.4 V. Inserting these data in eqn. (S1) results in an SEF of 6.9 x 10%.
Using the same method, we obtained SEFs of 2.6 x 10° , 2.1 x 10* and 7.0 x 10* for SHINERS of

pyridine on Au(100), Pt(111) and Pt(100), respectively.
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Single gold particles may serve as room temperature single electron memory units due to their size
dependent electronic level spacing. Here we present a proof of concept study by electrochemically

10 controlled scanning probe experiments performed on tailor-made Au particles of narrow dispersity. In
particular the charge transport characteristics through chemically synthesized hexane-1-thiol and 4-
pyridylbenzene-1-thiol mixed monolayer protected Auuss clusters (MPCs) by differential pulse
voltammetry (DPV) and electrochemical scanning tunneling spectroscopy (EC-STS) are reported. The
pyridyl groups exposed by the Au-MPCs enable their immobilization on Pt(111) substrates. By varying

15 the humidity during their deposition, samples coated by stacks of compact monolayers of Au-MPCs or
decorated with individual, laterally separated Au-MPCs are obtained. DPV experiments with stacked
monolayers of Auiaa-MPCs and EC-STS experiments with laterally separated individual Aui4-MPCs are
performed both in aqueous and ionic liquid electrolytes. Lower capacitance values were observed for
individual clusters compared to ensemble clusters. This trend remains the same irrespective of the

20 composition of the electrolyte surrounding to the Aui44-MPC. The resolution of the energy level spacing
of single clusters however, is strongly affected by the proximity of neighboring particles.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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1. Introduction

The miniaturization trend of electronic circuits is focusing on
new materials and methods to fabricate devices with feature sizes
in the scale below the state-of-art of the current CMOS
technique.® Most of these devices described in the literature are
based on metal or semiconductor nanoparticles (NPs) and are
mainly conceptual demonstrators working at low temperatures?>
and in vacuum.® 7 Nanoelectronic devices operating at a single
electron level in ambient environment and at room temperature
require rigorous control over the atomic scale dimensions and
interactions of their building blocks,® involving very small
components with precise dimensional control. Objects in a
suitable size range are large aromatic molecules or NPs with
diameters below 5 nm. Aromatic molecular systems have recently
received great attention due to their well defined structure for the
exploration of a series of single molecule based transistors and
switches.®

A very interesting pathway is based on monolayer-protected
gold clusters (Au MPCs) coated with thiols, phosphenes or
acetylenes as protecting ligands. The syntheses of these Au MPCs
have been extensively studied and improved to almost atomic
scale precision in the last decade.’® As these particles have a size
of less than 2 nm, they fulfill all the required conditions to
observe single electron charging phenomena at room
temperature.': 12 They have also been suggested to be suitable
systems for the fabrication of single electron transistors,” 1315
switches, ' 17 sensors,’® 1° symmetric metal-insulator-NP-
insulator-metal capacitors?® and charge trap memory devices.?! %
However, only a few studies have been reported on their practical
applications at ambient temperature.'> 23-28 Due to the property of
quantized charging at room temperature, Au MPCs can be used to
manipulate the electronic function in integrated electronic circuits
at the single electron level.’> This feature of Au MPCs is
particularly appealing as it provides the required digital
information triggered on a single electron level. Electrochemical
techniques play a crucial role in understanding many aspects of
Au MPCs,*22%-31 gich as their charging behavior, size dispersion,
HOMO-LUMO gap and electron transfer kinetics. However,
conventional electrochemical techniques are limited to the study
of Au MPC ensembles, and therefore probe only their average
response. To understand the electron transport through the
individual Au MPCs in electrical circuits, electrochemical
scanning tunneling microscopy (STM) combined with
spectroscopic (STS) techniques appears to be a useful method.
These techniques provide insight into the tunneling current
characteristics of a single NP enclosed between the STM tip and
the substrate. Recently, redox mediated single molecule-based
transistors 323 and switches 3“2 were explored with these
techniques by several research groups. On the other hand, to
manipulate the charging of an Auia4 cluster device, the concept of
electrochemical gating was introduced.?

The practical application of aqueous electrolytes in previous
studies® is limited to ambient or lower temperatures due to their
relatively high volatility. In experiments requiring elevated
temperature a highly stable and non-volatile environment is
desired. These boundary conditions are perfectly matched by
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room temperature ionic liquids (RTILs). Their high thermal
stability, non-volatility, as well as a considerably broader
potential window (often exceeding 4-5 V) of RTILs compared to
the aqueous environment enables to access more charging states
in a wide temperature range. However, their real accessible
potential/temperature window is still restricted by the residue
water, which is difficult to be removed completely. These
favorable features considerably improve the application potential
with respect to future nanoelectronic devices based on single-
electron redox switching. Inspired by this, we have addressed
quantized double-layer charging dynamics of hexanethiolate
protected Ausas clusters in various hydrophobic RTILs.*3 4

In the nanometer scale, most of the electronic properties of
NPs are very sensitive to inter-particle interactions. In the case of
semiconductor NPs, it has been shown that interparticle inter-
actions are quite significant for their local electronic properties.*
46 However, to the best of our knowledge, the observation of
neighboring particle effects upon local electronic properties is
quite limited in the case of metal NPs. Over the past years, NP
assemblies moved into the focus of interest*” due to the diversity
of their possible applications in electronics, magnetism, optics,
and catalysis. Improved handling and control of NP assemblies is
also of benefit for the integration of NPs into electrical circuits.

N

s
S~~~
21

IR

Pt(111)

3 Alqgq

Fig. 1 Schematic of the hehane-1-thiol and 4-pyridylbenzene-1-
thiol monolayer protected Auiss clusters (Auiasa MPCs) assembled
on Pt(111) surface.

In this work, we present the controlled assembly of tailor-made
monolayer protected Auiss clusters (Auias MPCs) which are
mainly protected by hexylthiolates, but comprise also a few 4-
(pyridin-4’-yl)benzenethiolates to immobilize the Auias cluster on
a Pt(111) substrate (Fig. 1). Depending on the assembly
conditions, the Auissa MPC coverage ranges from stacks of
several densely packed monolayers to individual clusters in sub-
monolayers. We have subsequently investigated the electronic
properties of Auwa MPCs by differential pulse voltammetry
(DPV) and scanning tunneling spectroscopy (STS) in three
different types of electrolytes: An organic solvent (0.01 M
BTPPA-TPFB,  bis(triphenylphosphoranylidene)  ammonium
tetrakis(penta-fluorophenyl)borate/CHsCN), an aqueous electro-
lyte (0.1 M NaClOs), and a RTIL, [CsC1Im][FEP]. Thereby we
are not only able to demonstrate single electron switching at room
temperature, but also to establish the influence of the immediate
proximity of the Auis MPC on its electronic features. In
addition, we have compared the tunneling current characteristics

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 2
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of an array (collective) of clusters and of an isolated single
cluster.

2. Experimental section
2.1 Materials and chemicals

1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophos-
phate ([CeCiIm][FEP]) RTIL (high purity), and tetrabutyl-
ammonium hexafluorophosphate  (>99.0%, electrochemical
analysis) were purchased from Merck and Fluka respectively.
The [CsCaIm][FEP] mixed with molecular sieve was heated up at
85 °C under vacuum (10 mBar) overnight before use in order to
remove the residue water. Sodium perchlorate (>99%, anhydrous)
and acetonitrile (>99.8%, anhydrous) were purchased from Alfa
Aesar and Aldrich, respectively. BTPPA-TPFB was synthesized
by metathesis of BTPPA-CI and LiTPFB in 2 : 1 mixtures of
methanol and water*. Water with the resistivity of 18.2 MQ.cm
was prepared by a Millipore purification system.

Ligand synthesis: 4-(pyridin-4’-yl)benzenethiol was synthe-
sized according to literature*® 5° with minor modifications. A
detailed protocol is available in the electronic supporting infor-
mation (ESI). In short, 4-Bromopyridine hydrochloride and 4-
(methylthio)phenylboronoic acid were coupled in a Suzuki
reaction providing the methyl protected ligand. Subsequent
treatment with an alkyl-thiolate resulted in the deprotected 4-
(pyridin-4’-yl)benzenethiol, which oxidized in the presence of
oxygen to 1,2-bis(4’-(pyridin-4’’-yl)-phenyl)disulfane.

2.2 Synthesis of mixed monolayer protected Auias clusters

The synthesis of Au MPC was carried out under air atmosphere.
HAuUCI4 (0.36 mmol, 1 eq) and TOABTr (0.38 mmol, 1.1 eq.) were
added to a round bottom flask and dissolved in methanol (10
mL). After stirring for 5 min., the solution color had changed
from yellow to red. Then 1,2-bis(4’-(pyridin-4’’-yl)phenyl)di-
sulfane (0.19 mmol, 0.53 eq.) dissolved in MeOH (5 mL) was
added to the stirred solution and cooled to 0 °C. This mixture was
stirred for 10 min. before 1-hexanethiol (1.53 mmol, 4.24 eq.)
was added, followed by the immediately addition of a freshly
prepared NaBH4 solution (3.6 mmol, 10 eg. in 2 mL NanoPure
water). The solution turned immediately black, indicating the
formation of gold particles. After stirring for 1 h, the mixture was
allowed to warm up to room temperature and stirred for another 3
hours at that temperature. The black NP were collected and
centrifuged at 4000 rpm for 10 min. The supernatant was
discarded and the pellet was washed 3 more times with fresh
methanol to wash off the excess of organic molecules.

The formed particles were separated by their different
solubility. The Au NP-mixture was suspended in acetone and
centrifuged for 10 min. at 4000 rpm. Small Au clusters remained
in solution whereas Auisa MPCs precipitated and could be
separated from bigger particles and gold-thiol-polymer with
dichloromethane as solvent. The yield of Auws MPC was 5-10%
with respect to the gold salt starting material. The clusters were
analyzed by transmission electron microscopy (TEM), MALDI-
ToF mass spectrometry, elemental analysis (EA) and thermo-
gravimetric analysis (TGA). TEM pictures displayed Au particles
with diameters of 1.7+0.6 nm and MALDI-ToF MS displayed a
broad peak between 30 000 and 34 000 amu which are both in
agreement with reported values for hexylthiol stabilized Auiss
particles. As only the pyridyl-functionalized ligand comprises a N
atom, the ratio between both ligands was calculated to be 10/1
from the weight percent of N (0.32) and C (17.82) obtained by
EA. The TGA experiment displays the loss of 22.38 weight %
attributed to the mass of the organic coating. These numbers are
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in agreement with the composition of a hypothetical average
particle as Au144(SCsH13)60(SCeH4CsNHa)e.

2.3 Self-assembly

The Au144(CsS)s0(C11HsNS)s MPCs (m = 2.1 mg, M = 36 520
g/mol, n = 57 nmol) were dissolved in CH2Cl (3 mL), forming a
solution with the concentration of 19 uM. The hanging-meniscus
type Pt(111) electrode was flame-annealed with butane flame (red
heat, one minute) and subsequently cooled down in two different
ways: (1) under dry Ar stream for about 10 min and (2) cooling in
a closed flask containing water-saturated mixture of Ar/Hz (4:1
v/v). After that, the electrode was immersed into the above cluster
solution for 1 hour and rinsed by 10 ml of CH2Cl2to remove all
physisorbed MPC layers. The electrode was then immediately
transferred into the deareated electrochemical cell.

2.4 Electrochemistry

All electrochemical measurements (DPV) were carried out with
an Autolab PGSTAT system. High-purity Ar gas (99.999%) was
used to deareate the electrochemical cell both before and during
the measurement. An aqueous solution of 0.1 M NaClO4,
acetontrile containing 0.01 M BTAPPA-TPFB and [CsCilm]
[FEP] IL served as the electrolyte. Blank experiments (without
Auiss MPCs in the system) were carried out to confirm the
absence of charging peaks. A Pt wire served as both counter (CE)
and reference (RE) electrodes in all DPV measurements. All
potential scales were calibrated with respect to Fc/Fc* redox
couple. Pulse width: 60 ms, pulse height: 50 mV, period: 200 ms.
The scan-rate in all experiments was 20 mVs,

2.5 STM and STS measurements

Ex-situ STM images of the Auies MPCs were obtained by a
Nanoscope E (Digital Instrument, DI). STS experiments were
performed using a PicoSPM (Molecular Imaging, MI) under
electrochemical conditions. A gold oxide-covered gold and a
platinum electrode served as the reference electrode in aqueous
solution and RTIL, respectively, and a platinum wire was used as
counter electrode for both electrolytes. STM tips were prepared
from mechanically cut Pt-Ir wires (diameter 0.25 mm, 80:20%)
coated by polyethylene. Since the quality of STM tip coating is
crucial for successful STS measurements, a cyclic voltammetric
investigation of the STM tip was performed in situ before
carrying out a STS measurement. The recorded double layer
current should be less than 1 pA. The setpoint of tunneling
current ranges from 60 to 150 pA and the bias voltage varies from
50 to 100 mV for a typical STS measurements.

3. Results and discussion

3.1 Controlled assembly of Auiss MPCs on Pt(111)

Self-assembly of Au MPCs on surfaces has mostly been based on
the covalent Au-S interaction (o,w-dithiols linking the Au MPC
to the gold surface).! However, disintegration of Au MPCs
usually takes place on an Au substrate. This is most likely related
to the large thermodynamic imbalance between the bulk gold and
the nanometer size gold cluster, where the ligand on the gold
surface loses the contact with the cluster and forms a new bond
with the Au substrate. We therefore developed a more stable Au
MPC/substrate system. Initial attempts profiting from Au clusters
coated by macromolecules exposing an integer number of
functional groups as coupling units failed.>% A more robust
Pt(111) surface has been chosen as the substrate which is known
to coordinate to the lone pair of the pyridine nitrogen. As Au

120 MPCs interacting with the Pt(111) substrate, gold clusters of

narrow dispersity which were stabilized by a mixture of two

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



ligands were synthesized and isolated (see “Experimental
section”). In brief, the synthesized Au clusters comprise in
average 144 Au atoms functionalized with about 6 ligands
exposing a pyridyl anchor unit (4-(4’-pyridyl)-thiophenolates) in
s & compact stabilizing coating consisting of about 60 hexylthiolate
groups. It is noteworthy that the ratios between Au atoms of the
cluster core and both ligands are numbers obtained by analytical
methods involving large amounts of Au MPCs. Therefore, the
obtained ratios are averaged numbers representing the most
10 prominent composition of Au MPCs (which is Auias (SCsHi3)s0
(SC4H4CsNHa)s). Minor variations in the number of gold atoms
forming the cluster core and the numbers of different ligands
exposed are very likely. The coordinating interaction of the
peripheral pyridine subunits of the Au MPC with the Pt(111)
15 substrate are expected to immobilize the particle at the surface as
sketched in Fig. 1, while the poor attraction of the Pt(111) with
the Au cluster capturing thiolates guarantees the integrity of the
Au MPC on the substrate. Fig. 1 depicts the concept of an Auiss
MPC adsorbed on a Pt(111) surface through Pt-N coordinative
20 bonding. Here, we report for the first time a new approach to
control the Au MPCs on well defined surfaces.

100 nm x 100 nm

d

| ‘ B

60 80 25 30 35 40
X/ nm Bin Center / nm

Fig. 2 (a, b) STM images of Aui4s4a MPCs assembled on a Pt(111)

25 surface after cooling down in pure Ar (a) and in a water-saturated
Haz/Ar mixture (b). The inset picture, 19 x 19 nm?, in (a) shows an
enlarged part of a “hole” in the top monolayer (marked with red
arrows) displaying the nanoparticle assembly of the layer under-
neath. (c) Cross-section profiles from position 1 in (a) (grey profile)

30 and 2 in (b) (black profile) as indicated by white lines. (d) Histo-
gram of height distribution of individual clusters in (c).

20 40

Scanning tunneling microscopy (STM) was used to explore the
surface morphology of Auiwss MPCs on Pt(111). It was found that
35 the morphology of Auisas MPCs on Pt(111) strongly depends on
the pretreatment method of the Pt(111) substrate as well as on the
concentration of Auis4 MPCs in the solution for assembling. The
clusters tend to form stacks of several densely packed monolayers
with a hexagonally close-packed structure of each layer, if the
40 Pt(111) surface has been cooled down in Ar atmosphere, as
shown in Fig. 2a. The red arrows in Fig. 2a and the enlarged
inset picture show the close-packed monolayer underneath the top
layer. As it was not possible to determine the number of stacked
monolayers in such a multilayer system, we just name this
45 stacked multilayer system throughout this paper with the term
“stacked monolayers”. However, cooling the Pt(111) surface in a

water saturated hydrogen/argon mixture (1:4) atmosphere led to
the formation of a single sub-monolayer with individual clusters
sparingly distributed on the surface (Fig. 2b). The atomic steps of
so the Pt(111) substrate are indicated by white arrows. Fig. 2c shows
cross-section profiles of the white lines in Fig. 2a and b,
revealing a typical monolayer height of 3.8 nm for the stacked
monolayers, and 3.1 nm for the sub-monolayer, respectively. Fig.
2d shows the histogram of the height of Auis MPCs constructed
ss from more than one hundred individual clusters as shown in Fig.
2b, revealing a narrow distribution of height with the most
probable value of 2.9 nm, which is very close to the theoretically
predicted size of Auis MPCs (3.2 nm, Auias core + ligands).
However, the measured diameter of each MPC (7.7 nm) is
0 considerably larger than the theoretically predicted value. This
discrepancy can be attributed to the convolution effect of the
STM tip in X-Y direction. In addition, high resolution
transmission electron microscopy (HR-TEM) was employed to
determine the real average diameter of Auis MPCs to be 1.7 nm,
65 corresponding to the characteristic core size of Auias MPCs. We
already emphasize here that the narrow size distribution of Auias
MPCs plays an important role for obtaining reproducible data by
single electron tunneling experiments on different clusters (see
section 3.3).

70

CH,CN

8.0f
40 | 1 1 _1 1 1 1
-1.50 -1.00 -0.50 0.00 0.50 1.00
E/Vvs. Fc/Fc’
1wolb NaClO )

: 0

4.0 -\/__Sjrt
+2 43 i

-8.0}F ) ) ) -

-0.40 -020 0.00 020 040 0.60

E/Vvs. Fc/Fc’
[CGCllm][FEP]

1401C
120}

10.0

j/ uAcm?

8.0+

B
Strart
-0.50

6.0

0.00 0.50
E/Vvs. Fc/Fc'
Fig. 3 Differential Pulse Voltammograms (DPV) of Auis4s MPCs of a
substrate with stacked monolayers on a Pt(111) electrode (as
shown in Fig. 2a.) (a): In 0.01 M BTPPA-TPFB/CH3sCN, (b): In 0.1
75 M aqueous NaClOg, (c): in RTIL [CeCiIm][FEP]. Pulse width: 60
ms, pulse height: 50 mV, period: 200 ms, scan rate 20 mVs™.

1.00

The pronounced dependence of the surface morphology of Auiss
MPCs on Pt(111) on the cooling conditions of the Pt(111)
g0 Substrate could be due to the presence or absence of a water film
on the Pt(111) surface under different atmospheric cooling
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conditions. The water film is believed to exist on the Pt(111)
surface if it is cooled down in a water-saturated Ar/Hz2 mixture,
which serves as an interface between the Pt(111) surface and the
organic phase containing the dissolved Auia MPCs during
assembling. Therefore, the Au4s clusters diffusing towards the
Pt(111) surface from the bulk of the solution must penetrate
initially through this water film, which is energetically unfavor-
able considering the hydrophobic nature of the Auia MPCs
ligand shell, and therefore prevents the formation of stacked
monolayers. This condition was then further chosen as the typical
method of sample preparation with the formation of a sub-
monolayer, which plays an important role for the subsequent
charge transport studies.

3.2 Electrochemical characterization of Auwg MPC

assemblies

Prior to investigating the electrical properties of Au MPCs
immobilized on electrode surface, the electrochemical properties
of Auws MPCs were first examined in the bulk phase of organic
solution (0.1 M TBAPFs/CHsCN + Toluene) using the standard
procedure of differential pulse voltammetry (DPV, Fig. S1 in the
ESI). The DPV curve reveals a typical multiple quantized
charging up to thirteen states with an average peak-to-peak
spacing (AE, only considered as marked with asterisks) of 0.264
+ 0.02 V (Fig. S1), which confirms electrochemically the
existence of Au MPCs of the expected size. The average cluster
capacitance (Cwmpc) corresponds to a value of 0.608 + 0.05 aF
derived from peak-to-peak potential spacing with the formula C =
e/AE. This multiple charging feature, as well as the assignment of
charge states, fully agree with the data reported in the literature,®
57 where Aui4s (CsH13S)so MPCs were employed.

Fig. 3a shows the anodic DPV scan obtained for a substrate
with stacked monolayers of Auisa MPCs on a Pt(111) electrode
surface in deoxygenated acetonitrile containing 0.01 M BTPPA-
TPFB as the supporting electrolyte. Six well-defined maxima are
observed within the potential range between -1.50 and +1.0 V vs.
Fc/Fc*. These maxima are attributed to the discrete charging of
Au MPCs within the monolayer i.e. the electrochemical double
layer charging.'? 3! The large wide gap at charge state -1 in Fig.
3a is due to the very large bulky size of both the cation and the
anion of the supporting electrolyte, as described in the recent
literature.5® The average peak-to-peak spacing (AE, only
considered from the 0 to +4 states) amounts to 0.188 + 0.01 V,
which translates itself into an average capacitance per cluster of
0.852 + 0.04 aF.

The DPV of the substrate with Auaiss stacked monolayers in
0.1 M NaClOs (Fig. 3b) shows that only the positive charge
states of the cluster were accessible. This observation is ascribed
to ion-induced rectification® and ion-coupled electron transfer®®,
l.e, the incorporation of ions into the cluster ligand shell controls
the electron transfer between the MPC and the electrode, which
in turn limits the accessibility of charge states in the DPV.%! In
the present case, the Na* cation cannot enter, whereas the ClO4
anion, due to its hydrophobic nature, can penetrate into the
hydrophobic ligand shell leading to the absence of negative and
the appearance of positive charge states in the DPV (Fig. 3b).
This results in an average peak-to-peak spacing of 0.134 V
corresponding to a capacitance value of 1.20 aF, which is close to
the result reported in the literature.5® 62

The same Auiss MPCs stacked monolayer was further investi-
gated in RTIL. The use of an ionic liquid as the electrolyte may
enable to access more charging states due to the wide potential
window. In addition it allows long-term stability by its unique
property of non-volatility, which is highly required for the
subsequent STS measurements. Fig. 3c shows the DPV of

os stacked Auws MPCs monolayers on a Pt(111) surface in
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[CsC1Im][FEP] RTIL. Compared to the case of organic (Fig. 3a)
and aqueous solvent (Fig. 3b), not only uniform charging states
but also much more intensive DPV peak current signals were
observed in the ionic liquid. These intense DPV current signals
observed in IL may be attributed to the higher total ionic
concentration and better incorporation of ions compared to the
other two electrolytes.5® An average peak-to-peak spacing of
0.194 + 0.03 V was observed with a corresponding capacitance
value of 0.84 + 0.11 aF, which ranges between the value obtained
for organic (CHsCN) and aqueous solution. The different
capacitance values for the same cluster in the different three
electrolytes (Table 1 and Table S2) mainly arise from different
ion permeability into the ligand shell and the different dielectric
permeability of the solvents,5t: 63,64

The assignment of the charge state of an immobilized stacked
monolayer was done by the so-called immersion technique.%8 6 A
selected example is demonstrated in the ionic liquid case in Fig.
S2 of the ESI. A series of current transients against time due to
double layer charging was recorded by changing the immersion
potential. The charging current is either negative or positive
(inset, Fig. S2), and varies systematically with the chosen
immersion potential. A series of systematically recorded current
transients is integrated at a fixed time scale (5 s after immersion)
yielding a charge density which represents the consumed charge
for building up the electrochemical double layer, and is plotted
versus the immersion potential. The potential of zero-crossing
represents an estimation of PZTC. The PZTC of Aui4s stacked
monolayers in [CeCilm][FEP] is -0.34 V vs. Fc/Fc*, which is
close to the minimum of the DPV curve, as indicated in Fig. S2.
As a consequence, the charge state of this minimum at -0.34 V is
assigned to the zero charge state. These electrochemical studies
show the multiple discrete states accessible in one single element
at room temperature, which may enable an increased data storage
density of such a prototype switch. Additionally, the strong
dependence of the electrochemical characteristics of the MPCs on
the chosen electrolyte shows that this system can be finely tuned
to control each single electron transport event. These features
make our MPCs versatile and appealing materials for molecular
electronics applications. However, the electrochemical studies
only give the overall current signal from assemblies. Indeed, for
realizing the future nano/molecular electronics, it is necessary to
understand the charge transport behavior of individual clusters by
incorporating them in between two electrodes. Therefore, we use
EC-STS for characterizing the electrical properties of individual
clusters.

3.3 Scanning tunneling spectroscopy (STS) of single Auia
MPCs

All STS experiments were done on the sample shown in Fig. 2b,
since the surface contains both “stand-alone” and “grouped”
Auia4 MPCs. For STS measurements, both types are available on
one sample. Due to the fast evaporation of the organic solvent as
well as the problem of the instability of STM tip coating, the STS
measurements are limited to aqueous solution and ionic liquid.

In order to obtain reliable STS traces, the whole system
requires an extremely high mechanical stability. In order to
achieve this, the setup was at least stabilized for more than twelve
hours prior to the experiment and the STS experiments were
typically performed around midnight in order to minimize the
disturbance from environments. To verify the stability of the
setup practically, a small surface area of 20 x 20 nm? was
repeatedly imaged and the stability was evaluated from the drift
of the STM image. The STM tip was finally positioned on the
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central top of one Auws MPC by gradually decreasing the
scanning area if no obvious drift was observed (< 2 nm/image,
Fig. S3 of the ESI). The tunneling current response was recorded
at a constant position of the tip while simultaneously sweeping
s both, the substrate potential Es and the tip potential E: at a
constant bias mode with the feedback loop disabled. In this case,
each equilibrium redox charge state of the Auiss MPCs comes
into resonance while sweeping both, the Fermi levels of the
substrate and the tip. The single electron transfer takes place from
10 the Pt substrate to the STM tip, if a positive bias was applied,
through the Auis MPCs via a two-step electron transfer

mechanism, Fig. 4a.
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15 Fig. 4 (a) Schematic of scanning tunneling spectroscopy (STS). (b)
Tunneling current response with respect to substrate potential on
an individual well-separated Auis4a MPCs on Pt(111) surface. Black
curve: in [CeC1Im][FEP] RTIL lset: 50 pA, Vbias (Etip - Esubstrate): +0.1
V, sweep rate: 0.8 V s, Blue curve: in 0.1 M NaClOs aqueous

20 solution. lset: 60 pA, Vbias: +0.05 V, sweep rate: 0.8 V s The
numerical labels describe the charge state of Auiss MPCs under
different potentials. (c) A comparison of tunneling current peak
intensities of an individual Auisa MPCs in RTIL [CeCiIm][FEP]
(black curve) with 0.1 M NaClO4 aqueous solution (blue curve).

25 The numerical labels describe the transition of the charge states
that are associated with the peaks in Fig. 4b.

In order to avoid artifacts from the STS curves, a control
experiment was firstly carried out with a redox inactive SAM of

30 1-undecanethiol on an Au(111) surface in 0.1 M HCIO4 (Fig. S6

35

40

4

5

5

6

6

7

7

8

8

5

S

@

S

5

=)

a

0

@

of the ESI). Evidently no enhancement of the tunneling current
was observed during the potential sweep, but only a stable
background tunneling current of 0.1 nA. This result supports
unambiguously that the enhancement of the tunneling current in
Fig. 4b indeed originates from the existence of Auw MPCs
trapped between the STM tip and the substrate.

Table 1. Comparison of the average peak potential spacing and
single cluster capacitance values measured in various electrolytes
by DPV and STS.

Electrolyte Method AE/V ClaF
CH,CN DPV 0.188 0.852
NaClO, DPV 0.134 1.198

STS 0.219 0.730
[CsC1IM][FEP] DPV 0.194 0.840
STS 0.297 0.540

The blue curve in Fig. 4b shows a typical STS profile recorded in
0.1 M NaClO4/H20 with the tip on the top of an isolated Aui4s
MPC. The peak position and the magnitude of the enhancement
of tunneling current are found to be reproducible within several
subsequent measurements on one cluster (Fig. S4 in the ESI). As
displayed in Fig. S5 in the ESI, the peak positions of the charging
current in the DPV studies are independent of the amount of
clusters on the electrode surface. The assignment of the charge
states in the tunneling current spectra was based on the potential
scale of the DPV experiment, as indicated by the numerical labels
in Fig. 4b. The average peak-to-peak spacing in the tunneling
current traces amounts to 0.219 + 0.01 V, corresponding to an
average capacitance value of 0.730 aF, which is by ~ 40%
smaller than the value determined by DPV (Table 1). This
significant discrepancy of the capacitance value was also reported
by Albrecht et. al,®® where a very similar cluster of Auiss
(hexylmercaptane)ss(4-mercaptopyridine)i2 MPCs (abbreviated
as Auss(CeS)3s(4MP)12) was studied under electrochemical
control (0.1 M KCIOs). The authors suggested that this
discrepancy could be due to a smaller contribution of capacitance
from the diffuse layer in the STS configuration compared to
DPV, and a substrate-solution potential drop parameter (£).5 5 In
more details, the conductance of the tunneling current mainly
happens through the minority ligand of 4-pyridylbenzene-1-thiol
due to the coordinating bond between platinum and pyridyl.
However, the capacitance measured by DPV is contributed
collectively by the entire mixed monolayer, mainly from the
majority ligand of hexane-1-thiol (90%). This explanation is
further supported by the fact that a very close capacitance value
(1.20 aF (ours) vs. 1.08 aF (ref. 26)) as determined by DPV was
observed for both systems, since they bear the common dominant
ligand, namely hexane-1-thiol. However, the capacitance value
determined by STS in our case (0.73 aF) is by ~15% lower than
that reported in the literature (0.86 aF),? indicating that STS is
more sensitive to the local environment, i.e. the local dielectric
constant (C = eoerA/d), which highly depends on the nature of
ligands.

STS was further applied to investigate the local electrical
properties of individual Auiss MPCs in [CeCiim][FEP] RTIL.
The potential of the STM tip was swept between -0.64 and 0.9 V
by keeping a constant bias of 0.10 V. Fig. S7 in the ESI shows
the highly reproducible STS traces obtained on one cluster,
indicating the high stability of the tip-cluster-substrate junction.
Moreover, we also conducted the STS measurements on different
clusters, and a selection of representative traces from five
different clusters are plotted together and shown in Fig. S8 of the
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ESI. Evidently, the traces coincide well with little deviation,
which demonstrates the reproducibility and reliability of our
measurements. One typical STS curve was shown in the black
curve in Fig. 4b. Compared to the case in aqueous solution (blue

s curve), the enhancement of tunneling current was observed in a
wider potential window, however. The average peak-to-peak
spacing amounts to 0.297 + 0.02 V, corresponding to an average
capacitance of 0.54 aF, which is by ~ 40% smaller than the value
obtained from an ensemble of Auiss MPCs by DPV (0.84 aF,

o Table 1). This trend in the ionic liquid is in accordance with that
observed in aqueous electrolyte and can also be explained by the
same mechanism of diffuse layer contribution.

0.00 .
E, IV vs. Fc/Fc

5 Fig. 5 Comparison of the STS response of Auiss MPC in (a)

densely packed monolayer and (b) well-separated individual ones
in [CeC1Im][FEP] RTIL. Iset: 50 pA, Vbias: +0.1 V, sweep rate: 0.8 V
st

0.50 1.00

o The average tunnelling conductance values at each charge state
are1.7,4.0, 7.9 and 2.4, 2.3,3.2,4.8,5.9nS in 0.1 M NaCO4 and
RTIL, respectively, and are plotted in Fig. 4c. The increase of
tunneling current at more positively charged states was observed
in both electrolytes, which strongly supports the qualitative
explanation by Albrecht et al.,2® who ascribed it to an increase of
dielectric saturation i.e., the organisation of solvent molecules
with increased charge state. As a result, a decrease of re-
organisation energy of solvent molecules increases the tunneling
rate values. Therefore, the dielectric saturation phenomenon is
o more predominant than the electronic coupling between clusters.
However, we note that this monotonous increase of the tunneling
current with increasing charge state was not always observed (see
Fig. 5). This could be explained by either i) the high sensitivity of
the tunneling current to the exact tip position relative to the Auias
MPC surface; ii) fluctuations of the gap between STM tip and
Auia MPC .
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3.4 Comparison between single clusters and arrays of
clusters: inter-particle interactions

The EC-STS data showed that the tunneling response depends
strongly on the average distance between the particles. This was
realized by comparing the STS results for individual but well-
separated NPs with those of individual NPs in a close-packed
monolayer domain of the same substrate. Fig. 5 shows such a
comparison recorded in [CeéCilm][FEP] RTIL. Aui44 MPCs in a
close-packed environment (Fig. 5a) show no doublet peaks in
their EC-STS traces, whereas the STS response of individual
well-separated NPs (Fig. 5b) shows doublet peaks as indicated by
dpl and dp2.

The peak to peak spacing and the cluster capacitance for both
o close-packed and individual particles are shown in Table S1 of
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the ESI. For close packed particles (Fig. 5a), the peak to peak
spacing is 0.25, 0.28, 0.39, 0.26 V, and for individual particles
(Fig. 5b) 0.36, 0.22, 0.29, 0.21 and 0.32 V. The large gap in Fig.
5a corresponds to the gap observed at the charge state +3 in the
DPV, which was induced by the ionic liquid electrolyte (Fig. 3).
Each peak in dpl and dp2 are separated by ~ 0.22 V, which is the
Coulomb repulsion energy between the electrons (charging
energy). The wide gap in-between the -1/0 and 0/+1 transition
corresponds to the HOMO-LUMO gap of 0.14 V, indicating that
the single Auis MPC has a molecular nature as opposed to the
observation in array of clusters and ensembles measured by STS
and DPV experiments (Fig. 5a and Fig. 3c). Recently, the
discrete nature of electronic spectra was observed for Auis
(CsHua)so ensemble clusters by lowering the temperature to 77
K.%7:8 Thus the disappearance of the HOMO-LUMO gap in the
ensemble clusters at room temperature could arise from the
Coulomb coupling between neighboring NPs. This clearly
confirms that inter-particle interactions strongly influence the
electrical properties and corresponding energy level spectra of Au
MPCs and will have to be considered when using them as
electronic elements in potential multistate electronic switches.
These detailed studies reveal the potential of MPC based
materials for future nano electronic devices. Engineering of the
individual cluster materials into electronic circuits remains
challenging however.

4. Conclusions

In conclusion, we demonstrate an increased control over both, the
assembly and the electronic coupling of Au MPCs on an
atomically flat electrode. By choosing Pt(111) as substrate and by
synthesizing Au MPCs exposing a few pyridyl-groups coordinat-
ing to the substrate, the stability of the immobilized clusters is
considerably improved. By varying the deposition conditions,
samples coated with stacked layers consisting of closely packed
Au MPCs or samples decorated with laterally separated
individual Au MPCs are obtained. Electrochemical experiments
were performed with samples ranging from dissolved Au MPCs
in bulk solution, over stacked layers of Au MPCs down to single
laterally separated Au MPCs. In all electrochemical experiments
discrete charging events are resolved corroborating the narrow
dispersity of the Au MPCs and demonstrating their potential as
single electron switches. The spacing of the electrochemically
addressed energy levels and thus also the capacity of the Au
MPCs however, depends on the surrounding electrolyte. This was
demonstrated for stacked layers of Au MPCs by DPV, and for
individual immobilized Au MPCs by STS experiments. The latter
studies also demonstrate that the energy level mapping of single
Au MPC depends on the proximity of the neighboring clusters.
The tunneling conductance increases and the HOMO-LUMO gap
appears in the case of the isolated Auaias clusters compared to the
stacked array of clusters.

All together the lateral control of the Au MPC assembly
provides samples fulfilling all requirements for room temperature
single electron switches. In particular their multistate character
observed in ionic liquids is appealing with respect to future
applications. The single Au MPC tunneling characteristics
(electron transport) depends on both, the composition of the sur-
rounding electrolyte and the cluster arrangement. These aspects
enhance the versatility of the system for molecular electronics
applications and are the subject of current investigations. A

110 possible combination of electrochemisty, STM/STS with other

accessible single electron tunneling techniques, e.g. dynamic
tunneling force microscopy (DTFM) should provide the power
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for gaining new insight into the electronic and electron transport
properties of many interesting nanoscale systems beyond our
current understanding.®®
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Synthesis and characterization of the ligand molecules:

The ligand 1,2-bis(4’-(pyridin-4>’-yl)-phenyl)disulfane 1 was synthesized follwing slightly
modified literature procedures.™>? The 4-bromopyridine hydrochloride (2) and 4-(methylthio)-
phenylboronoic acid (3) were coupled in a Suzuki reaction providing 4-(4-(methylthio)phenyl)-
pyridine (4) in good yields. Treatment of 4 with an alkylthiolate in dimethylformamide (DMF)
gave the deprotected 4-(pyridin-4’-yl)benzenethiol 5 as free thiophenol derivative. In the
presence of oxygen, 5 oxidized quickly to the stable disulfide 1. It is noteworthy that under the
applied reductive conditions used for the synthesis of the Au MPCs, 1 is rduced back to the free

thiophenol 5
SH S%»
2
Suzuki depro-
\ . .
ﬁj COUP“”Q tect/on oxidation
7
H@ reduction
© N AN
Cl HO _ P
N N
2 3 4 5 ,

General remarks: All chemicals were commercially available and were used as received. 4-
Bromopyridine hydrochloride was obtained from Fluorochem. 4-(Methylthio)phenylboronic
acid, sodium 2-methyl-2-propanethiolate, tetraoctylammonium bromide (TOABr, >98%) sodium
borohydride (NaBHs, 96%) and dimethylformamide (DMF) were obtained from Aldrich.
Tetrakis(triphenylphosphine)palladium (0), 99%, tetrabutylammonium bromide (TBABTr, 99%),
1-hexanethiol (96%) and tetrachloroauric(lll) acid (HAuCls H20, >49% Au) were purchased
from Acros. 1,2-Dimethoxyethane (DME, 99%) was obtained from Alfa Aesar, HPLC solvents
(acetone, methanol and dichloromethane) were purchased from Baker.

Suzuki coupling: 4-Bromopyridine hydrochloride (2.44 mmol, 1 eq.), 4-(methylthio)phenyl-
boronic acid (2.44 mmol, 1 eq.) together with KOH (12.2 mmol, 5 eq.) as base, TBABr (12
mol%) as phase transfer catalyst, tetrakis(triphenylphosphine)palladium (6 mol%) as catalyst and
DME (15 ml) and water (5 ml) as solvents were put in the reaction vessel. The reaction mixture
was degassed by bubbling argon through the solution for 10 minutes before heating it up by
microwave to 160 °C for 1.5 h. After aqueous work up and extraction with diethylether, the
combined organic phases were washed with water and brine before drying over Na SOa.
Evaporation of the solvent provided the crude product which was purified by sublimation to
provide 4-(pyridin-4’-yl)thioanisole in 97 % yield as white solid. *H NMR (400 MHz, CDCl3) §
8.63 (d, J = 6.2 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 6.3 Hz, 2H), 7.34 (d, J = 8.5 Hz,
2H), 2.51 (s, 3H); C NMR (101 MHz, CDCl3) & 150.42, 147.71, 140.45, 134.64, 127.36,
126.79, 121.28, 15.60; GC-MS (El) m/z: 201.0 [M]*, 186.0 [M-Me]*; MS (DART-EI) m/z:
201.8 [M+H]*, 403.0 [2M+H]".

Deprotection: 4-(Pyridin-4’-yl)thioanisole (1.31 mmol, 1 eqg.) and sodium 2-methyl-2-
propanethiolate (3.6 mmol, 2.8 eq.) were dissolved in dry DMF (10 ml), degassed by bubbling
argon through the solution for 10 minutes before heating the mixture to 160 °C for 4 h. After

L A. Gallardo-Godoy, M. I. Torres-Altoro, K. J. White, E. L. Barker and D. E. Nichols, Bioorg. Med. Chem., 2007, 15, 305-311.
2H. Qian and R. Jin, Chem. Mater., 2011, 23, 2209-2217.



cooling to room temperature, the solution was poured on ice and the pH was adjusted to 6 with
aq. HCI (1m). Extraction with CH2Cl, followed by drying the combined organic phases over
Na>SO4 and evaporation of the solvent under reduced pressure provided the crude product, which
was further purified by column chromatography (SiO2, EtOAc/CH.Cl,: 4/1) to yield in 4-
(pyridin-4’-yl)benzenethiol (51%) as yellow solid. The ligand is prone to form disulfides in the
presence of oxygen. As the disulfide is cleaved in the reducing conditions during Au particle
formation, we used the disulfide 1,2-bis(4’-(pyridin-4’’-yl)phenyl)disulfane for the synthesis of
the Au MPCs. *H NMR (400 MHz, CDCls) & = 8.66 (d, J = 6.1 Hz, 4H), 7.62 (d, J = 6.9 Hz, 8H),
7.50 — 7.43 (m, 4H); C NMR (101 MHz, CDCI3) & = 133.03, 132.29, 132.19, 131.99, 128.70,
128.58.

, . , . . St;rt
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w

O

o
T

Fig. S1 DPV of a Pt electrode in a 0.1 mM solution of Auisas MPCs dissolved in a mixture of
toluene and acetonitrile (2:1) containing 0.1 M of TBAPFs as supporting electrolyte. Pulse
width: 60 ms, pulse height: 50 mV, period: 200 ms, scan rate: 20 mVs™,
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Fig. S2 DPV of a self-assembled layer of Auiss MPCs on a Pt(111) electrode in [CeC1Im][FEP]
ionic liquid. The inset shows the current transient curves at -0.29 V and -0.54 V vs. Fc/Fc*. Pulse
width: 60 ms, pulse height: 50 mV, period: 200 ms, scan rate: 20 mVs™,
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Fig. S3 In-situ STM images of Au144(CsS)e0(C11HsNS)s MPCs on a Pt(111) surface in 0.1 M
NaClO4. Scanning aize (a) 20 x 20 nm?, (b) 20 x 20 nm?, (c) 10 x 10 nm?. Set point current let:
60 pA, bias voltage Vpias: +0.3 V, Es: -0.6 V, Er: +0.3 V.
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Fig. S4 Overlay of the STS traces: constant bias tunneling current-voltage response of a single
Auiss cluster obtained in 0.1 M NaClO4 on a Pt(111) surface; lset: 60 pA, Vbias: +0.05 V, sweep
rate 0.8 Vs,
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Fig. S5 DPV of a multilayer Auisas MPCs on a Pt(111) electrode in [CeC1Im][FEP] ionic liquid.
Pulse width: 60 ms, pulse height: 50 mV, period: 200 ms, scan rate 20 mVs™®. The cluster
concentration on the electrode surface was increased as shown in the figure.
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Fig. S6 Constant bias tunneling current-voltage response of a self-assembled monolayer of 1-
undecanethiol SAM on a Au (111) surface recorded in the aqueous solution of 0.1 M HCIO4. lset:
0.1 nA, Viias: +0.1 V, Es: -0.5 V, Er: -0.4 V, sweep rate: 0.6 Vs The represented data is
averaged from 25 individual runs.
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Fig. S7 Overlay of the STS traces: constant bias tunneling current-voltage response of a single
cluster on a Pt(111) surface in [CéC1Im][FEP] IL. lser: 50 pA, Vbias: +0.10 V, sweep rate 0.8 Vs,
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Fig. S8 Overlay of the STS traces obtained from different Auiss MPCs in [CeC1Im][FEP. lst: 50
PA, Vbias: +0.10 V, sweep rate 0.8 V s,

Table S1. STS peak potential spacing (AE) and cluster capacitance (c) values measured in
[CsC1IM][FEP] ionic liquid. The averaged values for AE and C are shown in Table 1 of the main

paper.

Charge AE C AE C

state 1V (cp)? | aF (cp) IAAOR / aF (i)
AE,,., 0.253 0.634 0.356 0.451
AE ., 0.275 0.583 0.220 0.722
AE.,. 0.390 0.411 0.288 0.558
AE.,., 0.257 0.625 0.208 0.742
AE, 4. 0.322 0.498

a CP = closely packed;? i = isolated



Table S2. STS and DPV peak potential spacing (AE) and cluster capacitance (c) values
measured for the Auias MPCs in different electrolytes. The represented STS data is for isolated
particle measurements. The averaged values for AE and C are shown in Table 1 of the main

paper.

DPV STS (i)
Electrolyte Charge state AE C AE C
A | aF A /aF

AE, 1.0 0.132 1.214
H,0 AE 5.3 0.135 1.183 0211 0.759
(0.1 M NaClOy) AE 34 0.227 0.704
Average 0.134 1.198 0219 0.730

3 j = isolated; ® Data not available. Due to the fast evaporation of the CHsCN solvent the STS
measurements cannot be done in this solvent.
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Abstract

A redox-active ionic liquid (IL), 1-butyl-1’-heptyl-4,4’-bipyridinium bis(trifluorome-

thanesulfonyl)imide has been synthesized and its transport processes were investigated.

©CoO~NOUTA,WNPE

10 The conductivity and viscosity of the IL, as well as the diffusion coefficients of its
12 components were studied over a 50 °C wide temperature range: for the diffusivity
14 studies, both the pulsed-gradient spin-echo (PGSE)-NMR technique and voltammetric
16 measurements have been applied. The measured data are presented in the paper and
18 are compared to each other. It was found that the diffusion coefficients determined
by means of NMR and chronoamperometry measurements are, within the range of
experimental error, equal — and they are (in accordance with other ionic liquid studies)
higher than what the conductivity or viscosity measurements indicate. The results are
25 interpreted in the light of the existing theories. The measured diffusion coefficients and
27 bulk conductivities can be well interrelated based on the “ionicity” concept (that is, by
29 treating the ionic liquid as a weak electrolyte). In agreement with the empirical Walden
31 rule, a direct comparison between the measured conductivities and viscosities is also
33 possible, for which a hole conduction model is utilized. Based on the fact that both
35 the electrochemical and the NMR measurements yield practically the same diffusion
37 coefficients in the system, there is no evidence that interpretations based in other
39 redox-active IL systems on “homogeneous electron transfer” apply to the system studied

a1 here.

45 Keywords

redox-active ionic liquids, transport mechanisms, ionicity, Nernst—Einstein relation

53 Introduction

56 Tonic liquids (ILs) are defined as salts with melting points below 100 °C; many of them are fluid

58 at room temperature. They have been attracting much interest recently in various areas of

2
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

chemistry, both in academia and in the chemical industry, because of their beneficial properties
like non-volatility, high ionic conductivity and non-flammability.? These important features
make them versatile alternatives to conventional solvent-based systems. lonic liquids have
found their application in the construction of batteries,? fuel cells* and solar cells,® but
have also been used as lubricants and heat-transfer fluids® or as solvents for clean chemical
synthesis and catalysis.”

From an electrochemical point of view, the most notable feature of non-redox-active ionic
liquids is their high electrochemical stability. By bringing such an IL to contact with a noble
metal, a nearly ideally polarisable electrode can be created, the voltammetric curves of which
exhibit a 4-5 volts wide double-layer region.® ! Exceeding this potential range triggers strong
currents that correspond to the decomposition (electrolysis) of the liquid.! The decomposition
is usually irreversible, and as its products remain adherent to (and contaminate) the surface,
it ultimately destroys the electrode functionality. In case of redox-active ionic liquids the
redox processes occurring at the metal | liquid interface can be considered reversible over a
relatively wide voltage range (that is, the reaction products — once formed — can later be
transformed back to the original IL at a different electrode potential). While non-redox-active
ILs can be ideally used as electrolytic media in the deposition processes of base metals and
other reactive materials,'? redox-active ILs usually find their application in dye-sensitized
solar cells' or Li-ion batteries (where, acting as “redox shuttles”, they protect the cell from
the unwanted effects of overcharging). 4

Due to their wide range of applicability, several redox-active and -inactive ionic liquids
have been synthesized in the last decades. Numerous combinations of the cationic and
anionic structures are possible, thus the physicochemical properties of ILs can be tuned by
changing the structure of the constituting ions. For the design of ionic fluids, however, it is
necessary to understand their basic physical and chemical properties. Yet interpreting the
physicochemical behaviour of these concentrated electrolyte solutions is often found very

challenging, and we still lack the complete understanding of the charge, momentum and mass

3
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transport mechanisms in ionic liquid systems. Despite the large amount of research done to
date, 53! there is no firm consensus as to the exact role that individual ionic diffusion, ionic
association and ion/ion interactions play in these processes.

It is a well-established experimental observation that the individual (ionic) self-diffusion
coefficients measurable in most ionic liquid systems are considerably higher than what could
be expected based on the measured conductivities and the Nernst—Einstein relation; the
interpretation of this effect is, however, rather unclear and several (often contradicting)
explanations exist in the literature. Here we attempt to provide the reader with a brief

overview of these.

i.) The “ionicity” based interpretation. To the best of our knowledge it was the research
group of Watanabe et al. who first applied the pulsed-gradient spin-echo (PGSE)-NMR
technique®? in ionic liquids in order to measure the individual diffusion coefficients
of its constituting ions.!%!® Using these values in the Nernst-Einstein equation, they
calculated conductivities which they then compared to the results of direct conductom-
etry — and found that the Nernst—Einstein equation gives a significant overestimation.
In order to bridge the gap between the experimentally determined and the diffusion
coefficient based conductivities, they introduced a certain deviation parameter « to the

Nernst-Einstein equation:

F2
k=2 CZ D22y, (1)

where D; denotes the self-diffusion coefficient, z; the charge number and v; the stoichio-
metric number of an ion ¢, and ¢ is the total concentration (inverse molar volume) of

the ionic liquid.

If « = 1, Equation (1) is reduced to the classical Nernst—Einstein case, but in most
ionic liquids a value of a < 1 is needed to correlate the measured diffusion coefficients
with the conductivities. Watanabe et al. explained this observation by assuming that
to some extent, a certain association can occur between the ions, causing a significant

4
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portion of them not to contribute to conduction.!® '8 This so-called “ionicity” concept
(i.e., the approach of treating ionic liquids as weak electrolytes, and interpreting « as
a degree of dissociation) got widely accepted by many researchers,'® but it did not

remain completely unchallenged.

The “velocity cross-correlation” based interpretation. Most notably, in a recent paper
Harris has claimed that “[iJonicity as such is a somewhat ill-defined concept as any
estimate of association or aggregation depends on the time-scale of the experiments
used for its determination”.?! In agreement with early molecular dynamics simulations?3?
Harris argued that the deviations from the Nernst-Einstein equation in an ionic liquid
might not only be a result of ionic association, but it might also occur due to differences
in the cross-correlation functions of the ionic velocities.?°?? The like-ion and unlike-

ion interactions in Harris’s works are characterized by the velocity cross-correlation

coefficients f.,, f__ and f,_, defined as

Frr = 8 [T s @atna (2.)

fo= 2 [T 0y (2.b)

and

fro= 2 [T 00 (2.0)

Here V' is the volume of the ensemble, N, is the Avogadro constant and the integrals
represent cross-correlations of the velocities of different ions in the ensemble, as denoted

by the indices j and k.

Harris showed?! that the Nernst-Einstein deviation parameter o (that is the reciprocal

of the Haven-ratio H,, often used to interpret conductivities in condensed matter

)
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physics®') may be expressed by using the values of these integrals in Equation (3):

c(for + - —2f)

Dy , D_
ot

a=1+ : (3)
where D, and D_ denote the diffusion coefficients, while v, and v_ the stoichiometric

numbers of the cation and the anion, respectively.

The “electron exchange” based interpretation. Murray et al. have conducted electrochem-
ical measurements in several redox-active IL systems (with?#2® and without?® metal ion
complexes), and have found that the “apparent” diffusion coefficients (D,,,) obtained
by the analysis of voltammetric curves are significantly higher than the “physical” ones
(Dphys) which could be deducted from the conductivity and viscosity measurements.
They argued that the reason of this discrepancy is an electron self-exchange process
taking place within the mixed valence-state diffuse layer. According to the Dahms—Ruff

relation, 37

koxd%C

Dapp = Dphys + 6 (4)

(where ke is the electron self-exchange rate constant, ¢ is the concentration of the redox
group containing species, and ¢ is the site-to-site distance between the redox groups
where electron self exchange occurs), this could lead to a noticeable enhancement of

the electrochemically determined diffusion coefficients.

From the above cursory glance at the existing theories it is obvious that the interpretation

of the diffusivity /conductivity discrepancies in IL systems is all but straightforward. An
important point to note is that the results of the PGSE-NMR technique (when applied to a
non-redox-active IL) and the analysis of voltammetric curves (taken in a redox-active IL) both
indicate anomalously high diffusion coefficients. When used in the Nernst-Einstein equation,
these yield conductivities that are higher than the experimentally determined values — yet

we have no knowledge of any study whatsoever that would utilize both of these techniques

6
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and make a comparison with the directly measured conductivities. With the present paper
we attempt to fill this gap.

In this study a redox-active ionic liquid, 1-butyl-1’-heptyl-4,4’-bipyridinium bis(trifluoro-
methanesulfonyl)imide ([C4VCy| [Tf,N],, Figure 1), has been synthesized and its transport
processes were investigated. The conductivity and viscosity of the IL, as well as the diffusion
coefficients of its components were studied over a 50 °C wide temperature range: for the
diffusivity studies, both the PGSE-NMR technique and voltammetric measurements have
been applied. The measured data were fitted with the Vogel-Fulcher-Tammann (VFT)
equation;3® 40 the obtained transport parameter values are presented in the paper and are

compared to each other.
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Figure 1: Chemical formule of the 1-butyl-1-heptyl-4,4’-bipyridinium ([C4VC7]2+) cation
and the bis(trifluoromethanesulfonyl)imide ([T£,N]”) anion, constituting the studied ionic
liquid.

We have found that the diffusion coefficients determined by means of NMR and chronoam-
perometry measurements are, within the range of experimental error, equal — and they
are (in accordance with previous ionic liquid studies) higher than what the conductivity
or viscosity measurements indicate. Our aim in the present paper is three-fold:  4.) to
interpret these results in the light of the existing theories;  ii.) to provide, thereby, a critical
overview of the present state of transport studies; and  .) to clarify the complementary

nature of the various transport parameters.
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Experimental

Synthesis

Milli-Q water was used for all experiments. 4,4’-bipyridyl (bpy, TCI) was purified by a
single-step sublimation. 1-Bromobutane (Wako), 1-bromoheptane (TCI), potassium bis(tri-
fluoromethanesulfonyl)imide (KTf;N, Kanto), 1-hexyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide ([HMI] [Tf2N], Merck) acetone (Nacalai Tesque), toluene (Nacalai
Tesque), acetonitrile (Nacalai Tesque), dichloromethane (Nacalai Tesque) were of reagent

grade and were used without further purification.

Synthesis of [C,bpy|Br

38.4 mmol of bpy was added to 50 cm?® of acetone in a two-necked Ny-flushed flask and stirred
at 40 °C. 114 mmol of 1-bromobutane was dissolved, and the solution was heated to reflux
for 24 hours. The formed colourless precipitate ([C4bpy|Br) was filtered and washed with

acetone and toluene. A yield of 22.0 mmol (57.4 %) was obtained for [C4bpy|Br.

Synthesis of [C,VC;] [Tf,N],

20 mmol of [C4bpy|Br and 62 mmol of 1-bromoheptane was dissolved in 30 cm?® of dry
N,N’-dimethylformamide (DMF), and the solution was heated to 80 °C for 24 hours un-
der Ny atmosphere. The yellow precipitate (1-butyl-1’-heptyl-4,4’-bipyridinium dibromide,
|[C4VCr|Brs) was filtered, washed with acetonitrile and dried in a desiccator. It was twice
recrystallized from an ethanolic solution in order to obtain plate-like crystals of [C4VC7|Brsg
(yield: 71.0 %). Bromide was replaced with the [Tf,N]™ anions by adding a methanolic
solution of excess amount of potassium bis(trifluoromethanesulfonyl)imide (K[Tf,N]) to the
methanolic solution of [C4VC7|Brs. The mixture was stirred for 15 hours at room temperature.
After evaporation of the solvent in vacuo, the colourless powder of [C,VCr] [Tfa2N], was ex-

tracted from a yellowish residual mixture of viscous liquid. The final product, [C,VC7] [Tf2N],,

9
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Table 1: 'H-NMR chemical shifts (§) measured at 300 MHz in DMSO-d6
vs. TMS reference; FAB-MS mass-to-charge ratios (m/z); and elemental anal-

ysis results (w%, measured vs. calculated) of the synthesized compound
[C,VC;] [Tf;N],.

Value Assignment
0.87 t, 3H
0.95 t, 3H
1.32 m, 10H
© 1.97 q, 4H
4.69 t, 4H
8.77 d, 4H
9.38 d, 4H
312.4 [C4VCr]T
N 592.3 [C4VC, TN+
T 14644 [(C4VCr)2(THN)g] T
280.0 [TfN]~
1152.0 [C4VC7(Tf2N)3]_

34.57 vs. 34.40% C
3 2.57vs. 3.70% H
6.34 vs. 6.42% N

was characterized by '"H NMR and FAB-MS measurements, and by elemental analysis (results
are shown in Table 1). The bromide content in the final product was below the limit of

detection (~ 1 ppm.

Thermal Analysis

Differential scanning calorimetry (DSC) was carried out on a Shimadzu DSC-60 under
nitrogen atmosphere. The samples were heated to 120 °C followed by cooling to —80 °C (the
cycle was repeated several times with a rate of 2 °C min~!). The melting and freezing points
were determined from the DSC thermograms. The phase transitions were also studied by
means of polarization microscopy (utilizing an Olympus BX51 instrument) at a heating rate

of 2 °C min—!.

10
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Density Measurements

As pure [C4VCr] [Tf,N], was only available in a relatively small amount, density measurements
have been carried out by using a Norell Standard Series 5 mm NMR tube as a “small-volume
pycnometer”. The tube was filled at 70 °C with [C,VCy;] [T£;N],, and the mass of the IL was
determined. No changes of the liquid level could be observed as the tube was termostated to
lower temperatures. The volume was calibrated by removing the IL from the tube, cleaning

it thoroughly and by filling it up with a fluid of known density (water).

Voltammetric Studies

Chronoamperometric measurements, as well as cyclic voltammetry and electrochemical
impedance measurements in the temperature range of 25 to 60 °C have been carried out
by the use of an Autolab PGSTAT302N potentiostat (EcoChemie, Netherlands) in a single
compartment (~ 0.25 cm?®) thermostated cell. A gold microdisk electrode (BASi) with a
nominal radius of 5 pm was used as a working, a platinum sheet as a counter, and leakage-
free Ag|AgCl|sat.KCl (BASi) as a reference electrode. The effective radius of the gold
microelectrode, r = 4.28 pm was determined based on its chronoamperometric response
measured in a 1 mmol dm™* [Ru (NHj)4] Cl; solution (containing 0.1 mol dm™3 KCI as

supporting electrolyte).

Conductometry

The bulk ionic conductivity was studied in the temperature range of 25 to 60 °C, both by means
of impedance spectroscopy (with the three-electrode configuration described above) and by the
use of a 2-pole conductivity cell (CDC741T, Radiometer Analytical) with platinized platinum
electrodes. The cell constant of the conductivity cell was determined as Kconq = 1.629 cm™?
by means of calibration with KCI solutions of known concentration and conductivity. In
case of the impedance measurements, a cell constant of Kpig = = = 584.11 cm™! has been

4r
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assumed.*! Impedance spectra have been recorded over the frequency range from 100 mHz to
10 kHz; the bulk conductance was identified as the $(Y") value corresponding to the phase

angle minimum in the sound-frequency range (at ~ 200 Hz).

Viscometry

Viscosity measurements in the temperature range of 20 to 75 °C have been carried out by
using a Brookfield DV-I Prime rotational viscometer (spindle: SC4-15) equipped with a

water-flow temperature control unit.

PGSE-NMR measurements

The PGSE-NMR measurements®? were performed by using a Bruker Avance III HD 500
WB spectrometer; i.e., an 11.7 T wide bore super conducting, ultra shielded magnet. The
spectrometer was equipped with a Diff50 diffusion probe, capable to reach a maximum

gradient strength of 30 T m~! at 60 A. The self-diffusion coefficients were measured using

42 43

either a stimulated echo sequence® or a double stimulated echo sequence® in order to avoid
convection effects at higher temperature. All sequences used sine shape gradient pulses with
variable amplitudes. The signal attenuation can be described as

S 5
In— = —~22 (A-ZD
e 795( 3 ) (5)

where S is the stimulated echo signal amplitude, S; is the signal amplitude at gradient
strength g = 0, 0 is the effective gradient pulse duration (i.e., the length of a rectangular
pulse with identical area as the used sine shape pulse), A is the diffusion time (i.e., the
delay between the beginning of the first, diffusion encoding gradient pulse and the second,
diffusion decoding pulse), 7 is the gyromagnetic ratio and D the diffusion coefficient.?? In
case of the double stimulated echo, A is the sum of the diffusion times in both parts of

the sequence. The experiments were performed in a temperature range of 30 to 70 °C in
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steps of 10 °C. Diffusion experiments on 'H and F were conducted independently at each
temperature step using a diffusion time A of 20 ms and of 100 ms, in order to prove the
absence of convection. If convection seemed to be present, additional double stimulated echo
experiments were performed. In order to avoid extensive relaxation delays, a so-called spoiler

recovery sequence* was applied prior to the relaxation time.

Results

Thermal Properties (Differential Scanning Calorimetry)

It was found that pure [C4VCy| [Tf,N],, which takes the form of a crystalline solid at ambient
temperatures, melts at above 25 °C and forms a liquid phase. During cooling of the liquid,
however, a phase transition usually occurs only at temperatures lower than 15 °C. The
formation of liquid crystals accompanies both the solid-to-liquid and the liquid-to-solid
transition, as it was studied by the means of polarization microscopy. It was found that the
compound [C4VC7| [Tf,N],, once it is in molten state, does not solidify at room temperature
in the time range of a few days.

The described “thermal memory” of [C,VCr] [Tf2N], was taken into account when studying
the temperature dependence of its transport properties. All the electrochemical, viscosity,
conductivity and NMR measurements have thus been carried out at 7" 2 25 °C. Prior to each
measurement, the IL was preheated to 70 °C while purged with argon at a slightly decreased
pressure (in order to remove any traces of water). This pretreatment made it possible to
study the transport properties in a purely liquid phase.

For the viscosity, NMR and electrochemical measurements, the temperature was measured

with a precision of £2 °C.
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Density and Molar Concentration

Since the synthesized [C,VCr] [Tf;N], was only available in small amounts, its density was

©CoO~NOUTA,WNPE

measured by the ad hoc method of using an NMR tube as a pycnometer. A density value of
0= 1.467 g cm ™3 has thus been obtained. The low sensitivity of this method, however, did
not allow for the observation of any temperature dependence of the measured density, thus
the above constant value was used in the calculations. Based on the measured density and a
total molar mass of M = 872.9 g mol™!, the concentration (inverse molar volume) ¢ of the

19 ionic liquid has also been calculated:

22 c= L _ 1.772 mol dm 3. 6
N (6)

26 Similarly to the density, this value was also considered temperature-independent.

30 Ionic Radii

33 The ratio of hydrodynamic radii of the cations (R, ) and the anions (R_) have been estimated
35 by geometry optimization with the PM7 semi-empirical Hamiltonian implemented in the
37 MOPAC2012 program suite.*® For the anionic radius, a literature value*® was taken, thus

39 the values R, = 0.503 nm and R_ = 0.362 nm have been used in this study.

43 Electrochemical Investigations

46 Voltammetric behaviour In order to study the electrochemical behaviour of [C,VCr] [T£;N],,
48 the neat ionic liquid was first mixed with another (redox-inactive) IL, [HMI] [Tf;N]. In the
50 thus obtained “diluted system”, having a concentration of ~ 9 mmol dm™ with respect

52 to [C4VCy] [Tf2N],, the cyclic voltammogram shown in Figure 2(a) has been measured at
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T = 60 °C. This voltammogram is characteristic for the two-step reduction process

[C4VC7]2+ +e — [04\/.07]+ (7&)

[C4V.C7]+ +e — C4VOC7. (7b)

That is, at moderately cathodic electrode potentials (=600 mV < E < —300 mV), the
dication is reduced to form a single-charged radical cation, while at potentials even more
negative (—1200 mV < £ < —600 mV) the radical cation is further reduced to the uncharged
viologen C,V°C;. While the first transition was shown to be reversible for most viologen
systems, the second step is usually found to be less reversible.4”#® For the sake of completeness
it must be mentioned, however, that the above-mentioned two-step mechanism may be further
nuanced by taking into consideration an additional conproportionation reaction between the

uncharged (molecular) and the dicationic species,

CVOC; + [CVCH T — 2[C, Vo™, (8)

yielding as a product the single-charged [C,V°*C;]" radical cation.*%%
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I/ nA

9 mmol dm”’ [C,VC,]|[Tf,N],
in [HMI][TE,N]

Pure [C,VC,][Tf,N],

¢ ——n

J JvzlmVsl

54 Figure 2: Cyclic voltammograms measured on a gold microdisk electrode (a) in
55 [C4VCr] [TfaN], diluted with [HMI] [Tf,N] and (b) in the neat ionic liquid. 7" = 60 °C
56 in both cases. The feature shown by the exclamation mark in the latter case can be a result of
a polymerization reaction or a 2D structural phase transitions within the viologen monolayer

-900 —-600 -300 0

(E vs. Ag|AgCl|sat.KCl) / mV

59 adsorbed to the electrode surface.
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As shown in Figure 2(b), the voltammetric response of the neat ionic liquid differs
substantially from that of the diluted system, and solely based on equations (7.a), (7.b) and
(8), this response can no longer be interpreted. The CV (just like in case of the diluted
system) clearly shows the first reduction step; however, shortly after the onset of the second
step a sudden current spike appears (see the exclamation mark in Figure 2.b) and the current
does not decrease any further.

A possible explanation of this feature would be the presence of a polymerization reac-

49,51 52,563

tion, yielding products which may remain adherent to the electrode surface and
thereby cause a decrease of the active surface area and/or a modified electrocatalytic activity.
In addition to that, the electron transfer reactions following the first reduction step may as
well lead to distinct 2D structural phase transitions within the viologen monolayer adsorbed
to the electrode surface,®® which can also explain the observed feature.

The complete understanding of the voltammetric behaviour of neat [C,VC;] [TfaN], will
remain a challenge for future studies. In this paper we focus only on the first reduction

step (the interpretation of which is clear) in order to determine the D, cationic diffusion

coefficient.

Electrochemical determination of the cationic diffusion coefficient D, The sig-
moidal voltammograms measured at a microelectrode should provide straightforward means
for determining the diffusion coefficient of a reacting species. Once a limiting current I, is

reached, the diffusion coefficient D, can be readily determined:

[g - 47"FD+C+, (9)

where 7 is the (effective) radius of the electrode and ¢, is the concentration of the cation.
Our case is complicated by the fact that the cyclic voltammograms measured in the neat
ionic liquid (Figure 2.b) are not ideally sigmoidal CVs, but despite the low sweep rate they

still show a somewhat Cottrellian behaviour. That is, the cyclic voltammogram shown in
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Figure 2.b is not entirely sigmoidal but also have “peak-shaped” features, thus Equation (9)
cannot be directly used in order to determine the cationic diffusion coefficients. For this
purpose, the more accurate method of chronoamperometry has to be applied.

By recording the current response of the system upon stepping the potential from a positive
enough value to a sufficiently cathodic one (in our case, to —600 mV vs. Ag|AgCl|sat.KCl),
decaying negative currents can be measured in the neat ionic liquid. The current traces
(after a time when the double layer charging current has decayed) can well be fitted by using

Equation (10),

I(7) = 4rFDc (0.7854 + 0.88627 /> +

+0.2146 exp [—0.78237 /%)), (10)

where 7 = 4D, t/r?.5

The current transients presented in Figure 3 were all measured for 250 seconds, but in case
of the two lowermost temperatures the fitted interval was narrower due to instabilities of the
recorded current response. The measured data, along with the fitted curves of Equation (10)
are shown in the inset of Figure 3 in a logarithmic representation. Note that in the fitting
procedure based on Equation (10), the only optimized parameter was D, . The concentration
used for the fitting was the constant determined from Equation (6), and the value of the
effective electrode radius was determined by calibration (see Section ). The optimized
D, values are shown in Figure 4, together with the diffusion coefficients yielded by NMR

measurements.
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0k 25°C - |
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o] 40°C

= —600 mV vs. Ag|AgCl|sat.KCI

Figure 3: Chronoamperometric responses of the gold microelectrode in undiluted
[C4VCy] [T3N],, measured at different temperatures. The highlighted segments of each
amperograms have been fitted by the use of Equation (10), as shown in a logarithmic repre-
sentation by the inset. The instabilities of the current traces measured at low temperature
values can be attributed to possible phase transitions of the liquid.>*

NMR Measurements

The PGSE-NMR method allows for the determination of individual ionic diffusion coefficients:
'H and F in the cation and the anion, respectively, are NMR-sensitive nuclei. Figure 4 shows
the temperature dependence of the cationic (D, ) and anionic (D_) diffusion coefficients. As
a comparison, in Figure 4 we have also plotted the D, values determined by the fitting of
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the chronoamperometric curves in Figure 3. If we take into consideration that the value
of ¢ (used in Equation (10) for the fitting of the chronoamperometry curves) was obtained

by a less sensitive density measurement, it can be stated that the NMR-based and the

©CoO~NOUTA,WNPE

10 electrochemistry-based data are — within the range of experimental error — in a fair agreement

12 with each other.

» © D, anion (NMR)
18 ®@ D, cation (NMR)
x D, cation (chronoamp.)

39 T/ °C

43 Figure 4: Individual diffusion coefficients of the [C4VC7]*" cations (D,) and the [Tf,N]~
44 anions (D_), as determined by the PGSE-NMR technique at different temperatures. For
sake of comparison, the cationic diffusion coefficient (D, ) values, as determined by chronoam-
47 perometry measurements, have also been plotted here. The solid curves show VFT fits to the
48 measured data (for the values of the optimized VFT parameters, see Table 2).

An interpolation between the diffusion coefficient values measured at different temperatures
is possible by fitting the data with the VFT-equation. Fitted curves are also shown in Figure 4;

the optimized VFT parameters are listed in Table 2.
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Table 2: 95% confidence intervals of the Vogel-Fulcher—Tammann parameters.

The equation of the form y(7') = ypexp [—T_L}O] was fitted to the diffusivity, con-

ductivity and viscosity data in Figures 4-6 by means of a weighted Levenberg—
Marquardt non-linear least-squares optimization.?%:5” Weight factor: y 2, calcu-
lated iteratively. Determination coefficient (R?) values are also reported in the
table.

Measurement Yo B To R?
D chronoamp. (Figure 4)  (4.05+£0.24) - 10~% cm? s~1 (1.7940.48) - 103 K (156 £33) K 0.99903
D ~umr (Figure 4) (2.679+£0.044) - 107° ¢cm? 5! (0.9240.38) - 103 K (205.2+2.3) K 0.99982
D_, ~ur (Figure 4) (1.35+£0.66) - 107° cm? s—! (628 £93) K (226.4+6.8) K 0.99996
Kmeas (Figure 5) (21.08+8.27) S em ™! (2.2040.76) - 103 K (132+£22) K 0.99909
n (Figure 6) (1.16 £0.47) - 10~* Pa s —(11474+97) K (194.04+4.5) K 0.99931

Conductivity Measurements

The electrical conductivity (specific conductance, Kmeas) of [C4VCr] [T3N], has been deter-
mined both by means of direct conductometry (in a 2-poles cell with plane-parallel electrodes)
and by the means of ac impedance spectroscopy. By using the cell constant values given
in Section , the measured conductivities are those presented in Figure 5. As it can be
seen, practically the same conductivities can be determined, regardless to the applied cell
geometry. In Figure 5, a VFT-like interpolation is applied to the kyeas values yielded by the

conductometer.
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300 -
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150 -

28 T/ °C

32 Figure 5: The specific conductivity of [C,VCr] [Tf2N], changes as a function of temperature,
as determined by means of ac impedance spectroscopy and by the use of a conductometer.
35 The latter dataset was made subject to a curve fitting procedure based on the VFT-equation.
36 The fitted curve is shown in the figure, for the values of the optimized VFT parameters, see
37 Table 2.

Viscosity Measurements

44 The viscosity of [C4VCy] [Tf,N], has been measured at different temperatures. The measured

46 dataset could again be well-fitted by using a VFT-like equation, as shown by Figure 6.
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Figure 6: The viscosity of neat [C4VC7] [TfoN],, measured at different temperatures. The
solid curve represents a VFT-like fit (for the numerical values of the VFT parameters, see
Table 2).

Summarized Results

The viscosity, conductivity and ionic diffusion coefficients in the [C4VC7] [Tf2N], ionic liquid
have all been found heavily temperature dependent. For further discussion, the numerical

values of the above transport parameters are summarized in Table 3.

Discussion

Several methods — chronoamperometry, NMR measurements, conductometry and viscometry
— have been applied in order to study the temperature dependent transport properties of the

[C4VCy] [T2N], IL. Amongst these techniques, NMR measurements have a distinguished role:

23
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Table 3: Numerical values of the transport parameters (D,, D_, 7 and Kmeas)
in neat [C,VC;|[Tf;N],, based on the interpolants of Figures 4-6. The bulk
ionic conductivity values knmr and kyise, also listed in the table, are calculated
based on the diffusion coefficient values (Equation (11)) and the viscosity values
(Equation (15)), respectively.

T D4, chronoamp. D, NnMR D_, NnMR n Kmeas KNMR Kyisc
°C 1010 cm2s-1 1010 cm?2 s—1 1010 cm? s—1 Pa s pSecm™! pSem~!  pS em~?
25 13.76 13.47 21.34 7.036 37.44 61.46 27.21
30 21.11 22.33 37.74 4.248 55.13 105.1 45.35
35 31.49 35.23 62.24 2.681 79.40 168.7 72.17
40 45.78 53.30 96.92 1.759  112.1 256.8 110.3
45 65.04 77.72 143.8 1.194  155.3 373.6 162.8
50 90.49 109.8 204.8 0.8346 211.6 522.8 232.9
55 123.5 150.8 281.8 0.5994 283.7 707.9 324.3
60 165.6 202.0 376.2 0.4409 374.9 931.6 440.5

they allow for the determination of the individual diffusion coefficients of both the cations and
the anions. While by means of chronoamperometry, only one of these parameters (D) is
accessible, the information yielded by the other two methods (the Kyeas specific conductance
and the 7 viscosity) describe the system as a whole, rather than its individual components.

This also suggests that the most straight-forward way of interrelating the transport
parameters of Table 3 is to compare either the experimental viscosities or the experimental
bulk conductivities with the corresponding values recalculated from the individual diffusion
coefficients. In this paper, the latter approach is taken: the bulk conductivity of the ionic
liquid is calculated first from the diffusion coefficients measured by NMR (knmr), second from
the determined viscosities (kyisc); and these values are compared to the measured specific
conductance (Kmeas). The method of discussion followed here has a significant advantage; i.e.,
it provides means for checking the validity of the Stokes—Einstein and the Nernst—Einstein

relations in the studied IL.
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Relating the NMR and Chronoamperometry-Based Diffusion Coeffi-

cients to the Bulk Ionic Conductitivities

By means of NMR measurements, as noted above, it is possible to determine the individual
diffusion coefficients of both the cation and the anion, respectively. As shown in Figure 4, the
D/ values provided by the two different methods agree fairly well — the diffusion coefficients
measured by the NMR technique are equal to, or only slightly higher than those yielded by
chronoamperometry.

By using the values obtained for D, and D_ (determined from PGSE-NMR), it is possible
to estimate the bulk ionic conductivity of [C4VC5] [Tf,N], based on a modified version of the

Nernst—Einstein relation: Equation (1) in the studied system can be written in the form

2F%ac
RT

KNMR = 2D+ +D-). (11)

If we assume that o = 1 (i.e., that the Nernst-Einstein equation in its classical form applies
to the system), the “NMR-based” conductivity (kxmr) values obtained from Equation (11)

are those shown in Figure 7 (for the numerical data, see Table 3).
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Figure 7: The x conductivity of the ionic liquid, determined in three different ways: by direct
34 conductometry; by calculations based on the diffusion coefficients, using Equation (11); and
35 by calculations based on the viscosity values, using Equation (15).

It can be seen that these values are considerably higher than the measured conductivities;
thus the system shows deviations from the classical Nernst-FEinstein equation and values
of o < 1 must be assumed.?? Using Equation 11, we have calculated the values of o
45 at different temperatures and have found them to be moderately temperature dependent

47 (Figure 8).
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Figure 8: The ot = Kpeas/KNMR Tatio, appearing also in Equation (11), is less than 1, and is
moderately temperature-dependent. « is a good measure of the “ionicity” in ionic liquids.!®

With respect to what was said in the introduction concerning the interpretation of the

a < 1 values, there are two comments which are due here:

i.) Comments on the “velocity cross-correlation” based interpretation. In*' Harris criticized
the “lonicity” concept based on a claim that the extent of any ionic association should
depend on the time-scale of the experiments used for its determination. As an alternative
explanation he showed that reduced a values might also arise as a result of the differences
in the cross-correlation functions of the ionic velocities. With respect to that we must
point out that in our case not only the PGSE-NMR measurements, but also the

analysis of the chronoamperometric curves have yielded similar (equally high) diffusion
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coefficients!. This result, we believe, could be interpreted as an independent evidence
that still supports the validity of the ionicity concept, since the time-scale of the
electrochemical measurements is nearly 4 orders of magnitude higher than that of the
NMR technique, and yet the two methods yield very similar results. This statement,
however, is not strictly conclusive. Its validity should be further checked by molecular
dynamics simulations: the velocity cross-correlation coefficients in form of the integrals
(2.a)—(2.c) could then be evaluated. Here we provide the reader with an experimental

forecast for these values based on Equations (12.a)—(12.c):?!

M_ \?> D,
= RT —_— ] - — 12.
Fat = BT uneas (ZF cM ) vic (12:8)
M, \* D_
—— =RTkmeas | ———— ) — — 12.b
/ fl's (Z+FCM> v_c ( )
M M_
_=RT _. 12.
f+ R Kmeas P (FCM>2 ( C)

The values of these parameters are listed in Table 4, providing means for checking
the validity of the “ionicity” concept in the studied IL. Namely, if such a molecular
dynamics model could be developed, which based on Equations (2.a)—(2.c) would yield
values similar to those listed in Table 4 for the velocity cross-correlation coefficients,

the “ionicity” concept could be discarded.

LAt least for the cations — the diffusion coefficient of the anions is not accessible for the electrochemical
technique
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Table 4: Estimates for the values of the like-ion and unlike-ion velocity cross-
correlation parameters f,,, f._ and f,_  based on the experimental data and
Equations (12.a)—(12.c).

©CoO~NOUTA,WNPE

T 10F, ¢ 108F__ 108f, _

°C cmPmol~'s—1 cmPmol~!s—1 cm5mol 1s—1
25 0.4286 0.4200 0.1839

30 0.7587 0.8602 0.2749
35 1.250 1.502 0.4019

40 1.948 2.416 0.5758
45 2.899 3.648 0.8098

50 4.149 5.230 1.119

95 5.751 7.187 1.523

60 7.738 9.530 2.042

ii.) Comments on the “electron exchange” based interpretation. It is not a new result that

in a redox-active ionic liquid the diffusion coefficients determined from voltammetric
analyses are higher than what the conductivity or viscosity measurements can yield. The
same has been described by Murray et al. for another viologen group containing ionic
liquid.?? It was argued there that the enhancement of the electrochemically determined
D values over the “physical” diffusion coefficients could be a result of an electron
self-exchange process taking place in the mixed valence state diffuse layer. We must
point out, however, that in?® no NMR measurements have been applied for studying
the diffusivities and to support the validity of the electron exchange mechanism. In our
IL system we have found that the electrochemically determined diffusion coefficients of
the cationic redox species agree well with the values determined by NMR. This is a
strong indication that electron self exchange processes between the two redox states
(the [C4VC;]*" dication and the [C,V*C;]" radical cation in our case) are absent or

occur only to a negligible extent that cannot be observed in the experimental results.

From the above comments it can be concluded that the most probable explanation of the

Nernst—Einstein deviations could be based on the “ionicity” concept. What is still needed,
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however, is to interrelate the results of the conductivity and viscosity measurements in a way

that does not contradict this assumption.

Relating the Measured Viscosity Data to the Bulk Ionic Conducti-
tivities
Recalculating the bulk ionic conductivities from the viscosity data is not straightforward.??3!
For instance, Bonhote et al. have claimed that the dependence of the bulk ionic conductivity
on the viscosity can be written in a form
aF?c
Ryise =
6NATn

(&.R'+ € RTY), (13)

where the £ values are correction factors emerging due to the different shapes of the ions, and
the equation contains the o degree of dissociation.?® To this we must add that an equation of
the same form (although not exactly of the same content) was used already in a 1902 paper
by Sutherland,®® dealing with the viscosity/conductivity relations of weak electrolytes.? Yet
it was found that in case of the studied system, including the parameters o, £, and £_ to the
Einstein relations (which results in Equation (13)) is not deemed necessary. Even in the case
when all these parameters are equal to unity, the equation can well-correlate the measured
viscosity and conductivity data.

This observation is in a good agreement with a model of Abbott,30:3!

describing the
viscous flow as a process governed by the motion of holes present at an “infinite dilution” in
the system. In3° Abbott claims that the viscosity of ILs is limited by the low concentration of
suitably sized voids, and in3! he considers charge transfer in the very same manner. Namely,
it is assumed in3!' that ion motion depends on the migration of holes in the opposite direction;

and since the fraction of suitably sized holes in ambient-temperature ionic liquids is very

low (about 107%), the holes can be assumed to be at infinite dilution. As a consequence, the

2Note that the paper of Sutherland®® was published three years before Einstein’s publication of the
equation that we now call Stokes-Einstein relation.?°
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migration of holes should be independent of each other, and they should be described by the
Stokes—Finstein equation.
Thus the Ay molar ionic conductivities (of the cations and the anions, respectively) can

be written in a form

2 12
21 F

Ap = —— 14
* 6NA7TT]R:|: ’ ( )

and these values readily yield the conductivity:
Do o dE (A2 (15)

Ryisc = € -] = = =
* 6Nam \ Ry R_

Note that in Equation 15, the degree of dissociation «v does not appear. Neglecting the
ionic association in this model is, however, logical: with the concentration of holes being very
low, single ions are always present in vast excess, almost irrespective of the value of a.3! This
explains the good correlation (Figure 7) between the measured conductivity values and the

specific conductances calculated from the viscosity data.

Conclusion

A redox-active ionic liquid, 1-butyl-1’-heptyl-4,4’-bipyridinium bis(trifluoromethanesulfo-
nyl)imide has been synthesized and its transport processes were investigated. The conductivity
and viscosity of the IL, as well as the diffusion coefficients of its components were studied over
a 50 °C wide temperature range. As a novel approach we have used both the PGSE-NMR
technique and voltammetric measurements for the diffusivity studies.

It was found that the diffusion coefficients determined by means of NMR and chronoam-
perometry measurements are, within the range of experimental error, equal — and they
are (in accordance with other ionic liquid studies) higher than what the conductivity or
viscosity measurements would indicate. The results were interpreted in the light of the

existing theories. 13!
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The measured diffusion coeflicients and bulk conductivities can be well interrelated based
on the “ionicity” concept introduced by Watanabe et al. (that is, by treating the ionic liquid

15-18) " In agreement with the empirical Walden rule, a direct comparison

as a weak electrolyte,
between the measured conductivities and viscosities was also possible, for which the hole
conduction model of Abbott3*3! has been utilized.

Based on the fact that both the electrochemical and the NMR measurements yield practi-
cally the same diffusion coefficients, there is no experimental evidence that interpretations
based in other systems on “homogeneous electron exchange™based interpretations® apply to
our viologen IL.

The equality of diffusion coefficients yielded by the NMR and the electrochemical studies
could further be interpreted as an independent evidence supporting the validity of the “ionicity”
concept over the “velocity cross-correlation” based explanations?*2? of the Nernst-Einstein
deviations. The time-scale of these measurements differ in nearly 4 orders of magnitude, and
yet they yield essentially the same measure for the deviation. In order to provide some means
for checking the validity of this conclusion, experimental estimates for the expected values of
the like-ion and unlike-ion velocity cross-correlation parameters are given in the text.

As a continuation of this work, molecular dynamics simulations are planned in order to
get a deeper insight into the nature of mass, charge and momentum transport mechanisms

in redox-active ionic liquids. The electrochemical behaviour of [C4VC7| [TfoN], will also be

further studied by the means of impedance spectroscopy and surface imaging techniques

(in-situ STM and AFM).
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4.4 First results on Stabilization of Monolayer Protected Silver
Clusters (“AgoMSA7”) and their Electrochemical and ESI-MS
investigations

This chapter presents first experiments on the stabilization of monolayer protected Ag clusters
and their electrochemical and ESI-MS investigations. It is considered an initial base for further

more detailed studies in view of a publication.
The work presented here has been carried out by the following people:

Nataraju Bodappa, Department of Chemistry and Biochemistry, University of Bern:

Cluster synthesis and phase transfer, Size exclusion chromatography (SEC), UV-VIS-NIR
spectroscopy, Differential Pulse Voltammetry (DPV).

Elina Kalenius, Department of Chemistry, University of Jyvaskyla, Finland:

Electrospray lonization Mass Spectroscopy (ESI-MS).

Nataraju Bodappa, Department of Chemistry and Biochemistry, University of Berne, and

Herbert Schaffer, Institute for Anatomy, University of Bern:

TransmissionElectron Microscopy

1. INTRODUCTION

Synthesis, characterization and applications of monolayer protected clusters (MPC) of gold have
been the subject of a wide range of detailed studies in the last decade®l. Au MPCs comprise a
large variety of applications including drug delivery® 51 sensors, catalysis®, photonics and
electronic elementst”!, and also the crystal structures of MPCs of Au25[ 1 Au28[% Au3eMtil

Au38*2 Au102(31 of MPCs have been reported. All these studies have significantly enhanced

the understanding of the chemical, physical and electronic properties of Au MPCs, and recent

investigations by electrochemical techniques®31*4 and by scanning tunneling spectroscopy!*4
have further elucidated their electronic and conduction properties in electrolytic environment,

both in electrolyte bulk solution and immobilized at single—crystal electrode substrates.



In contrast to the well-established synthesis techniques of stable Au MPCs, the preparation and
characterization of analogous stable silver MPCs containing a “magic number” of atoms is still
rather challenging due to the facile oxidation of silver. Although a substantial effort has been
made by many groups in synthesizing such stable silver clusters, there exist to date only few
reports on “well defined” silver MPCs with a stable and intact composition confirmed by mass

spectroscopy, such as Ag7* | Agsol*®l, Agast” 181 Agisott¥ and Agasol?.

Recently, the groups of Zheng™®! and Bigionil?!! determined independently the crystal structure
of Agas(p-MBA)30 (p-MBA = para mercapto benzoic acid). These results were communicated as
a major breakthrough opening substantial new insights into the structure and composition of
ligand-stabilized silver MPCs. Interestingly, it was found that, the surface protecting motif
involved in Agss(p-MBA)zo clusters is completely different from Auio2(p-MBA)as clusters. Such
crystallization experiments are considered to be relevant to clarify the existence of sulphur-based
bonds to two-dimensional large Ag surfaces. In addition, the synthesis of water soluble silver
clusters such as Agz(DMSA).® (DMSA=Dimercaptosuccinic acid), Agn(NALC)n?!
(NALC=N-acetyl-L-cysteine), Agn(GSH)ml?228] (GSH=glutathione), Aggs(capt)is
(capt=captopril), Agas(NMBA)30*® (NMBA=5-mercapto 2-nitrobenzoic acid) were reported, as
well as silver mercaptosuccinic acid (thiomalic acid) homoleptic type complexes (AgzMSAz,
AgsMSAg)? and [Na[Ag(H2MSA)].0.5H20)]24.34 [?81. Also first electrochemical studies on Ag

MPCs have been reported by several groups(?®-31,

In a recent publication, we have reported the synthesis of water soluble silver clusters, whose
composition has been assigned to the formula “Age(H2MSA)7;” (H2MSA = mercaptosuccinic
acid)®® based on its fragmentation products. These clusters decompose slowly in water within
one day to silver(l) thiolate, but they can be stabilized in aqueous solvent mixtures with
acetonitrile, methanol or ethanol, and they are very stable in pure ethanol, or in solid state under
an inert gas atmosphere. A detailed further investigation of up to now unknown properties of
these clusters is an exciting and challenging topic, involving for example their further structural
characterization by techniques such as Transmission Electron Spectroscopy (TEM) or Scanning
Probe methods, but also their photoluminescence and electrochemical properties. As shown in
our previous investigation of Au MPCs[**l, especially Differential Pulse Voltammetry (DPV) is a

powerful tool to probe the size dispersity and to extract energy level information of such clusters



in an electrolytic environment. However, an important requirement for DPV investigations of the

above mentioned Ag MPCs is their sufficient long-time stability in solubilized form.

In this work, we focus therefore mainly on the further stabilization of the “AgeMSA7” clusters in
solution by considering the influence of electronic and steric factors, by changing the pH in the
aqueous cluster solution, as well as by phase transfer of the clusters into an organic medium
using sterically bulky counterions. The obtained stable clusters were then purified and size —
fractionized by size-exclusion chromatography. The stability and properties of the clusters before
and during phase transfer, and after size-fractionization were monitored by UV-Vis spectroscopy
and Transmission Electron Microscopy (TEM), and the size-discriminated fractions were
additionally investigated by Electrospray lonization Mass Spectroscopy (ESI-MS). Finally,
preliminary electrochemical DPV experiments were carried out in a dichloromethane electrolyte

solution.
2. EXPERIMENTAL SECTION
2.1 Materials and Chemicals

Silver nitrate AgNOs (>99%), Tetraoctyl ammonium bromide [CHs3(CH2)7/]NBr (TOABI)
(>98%), Sodium borohydride NaBHs  (99.99%), Toluene (>99.7%, GC grade) and
Dichloromethane CH2Cl, (>99.9 %) were purchased from Sigma-Aldrich. CH.Cl, was further
dried in contact with molecular sieves to remove any trace amount of water. Tetrabutyl
ammonium hexafluorophosphate (TBAPFg) (>99.0%) was purchased from Fluka and dried
overnight in an oven at 60°C to remove any presence of moisture. Mercaptosuccinic acid
HOOC-CH»2-CHSH-COOH (H2MSA) (97%) was purchased from Aldrich. The 0.1M ammonium
acetate buffer solution was prepared by using ammonium hydroxide (25%, Aldrich) and acetic
acid (100%, Merck) solution. Tetrahydrofuran (THF) (HPLC grade) from Sigma-Aldrich was
used. All water used for the preparation procedures was purified by Milli-Q system (18.2 MQ-
cm, 2-3 ppb TOC value).



2.2 Synthesis of H-MSA monolayer protected silver clusters “AgsMSA7”

The H.MSA monolayer protected silver clusters “AgeMSA7” were synthesized as reported in our
previous paper®? and shown in Scheme 1: Briefly, AgNO3 and mercaptosuccinic acid H.MSA
were mixed in 1: 5 molar ratios and were ground during 15 min in the solid state at room

temperature by a pestle in a mortar. We observed that the presence of moisture plays a crucial
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Scheme 1. Solid-state synthesis of mercaptosuccinic acid protected silver monolayer protected clusters.
[33]

role in forming the Ag(I)MSA complex. NaBHs (in solid form) was then added to the above
mixture in five-fold amount with respect to AgNOs, and the mixture was then further ground for

15 min. 15 ml of water was then gradually added over a time scale of 1 min.
2.3 Size exclusion chromatography (SEC)

Size exclusion chromatography was performed according to the reported literature procedure3l,
The Bio beads S-X1 (pore size 30-40 pm with an exclusion limit of 600-14000 Da) were soaked
overnight in THF solvent. The swollen beads were transferred into the column (diameter ~2 cm,
with a glass frit) and packed using several bed volumes of solvent under a gentle stream of argon
until the constant height reaches ~90 cm. The phase transferred clusters were dissolved in a
minimum amount of THF solvent and transferred into the column, eluted at a rate of 0.5 to 0.7
ml/min. The eluted fractions were further passed over a PTFE syringe filter (0.25 pm). Each
fraction (1 ml) was collected in small vials and tested by absorption spectroscopy. The procedure

was repeated for the further fractionations.



2.4. UV-Visible absorption spectroscopy

UV/VIS/NIR spectroscopy was measured with a Perkin Elmer A900 spectrophotometer, and a
quartz cell with 1 cm path length was used. All spectra (for phase transferred clusters) were

recorded either in toluene or in tetrahydrofuran.
2.5 Transmission Electron Microscopy (TEM)

For the preparation of samples, a dilute solution of the synthesized and SEC fractionated clusters
in THF was dropcast on a carbon coated copper grid with 300 mesh size (PLANO GmbH,
Germany) and dried in air. A FEI Tecnai F20 (Eindhoven, The Netherlands) instrument equipped
with a Gatan GIF energy filter (Gatan, Munich, Germany) with an acceleration voltage 200 kV

was used for recording the images.
2.6 Electrospray lonization Mass Spectrometry (ESI-MS)

Mass spectrometric experiments were performed with a QSTAR Elite ESI-Q-TOF mass
spectrometer equipped with an API 200 TurbolonSpray ESI source from AB Sciex (former MDS
Sciex) in Concord, Ontario (Canada). The parameters of the ion source, ion optics and

quadrupole were optimized to get maximum abundance of the ions under study.
2.7 Electrochemistry

The electrochemical Differential Pulse VVoltammetry (DPV) investigations were performed using
an Autolab PGSTAT302 N potentiostat (Eco Chemie) and a single compartment three-electrode
cell with a working volume of 0.25 cm®. Both a home-made macroscopic Pt electrode with
diameter of 2.93 mm) and a Pt microelectrode with diameter of 12.5 pm (Bioanalytical Systems)
were used as working electrodes. The surface area of the microelectrode was calibrated in a
0.001 M solution of Ru(NHz)sClz in 0.1 M KCI from measuring the steady state current in a
linear potential sweep experiment. All DPV investigations of the “AgeMSA7(TOA")” clusters
were performed at room temperature in an argon-deaerated supporting electrolyte of 0.1 M
TBAPFs in dichloromethane with a cluster concentration of 2-3 mg/ml. A Pt wire served as
counter electrode and a Ag wire was used as pseudo-reference electrode as applied in previous

publications.34 351 Blank DPV experiments were carried out in the supporting electrolyte without



MPCs to confirm the absence of other faradaic or charging peaks. Pulse width: 60 ms, pulse
height: 50 mV, period: 200 ms. The scan-rate in all experiments was 20 mVs™.

3. RESULTS AND DISCUSSION
3.1. Stability of “AgsMSA7” in water

The stability of the aqueous solutions with the originally synthesized clusters solutions were
tested with absorption spectroscopy at pH values of 3, 4, 6, 10 by using 1 M acetic acid, 1 M
ammonium hydroxide and 100 mM ammonium acetate buffer solution, as shown in Figure 1. At
all pH values, the absorption signals diminish over the entire wavelength range between 400 and
1000 nm, but the stability of the clusters is significantly higher (several hours) in the low pH
range of 2-4 than at very alkaline pH values. Simultaneously with the decrease of the absorption,
a change in the absorption spectra occurs that is also noticed by a change of the colour of the
solution from brownish black to yellow and is associated with the degradation of the clusters into
a silver(l) thiol complex. The pronounced pH dependence of the cluster stability could be due to
the strong nucleophilic nature of the OH" species that reacts with the surface Ag atoms of the

cluster core resulting in the formation of Ag(l) thiolate and Ag.O species.
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Figure 1. Time dependent stability of the UV-VIS-NIR absorption spectrum of the agueous solutions of
the originally synthesized (crude) “Ags(H.MSA);”clusters at pH 3(a), 4(b), 6(c) and 10(d), at room
temperature. The time sequence follows from the black curve through the red curve to the blue curve
within a time range indicated in the figures with the time information assigned to the different curves.

3.2. Phase transfer and stability in toluene

The phase transfer of MPCs was carried out by using toluene as a water-immiscible phase.
First, 0.25 mmol (132 mg of tetraoctylammonium bromide (TOABTr) was dissolved in toluene.
The aqueous solution of the crude Ag MPCs in water was added to the toluene phase, and the
resulting emulsion was stirred for ca 2 hours. The phase transfer process was monitored by the
color change in the organic phase from colorless to black color, Scheme 2. Afterwards, by using
a separating funnel the water layer was removed. The remaining toluene layer was washed with
excess of water to remove any water soluble impurities. The phase transfer of the Ag MPCs is
facilitated by the interactions between the hydrophilic carboxylate anion (MSA") located on the

Ag MPCs and the hydrophobic tetraoctylammonium cation (TOAY) in the toluene phase.



Interestingly, the phase transfer process was not successful using tetraphenyl phosphonium
bromide and tetrabutyl ammonium bromide. After completing the reaction, the clusters were
washed with milli-Q water 5-6 times and filtered using 0.2 um PTFE syringe filter paper to
remove the excess HoMSA, TOABr and disulphides. The eluted cluster solution in toluene was
then passed through anhydrous Na,SO4 to remove trace amounts of water. Afterwards, the
clusters were centrifuged to remove any insoluble Ag(l) thiolates present in the product, leaving
the Ag clusters in the toluene solution.

i. Wash with

0.25 mmol water i. rotavaporise
(toluene) TOABr v/ ii. PTFE ii. SEC
PPh,Br x filtration
(water)
crude “Ag.MSA,” TBABr x - i

clusters

“[AggMSAv(TO’)J"
Scheme 2. Schematic for the phase transfer and purification process of “AgeMSA;” MPCs.

Figure 2a shows the UV-VIS-NIR spectrum of the crude Ag MPCs in water immediately after

the synthesis (black trace), and in toluene immediately after the phase transfer (red trace).
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Figure 2. (a) UV-VIS-NIR absorption spectrum of the crude (“as synthesized”) “Age(H:MSA)7” clusters
in water immediately after synthesis (black trace), and immediately after phase transfer in toluene (red
trace). The inset shows an enlarged part of the spectra in the near-infrared range (b) Time dependence of
the UV-VIS-NIR absorption spectra for the phase transferred “Ago(H.MSA)7(TOA")” MPCs in toluene.
The inset shows an enlarged part of the spectra in the near-infrared range. The different curves show the
time dependence of the spectra within the time range indicated by the time information of the first and of
the last recorded spectrum. (c) Transmission electron microscopy (TEM) image and size distribution
histogram of the crude “Ago(H.MSA)7(TOA"),” MPCs after phase transfer in toluene and drop-casting on
the TEM grid. (d) Assumed primary structure of the “Agg(H.MSA)7(TOA")” MPCs.

It confirms that the entire cluster core structure is maintained in the organic phase, where the Ag
MPCs show absorption features at 898 nm (1.38 eV), 711 nm (1.74 eV), 618 nm (2.0 eV) and
470 nm (2.64 eV) that are related with the quantum size effect. The absorption features in
toluene are more pronounced than those in the aqueous phase (see inset in Fig 2a). It is also
clearly seen that the absorption band observed in water (centered at 880 nm) is positively shifted

in toluene (898 nm). This red shift is attributed to the presence of TOA™ cations bound to the



terminal carboxylate anions of the cluster ligands in the organic phasel®®l. The investigation of
the stability of the phase transferred clusters by absorption spectroscopy is shown in Fig. 2b.,
where it is evident that the clusters are fairly stable in toluene at room temperature over a time
scale of more than a month. The absorption peak intensities decrease only very slightly (see inset
of Fig 2b). It is assumed that the high stability of the clusters after the phase transfer is due to the
protection of the cluster shell by the large counterion (TOA™), as shown in Fig. 2¢c and by the net
total charge on the cluster molecule. As shown in Fig. 2d, the TEM images of these clusters

show a relatively narrow size distribution with an average core diameter of ~ 2.1 nm.
3.3. Purification of the phase transferred clusters by SEC

One of our key goals of this work aims at preparing pure clusters and finding the intact
molecular composition with an atomic-level precision. This was done by submitting the phase
transferred clusters to Size Exclusion Chromatography (SEC) to remove any excess TOA™ ions
and to separate clusters with an other size than “Ago(H.MSA);”. A similar SEC procedure was

chosen as applied previously by Biirgi et al.[¥1 who separated Auao clusters from Auss clusters:
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Figure 3. Spectroscopic and TEM investigation of phase-transferred clusters after Size Exclusion
Chromatography (SCE). (a) Picture of the SEC eluted fractions. (b) UV-VIS-NIR absorption spectra of
size-fractionated “Ago(H.MSA)7(TOA),"  clusters. Curve 1: Fraction 7 (range size-1). Curve 2: Fraction
18 (range size-2). (c,d) TEM images of fraction 7 (c) and fraction 18 (d) as examples of size ranges 1 and
2, respectively.

The toluene in the phase transferred clusters was completely removed by rotaevaporization. The

dried form of the clusters (200 mg), were re-dissolved in a minimum amount of THF solvent,



injected into the SEC packed column and eluted slowly with a flow rate of 0.5 to 0.7 ml/min. In
total 22 fractions were collected separately in small vials (Fig. 3a). By comparing the absorption
features in the UV-VIS-NIR spectra of these fractions they could be divided into 2 ranges: “Size-
1 range” with fractions 3-12 and “size-2” range with fractions 15-22. Within each of these two
size ranges the UV-VIS-NIR spectra were identical. Most clusters are within the size-
1dimensional range, whereas only a small number is in the size-2 dimensional range. Fig. 3b
shows a comparison of the UV-VIS-NIR spectra of clusters of fraction 7 (red line), as an
example from the size-1 cluster range, with clusters of fraction 18 (blue curve) as an example
from the size-2 cluster range. The absorption spectrum of the fraction 7 clusters from size-1
range is similar to the spectrum of the water soluble crude “Age(H.MSA);” cluster shown in the
black curve of Figure 2a, and the spectral features indicate absorption bands at 898, 711, 618,
470 and 242 nm. In contrast, the spectrum of the fraction 18 clusters from size-2 range indicates
only 2 absorption bands at 370 and 355 nm. Fig. 3c shows a TEM image and the size distribution
histogram of the fraction 7 clusters from size-1 range, with an average size of 1.63 nm. This is
slightly less than the value of 2.05nm shown in Fig. 2d for the crude phase transferred clusters
before applying the SEC procedure. This decrease in size might be due to the partial removal of
TOA" ions from the cluster surface while running the SEC column purification. Fig. 3d shows a
TEM image of the fraction 18 clusters from size-2 range. Due to the small yield of this product
the only scattered distribution on the TEM grid did not allow to derive a statistical histogram. An

average size value of approximately 1.55 nm was estimated directly from the TEM patterns.
3.4. Voltammetry of phase transferred Ag MPCs

The phase transfer of the water soluble clusters enables us to perform electrochemical DPV
investigations of the “Age(H.MSA);” clusters. Fig. 4 shows DPV measurements of phase
transferred “Ago(H.MSA);(TOA"):” clusters recorded between -2.0V to +3.0V vs. Ag after drying
and dissolution in 0.1M TBAPFe in CH2Cl,. Fig. 4a shows two independent voltammograms of
the crude phase-transferred “Ago(H.MSA);(TOA"),” clusters before SEC treatment, recorded for
two separately synthesized batches. The first batch (black curve) was recorded with a
macroscopic Pt electrode between -2.0 and +1.3V vs. Ag. We then repeated the measurements
for the second batch of the crude phase-transferred clusters between -2.0 and +3V vs. Ag by

using a Pt microelectrode (blue trace). In both batches one oxidation doublet (O1-O2) and one



reduction doublet (R1-R2) with a large peak-to-peak spacing between O1 and R1 are seen (see
labels on the black curve). The first oxidation (O1) and first reduction (R1) process take place at
+0.32 V and -0.87 V, respectively. The corresponding energy gap for these MPCs amounts
therefore to 1.19 eV (electrochemical band gap). After correcting for the charging energy, as
estimated by the difference between the position of R2 and R1, the HOMO-LUMO gap of the
cluster is estimated to be 0.82 eV. To the best of our knowledge, this is the first observation of
molecule-like voltammetric results in case of Ag MPCs. The voltammogram of the second batch

shows additionally 2 peaks at 2.3 and 2.8V vs. Ag.
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Figure 4. DPV measurements of phase-transferred “AgoMSA;(TOA"))” clusters in 0.1M TBAPFs in
CH Cl.. (a) DPV curves of crude phase-transferred “AgeMSA;(TOA")x” clusters prepared in two different
synthesis batches. Black curve: DPV of batch 1, recorded with macroscopic Pt electrode. Blue curve:
Batch 2, recorded with Pt microelectrode. (b) Comparison of DPV curves of phase-transferred crude
clusters (blue curve) with SEC processed clusters of fraction 7 size-1 range (orange curve) and fraction 18
size-2 range (gray curve), recorded with a Pt microelectrode.

Figure 4b shows a comparison of DPV curves for phase-transferred crude and size fractionated
clusters recorded with the Pt microelectrode. The blue trace shows the result for the crude
clusters (same curve as blue curve in Fig. 4a). The orange curve is obtained after SEC from
fraction 7 of the size-1 range. It shows similar results as the crude clusters, but the
electrochemical band gap increases by 50 mV. This could be due to the partial removal of TOA™
ions from the ligand shell of the phase transferred cluster during the SEC separation. Similar
ligand shell effects were observed recently in the case of electrochemical investigations of phase
transferred water soluble Aus(3-MPS)1s clusters®’], a very similar system to the present case,

where MPS = (3-mercaptopropyl)sulfonate. Therefore, the exact HOMO-LUMO gap of the



native cluster, “AgoMSA;” (wihout TOA™ counter ion) is higher than the value of 0.87 eV. In the
case of clusters from fraction 18 of the size-2 range (gray curve), the pronounced variations in
the intensities of the current peaks strongly suggest the presence of other sizes. However, due to

the very limited yield of size-2 fractions, a further SEC fractionation was not possible.
3.5. Electrospray lonisation Mass Spectrometry (ESI-MS) of size fractionated silver MPCs

Figure 5 shows a typical ESI-MS spectrum as obtained in both cases of size-land of size-2
fractions, and Table 1 lists the most significant observed fragmented experimental and
theoretical m/z values of both the size-1 and the size-2 fractions. The spectrum shows a stable
molecular ion peak at an m/z value of 2425.13 which corresponds to the cyclic tetrameric silver
motif, [Ags(HMSA)4(TOA)s]". This kind of tetrameric stable motif units were also observed in
the ESI-MS of oligomeric homoleptic thiolate silver(l) complexes 2 38 In fact, RS(Au-SR)n
subunits, are the most stable protecting motifs in many gold MPCs.*®1 We have also identified
the [Ag7MSA7(TOA)]* at m/z = 2063.41 and [AgsMSAg(TOA)]?* at m/z = 2191.37, higher range
molecular compositions with a charge of -2. The analysis of the fragmented peaks indicates that
the AgMSA is attached to the TOA™ ions. In addition to this, the isotopic distribution of the
fragmented peaks without TOA* ions such as, [Ags(MSA)s], [Ags(MSA)s]*> were also observed

and shown in Table 1.
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Table 1. ESI-MS mass-to-charge ratios values for measured vs. calculated values of size-1 and size-2 clusters.

ESI-MS -size-1

lon charge | m/z (theor ma) m/z (exp ma) mass accuracy (m/z)
[Aga(HMSA)s]> 2- 384.3322 384.8818 -0.55
[Ags(HMSA)s]> 2- 437.7848 437.8293 -0.04
[Ags(HMSA)2(H2MSA), > 2- 512.7841 512.8245 -0.04
[Ags(HMSA).] 1- 618.6815 618.7155 -0.03
[Aga(HMSA)3(TOA)> 2- 617.6002 617.60 0.00
[Aga(HMSA)3(H.MSA)(TOA)]> 2- 7455481 745.5906 -0.04
[Aga(HMSA)2(H.MSA)] 1- 876.5769 876.6124 -0.04
[Ags(HMSA)4(TOA)> 2- 978.3122 978.3485 -0.04
[Ags (HMSA)2(H2MSA)(TOA)T 1- 1236.2076 1236.2244 -0.02
[Ags(HMSA)s(TOA)T 1- 1342.1048 1342.1197 -0.01
[Aga(HMSA)2(H2MSA)(TOA)] 1- 1492.1035 1492.099 0.005
[Ags(MSA)3(TOA)] 1- 1701,73 1701.74 -0.01




[Aga(HMSA)(MSA)3(TOA):]- 1- 1957.63 1957.63 0.00
ESI-MS -size-2

[Ags(HMSA)3(TOA)Z 2- 617,6002 617,6386 -0,04
[Aga(HMSA)4(TOA) > 2- 978,3122 978,3472 -0,04
[Ag4a(HMSA)3(MSA)(TOA)s]* 2- 1211,5773 1211,608 -0,03
[Ags(HMSA)2(H.MSA)(TOA)] 1236,2076 1236,2229 -0,02
[Ags(HMSA)3(TOA)] 1- 1342,1048 1342,1209 -0.02
[Aga(HMSA)3(MSA)3(TOA)s]> 2- 1359,0521 1358,9823 0,06
[Aga(HMSA)2(H:MSA)2(TOA)T 1- 1492,1035 1492,1163 -0,01
[Ags(HMSA)3(TOA)] 1- 1701,7362 1701,7463 -0,01
[Ag7(HMSA)s(H2MSA)(TOA)4]> 2- 1830,1851 1830,1747 0,01
[Aga(HMSA)3(H2MSA)(TOA)2]- 1- 1957,6318 1957,6316 0,00
[Ag7(HMSA)7(TOA)s]* 2- 2063.4532 2063.4196 0.03
[Ags(HMSA)7(H2MSA)(TOA)s]> 2- 2191,3914 2191,3714 0,02
[Ags(HMSA)4(TOA)s] 1- 2425,1611 2425.1328 0.02

The charging energies (voltammetric) and the size (mass spectrometric) for previously reported
silver clusters are comparable with the values of Au MPCs. Therefore, we consider it worthwhile
to also compare our obtained values with the well established values of AUMPCs. If we compare
the HOMO-LUMO gap of the size fractionated size-1 clusters (orange curve in Figure 4b), we
observe a good match with the HOMO-LUMO gap of Ausg(PET)24 (PET=Phenylethane-1-thiol)
clusters. Therefore the above observed mass spectrometric peaks could be assigned to
fragmented peaks of a larger sized Ag(approximately 25-38) cluster. This result suggests
strongly that, the “AgeMSA;” assignment in our previous publication®? and also our cluster
formulas used in the previous part of this work (and put in quotation marks) represent in reality a
fragmented peak. It has to be clearly pointed out here that, such mismatching assignments of the
molecular formulas have happened also with the very well studied Auzs(PET)1s cluster that
had previously been assigned with a molecular formula of “Auss(PET)24” in a series of
publications**-4¢l. Only after the application of both very high accuracy mass spectrometry and

the crystallization of this compound, the revised formula Auzs(PET)1s was secured.

The above observations and remarks suggest therefore, the SEC-processed clusters in both size
ranges size-1 and size-2 are indeed protected with a motif of cyclic oligomers, [Ag(MSA)]x (or)
the clusters might belong to a larger core size than “AgoMSA;” and could be a family of

homoleptic type.



4. CONCLUSIONS

In conclusion, we have enhanced the stability of “AgoMSA7” MPCs by submitting them to phase
transfer them into an organic solvent in the presence of sterically bulky counterions. The
resulting phase transferred clusters, “AgoMSA7(TOA)x” shows a very high stability in ambient
conditions that as enabled for the first time to perform DPV investigations.. Size exclusion
chromatography reveals also a minor yield of clusterswith a smaller size during the synthesis of
“AggMSA7” clusters. The electrochemical studies of the “AgoMSA7(TOA")x” (1.63 nm) clusters
show an electrochemical gap of 1.19 V with a HOMO-LUMO gap of 0.87 eV.

As an important result, the combination of the MS investigations with the electrochemically
determined HOMO-LUMO gap strongly suggest that the real cluster sizes are larger than the
empirically used formula “AggeMSA7(TOA")”. Further studies, involving for example also
crystallization, are necessary to confirm these assumptions and to get more detailed insight into

the real size and composition of the clusters, as a challenging subject of research.
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5. Conclusions and Outlook

5.1 Conclusions

In this thesis, it has been demonstrated that Au(hkl) and Pt(hkl) surfaces modified with a
submonolayer of “as-prepared” Au(55nm)@SiO> Shell-1solated Nanoparticles(SHINPs), show
distorted voltammetric and spectroscopic (in-situ Raman) responses (Chapter 4.1). This was
found to be due to the blocking of the electrode surfaces with surfactants originating from the
synthesis of the Au(55 nm)@SiO2 NPs, which gives rise to additional current and spectroscopic
features, and therefore causes disturbances in the data interpretation and assignment. An efficient
strategy has been introduced to overcome the problem: The approach is based on hydrogen-
evolution treatment of the surfaces modified with SHINPs by polarizing them in the potential
region of hydrogen evolution in 0.1 M aqueous NaClO4. The efficiency of this method has been
demonstrated for Me(111)-(1 x 1) and Me(100)-(1 x 1) substrates (Me = Au, Pt) by choosing the
pyridine adsorption and phase formation on these electrode substrates. High-quality Raman
spectra were obtained on these well-defined and structurally characterized Au(hkl) and Pt(hkl)
single-crystal surfaces, where the analysis of the characteristic Al vibrational modes were in

good agreement with the interpretation of voltammetric and chronoamperometric experiments.

Furthermore, an increased control has been demonstrated (Chapter 4.2) over both, the assembly
and the electronic coupling of Au MPCs on an atomically flat electrode. By choosing Pt(111) as
substrate and by synthesizing Au MPCs that expose a few pyridyl-groups coordinating to the
substrate, the stability of the immobilized clusters could be considerably improved. By varying
the deposition conditions, samples coated with stacked layers consisting of closely packed Au
MPCs or samples decorated with laterally separated individual Au MPCs were obtained.
Electrochemical experiments were performed with samples ranging from dissolved Au MPCs in
bulk solution, over stacked layers of Au MPCs down to single laterally separated Au MPCs. In
all electrochemical experiments discrete charging events could be resolved that corroborate the
narrow dispersity of the Au MPCs and demonstrate their potential as single electron switches.
The spacing of the electrochemically addressed energy levels, and thus also the capacitance of

the Au MPCs, however, depends on the surrounding electrolyte. The tunneling spectroscopy



studies also demonstrate that the energy level mapping of single Au MPCs depends on the
proximity of the neighboring clusters. The tunneling conductance increases and the HOMO-
LUMO gap appears in the case of the isolated Auiss clusters, compared to a stacked array of

clusters.

In addition (Chapter 4.3), the conductivity and viscosity of the redox-active ionic liquid (IL) [1-
butyl-1’-heptyl-4,4’-bipyridinium bis(trifluoromethanesulfonyl)imide], as well as the diffusion
coefficients of its components have been studied over a 50 °C wide temperature range. Both the
PGSE-NMR technique and voltammetric measurements have been used for the diffusivity
studies. It was found that the diffusion coefficients determined by means of NMR and
voltammteric measurements are, within the range of experimental error, equal — and they are (in
accordance with other IL studies) higher than what the conductivity or viscosity measurements
would indicate. Based on the fact that both the electrochemical and the NMR measurements
yield practically the same diffusion coefficients, there is no experimental evidence that
interpretations based in earlier studies of other redox-Il systems by Murray et al. on the
assumption of a “homogeneous electron exchange” apply to the viologen IL investigated in this
thesis.

The measured diffusion coefficients and bulk conductivities can be well interrelated based on the
“ionicity” concept introduced previously by Watanabe et al. (that is, by treating the IL as a weak
electrolyte). In agreement with the empirical Walden rule, a direct comparison between the
measured conductivities and viscosities was also possible, for which a hole conduction model
presented by Abbott has been utilized. The equality of diffusion coefficients resulting from the
NMR and the electrochemical studies, combined with the fact that the time-scale of these two
measurement techniques differ by nearly 4 orders of magnitude, can further be interpreted as an
independent evidence supporting the validity of the “ionicity” concept over a “velocity cross-
correlation” based explanation of deviations in the Nernst-Einstein equation suggested by

Harris.

Finally, it has been shown (Chapter 4.4) that an enhanced stability of “AgoMSA7” MPCs can be
achieved by submitting them to phase transfer into an organic solvent in the presence of

sterically bulky counterions. The resulting phase transferred clusters, “AggMSA7(TOA)x” show a



very high stability in ambient conditions that has enabled for the first time to perform
voltammetric investigations. Size exclusion chromatography reveals also a minor yield of
clusters with a smaller size during the synthesis of “AgoMSA7” clusters. The electrochemical
studies of the “AggMSA7(TOA")x” (1.63 nm) clusters show an electrochemical gap of 1.19 V
with a HOMO-LUMO gap of 0.87 eV. However, as an important result, the combination of the
MS investigations with the electrochemically determined HOMO-LUMO gap strongly suggest
that the real cluster sizes are larger than the empirically used formula “AgeMSA7(TOA),”.

5.2 Outlook

The above introduced hydrogen evolution based protocol can be used for cleaning
polycrystalline and single crystal electrode surfaces modified with SHINPs. As a result, in-situ
Shell Isolated Nanoparticle Raman Spectroscopy (SHINERS) can be used as a promising
technique to resolve the unsolved spectral interpretation in various cases. In other words, using
the developed strategy of the SHINERS technique, it is easier to interpret the Raman spectra of

various fields ranging from chemistry to biology.

The introduced controlled assembly technique of nanoparticles protected with an organic shell
monolayer onto the electrode surface can be extended to assemble other types of MPCs, since it
represents a versatile approach to control the MPCs on the electrode surfaces. The multistate
charging observed in the investigated MPCs could be taken as an advantage to build multistate
single-electron based switches which are operable at room temperature. It would be an
interesting and challenging topic to build such a large scale tunneling device that is operable at
single electron/particle level. Caution should be applied, however, to use already well
established electrochemical data for gold MPCs, since it has been shown in this thesis (Chapter
4.2) that the data differ in their capacitance values at the single particle level. It is therefore
better to re-calibrate the established energy scales of all existing MPCs at the single particle
level. This information is crucial when the device is operated at the single particle level. As the
charging features are also sensitive to the electrolyte, also a variation of the electrolyte can be

used to tune the switching states of the given particle.



In the case of ILs, an extended study of checking the validity of the “ionicity” concept with
molecular dynamics simulations is needed to get a deeper insight into the nature of mass, charge
and momentum transport mechanisms in redox-active ILs. The investigation of the
electrochemical behaviour (e.g. a transfer from radical cation to neutral state) for the [C4sVC/]
[Tf2N]2 IL studied in this thesis is also an interesting topic. This is planned in our research group
with further studies by means of impedance spectroscopy and surface imaging techniques (in-situ
STM and AFM). By changing the type of the counter anions, the effect of the counter anion in
the electrochemical behaviour can also be investigated.

In case of “AggMSA7” clusters, further studies involving for example also crystallization and
High performance Liquid Chromatography (HPLC) are necessary to confirm the assumptions on
the chemical formula and to get more detailed insight into the real size and composition of the
clusters, as a challenging subject of research. This work is anticipated for the next months.

In summary, the results of this thesis involved in a frame work of interdisciplinary topics,
together with the above mentioned outlook are considered a valuable base for the fundamental
insight into various fields such as nanoparticle synthesis, nanoscale electronics, spectroscopy,

biology and ionic liquids.
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