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Abstract

Contemporary research on conductive thin film materials has expanded beyond its
applications in solar cells, semiconductor devices, and optical coatings to include the development
of biocompatible electrode materials and organic thin film transistors. This study focuses on the
use of immiscible micro liquid|liquid interfaces between water|oil (w|o) or water|ionic liquid (w|IL)
to generate free-standing thin films that incorporate metal nanoparticles (NPs) electrogenerated in
situ by reducing a metal salt in the aqueous phase and a hydrophobic electron donor dissolved in
the organic/ionic liquid phase. Following an exploration of recent advancements in
electropolymerization at an electrified interface, which encompassed the synthesis of polymeric
base networks, metal nanoparticles, and nanocomposite film formation, as well as the
electrochemical processes at the interface between immiscible electrolyte solutions, four electron
donors were examined: ferrocene, IL-modified ferrocene, 2,2":5',2"-terthiophene (TT), and a
specialized dithiafulvenyl-substituted pyrene (bis(dithiafulvenyl)pyrene). The research first
focused on TT polymerization and the reduction of AuCls to Au NPs to generate a flexible
electrocatalytic composite thin film. The results showed that high aqueous phase pH facilitated the
polymerization reaction and the half-wave potential of the electron transfer wave shifted to lower
potentials, indicating improved thermodynamics. Furthermore, the study found that the capacitive
nature of the interface increased, and the resistance towards simple ion transfer increased with

increasing [TT], pH, and potential cycling.

Later the metal salt was replaced with copper sulfate to study the formation of Cu NP/poly-
TT nanocomposite thin films at different interfacial sizes. The data revealed that the film formed
quickly, but the interfacial reaction did not proceed without an applied potential. Preliminary

electrocatalysis results showed that the nanocomposite-modified large glassy carbon electrode had



a >2x increase in CO2 reduction currents compared to an unmodified electrode. Finally, the

electropolymerization of bis(dithiafulvenyl)pyrene with KAuCls(aq) was studied.

The study found that miniaturization of the immiscible micro liquid|liquid interface
facilitated external potential control and limited the reaction pathway to heterogeneous electron
transfer across the interface. This method of nanocomposite film generation provides a low
overpotential, controlled alternative to large-scale film generation, making it an attractive option
for materials chemistry, electrocatalysis, and as soft electrodes for bioimplantation. The chapter
dedicated to conclusions and future work provides a comprehensive analysis of the findings and

identifies potential avenues for future research in this field.
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Chapter 1

1. Introduction

Recent advances in electronic medical devices have paved the way for affordable treatments
that were previously inaccessible, particularly in cases such as Parkinson's disease.! However,
there is still a remaining leap in creating a good electrical connection between neural tissues and
electronic instruments, i.e., brain-machine interface devices. Most of the current biocompatible
electrode technologies are based on thin films.>* Moreover, the growing demand for flexible
conductive thin films with tailored properties has extended to other domains such as organic thin
film transistors*, flexible electronics®, and molecular electronics.® Current thin film production
methods are based on gas phase techniques, e.g., physical vapor deposition (PVD), chemical vapor
deposition (CVD), and liquid phase techniques, e.g., bulk’ and interfacial polymerization.>
However, the conventional fabrication techniques are inadequate for generating multicomponent
and complex flexible nanocomposite thin films due to material properties or the constraints of the

fabrication process.’

Among liquid phase techniques, bulk polymerization is the most straightforward approach!,
where reactants are mixed more efficiently.® However, removing the reaction heat or the product
from the reactor are issues that have limited the commercialization of bulk polymerization
processes.!? Conversely, interfacial polymerization is better suited for large-scale thin film
production, e.g., Nylon 66'! (polyamide) and polyester membranes.® Liquid-liquid interfacial

polymerization and electropolymerization are widely recognized as the two most predominant



interfacial polymerization methodologies. Liquid-liquid interfacial polymerization and
electropolymerization hinge on the unique features of the interfacial region, alongside a slew of
other benefits. In the former, the interface is instrumental in the formation of a defect free, uniform,
and free-standing film. By contrast, electropolymerization capitalizes on the interface as a potential

template, heterogeneous catalysis, and stabilizer for intermediate species.'?

To overcome the disadvantages of the developed methods, researchers have focused on using

ILI3 "¢ o external electrical field, light, and temperature, at a liquid-liquid interface

various stimuli
to include spatial, temporal, and chemical controls over the polymerization reactions. Using an
external electrical field to control liquid-liquid interfacial polymerization reactions is an
intermediate method between single-phase bulk synthesis and electrosynthesis on a solid electrode
surface.!*!> There are four main benefits to using an electrified liquid-liquid interface to synthesize
a polymeric film; firstly, it allows activation of reactants (e.g., monomer or electron acceptor)
under mild conditions. Secondly, the formed polymers neither float in pieces in a bulk solution nor
attach to a solid surface but are localized on a soft interface.'® Third, applying electrochemical

1416 reduce side reactions!’, and

control makes it possible to modulate polymerization kinetics
obtain a polymer with low dispersity.!! Fourth, liquid-liquid electrochemical control is a promising
technique for reducing the consumption of chemical reagents, particularly oxidants and catalysts,
during the processing of nanocomposite thin films. This approach aligns well with the principles
of greener chemistry, which aim to develop chemical processes that are more environmentally

sustainable by reducing the use of hazardous substances and minimizing waste generation.!*!8

This chapter delves into the recent advancements in electropolymerization at an electrified
interface, focusing specifically on the simultaneous synthesis of polymeric base networks and

metal nanoparticles. The findings are presented in a structured manner, beginning with an



exploration of the polymerization process at a liquid-liquid interface, followed by a discussion of
nanocomposite film formation at the same interface. The chapter then delves into
electropolymerization and the production of nanocomposite films at an electrified liquid-liquid
interface. Finally, the electrochemistry at the interface between two immiscible electrolyte

solutions (ITIES) is explored, as are the charge transfer mechanisms at a liquid-liquid interface.

1.1.  Liquid-liquid Interface

Exploiting the liquid-liquid interface as an interfacial platform for polymerization goes back
to 1898 when Alfred Einhorn carried out polymerization at a water|toluene interface between
pyrocatechol and phosgene.’ Later, the successful commercialization of nylon 66! in the 1930s
led to the expansion of studies on the process and mechanism of liquid-liquid interfacial
polymerization.®> The utilization of the interface between two immiscible liquids holds significant
promise for film synthesis, owing to several key advantages. Firstly, the interface serves as a
conducive platform for the interaction between immiscible reactants.!” Secondly, water molecules
play a significant role in accelerating reactions in organic synthesis "on water" systems, while also
facilitating ion transport across the two phases. "On water" organic synthesis®° is applicable to
various chemical reactions and relies on a hydrophobic effect that induces the aggregation of
organic molecules in water, leading to increased reaction kinetics. The efficiency of the reaction
1s impacted by factors such as the nature of the interface, ease of hydrogen bonding, and presence
of competing molecules.'” Lastly, it allows for the efficient synthesis of conjugated polymers with
desirable electronic and optical properties through the formation of carbon-carbon bonds under
mild reaction conditions, e.g., Suzuki polymerization.?! The liquid-liquid interfacial
polymerization technique has been used to fabricate polymeric thin films?!, nanofibers**, organic

nanoparticles?’, and core-shell particles.



1.1.1. Polymerization

Polymerization reactions can occur at the interface between two liquids that are not miscible
by dissolving monomers and an oxidizer/catalyst in separate liquid phases. This technique allows
the reactants to react solely at the interface’, leading to the self-assembly of a polymer film.? There
are three techniques for preparing polymeric films at a liquid-liquid interface. The first method
involves the non-perturbative placement of two immiscible liquids in contact. Formation of
porphyrin- and triphenylamine-based conjugated polymers?!, poly(aniline), poly(pyrrole),
poly(thiophene), poly(indole), and poly(3,4-ethylenedioxythiophene) films has been studied
extensively in the last three decades using this method. Initially, the reaction is controlled by
kinetics until a thin polymer layer forms between the two phases, which slows down the reaction
due to transfer and termination reactions.!” The concentration and solubility of monomers,
solvents, additives, temperature, the permeability of monomers through the generated film, the
solubility of polymers, ionic strength?*, and pH of the aqueous phase have a significant impact on

the polymerization process and its final morphological properties.

The second method entails the dispersion of an organic phase into an aqueous phase, i.e., an
oil-in-water emulsion. Polymerization reactions at a liquid-liquid interface such as dispersed-phase
polymerization and emulsion polymerization'? can be utilized to synthesize polymeric micro- and
nanoparticles. Using disperse systems, in this case, increases the efficiency, and the reaction rate
can be adjusted by controlling the size of the interface.!” In dispersed-phase polymerization,
dispersed liquid monomers in the aqueous phase react with an initiator to start the polymerization
reaction. The initiator dissolves only in the monomer's phase and does not partition into the
aqueous phase. Each droplet reaction proceeds independently following the kinetics of bulk

polymerization. Based on the technique used to form the droplets, the size of the forming beads



can be adjusted'® and reach 0.1-2 mm.!'* Adding a surfactant to the system would decrease the size
of the beads to about 10-40 pm. In emulsion polymerization'?, the initiator is water-soluble, and
the size of the beads is in the range of 50-500 nm.!° The same principles used to form the beads
can be applied to creating core-shell particles, nanoencapsulation of organic compounds, and
hollow particles. The main applications for polymeric nanoparticles are nanoengineering and

3 as smart nanocarriers.'® In the last approach, the formation of beads is interrupted

biomedicine'
after a certain period, resulting in the self-organization of a film at the interface between two
immiscible liquids.’
1.1.2. Nanocomposite Films

Unlike polymerization, forming a nanocomposite film with an orderly structure with certain
organic and inorganic entities at a liquid-liquid interface does not necessarily include a chemical
reaction.” This method utilizes self-organization at the interface to assemble solid particles
dispersed in two separate phases once the stirring is interrupted. The balance between repulsive
and attractive forces, which depends on the composition, shape, and size of the solid constituents,
leads to the formation of a nanocomposite layer at the interface.’ This approach has been used to
prepare films of various carbon nanostructures, such as a transparent graphene sheet film with a
thickness of 4 nm and a resistance of 100 Q/cm, by Biswas and Drzal®°, as well as, a 2-D fullerene-
based film consisting of macropores and mesopores was synthesized by Shrestha et al.?
Multicomponent nanocomposite films, like Graphene-Ni(OH),?, CNT/TiO,’, PVP-Ag’, Ag-
NP/Au-NP?¢ in addition to uniform films of MOF (metal organic framework) precursors®’, organic
crystals (e.g., polydiacetylene?®), metal nanoparticles (e.g., Au®’, Pt**, Ag®', Cu), have been
prepared at the liquid-liquid interfaces with the same procedure. The properties of the resulting
films are influenced by several factors, including the volume of both phases, temperature, stirring

condition, stirring velocity, and the amount of dispersed solid material.” Another approach
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involves the evaporation of an organic solvent in an immiscible liquid-liquid system, resulting in
the self-organization of dissolved monomers in the organic phase and dopants in the aqueous phase

to form a nanocomposite film at the aqueous-air interface.’

When a chemical or electrochemical reaction is involved, more complex films, including
semiconducting or conductive polymer-based nanocomposite films, can be synthesized at a liquid-
liquid interface. For example, a semiconductive CdS film was prepared by Sathaye et al.** by
inducing a reaction between Cd*" ions in the aqueous phase and CS: in an organic solution at the
interface of water and carbon tetrachloride. Similarly, conductive polymer-based nanocomposites
can be formed by chemically oxidizing conductive polymers at a liquid-liquid interface in the
presence of metal nanoparticles.’

1.2.  Electropolymerization

Electrochemically controlled polymerization is a relatively low cost®® and facile synthetic
procedure® that occurs at the solid electrode/electrolyte interface through either a chain-growth or
condensative chain-growth mechanism.!! The unique reactivity and selectivity of electro-organic
synthesis chemistry under cell potential control, which in turn modulates the reaction
kinetics/thermodynamics, has gained massive popularity in the last five decades.*> Applied
potential can be used for generating transient species!!, oxidizing the monomer!'!, or activating a
catalyst to initiate the polymerization process.'!"!> In 1949, Wilson et al'! used electrochemistry to
directly control the polymerization of acrylic acid, ethyl acrylate, and methyl methacrylate,
marking a significant milestone in the field. Since then, electropolymerization of various
monomers, including vinyl chloride, vinyl acetate, acrylonitrile, acrylamide, and conductive
polymers such as carbazole, thiophene, pyrrole, and aniline, on a solid electrode has been

extensively studied.!'*® For conductive polymers, electropolymerization produces smooth and



robust conductive films, whose molecular weight, dispersity, morphology, and thickness can be
adjusted by changing the reaction time and applied potential or current.*® As the understanding in

33,34 while

this area grew, controlled synthesis of polymer films found interesting applications
strategies like co-polymerization'!, doping’’, template synthesis*®, chemical modification, and
dipole orientation have been employed to improve and tune polymers properties such as stability™,

flexibility?’, conductivity, as well as chemical and physical durability.'!-

Electropolymerization occurs on the solid electrode/electrolyte interface through either a
chain-growth or condensative chain-growth, with two main mechanisms being radical cation-
radical cation coupling and radical cation-substrate coupling.!! The influential parameters in
electropolymerization include the concentration of the monomer, the applied potential regime,
temperature, solvent, and supporting electrolyte. These parameters have a significant impact on

the electropolymerization process and the properties of the resulting polymer films.'!

1.3.  Nanocomposite Film at an Electrified Liquid-liquid Interface

An electrified interface has been used for polymer composite synthesis by adding particles
into one phase or preparing them in situ during polymerization.>* The first method exploits
dispersed particles' tendency to adsorb on the interface to minimize surface energy.’**° Particles
get trapped in the polymer's network by diffusion toward the interface and entering the reaction
zone. In the second approach, a dopant, mostly metal nanoparticles (NPs), forms simultaneously
during polymerization at the interface.*'**> The polymer acts as a linker and capping agent for
dopant/metallic nanoparticles in both cases. Over the past thirty years, electropolymerization at
the liquid-liquid interface has witnessed increasing advancements based on the chemistry of the
monomer and the properties of the of dopant/metal nanoparticles.*** The simplicity of this

approach is its most intriguing aspect. In reported studies, scanning toward positive potentials at



an ITIES results in a heterogeneous electron transfer (HET) wave due to the oxidation of the
monomer and the simultaneous reduction of the electron acceptor. For example, in the case of
terthiophene, polymerization happens through a bidirectional C-C coupling at o and o’ positions
after the anodic oxidation of monomers.*® The HET reaction is followed by a series of chemical
and physical steps, culminating in the deposition of oligomers and NPs at the interface through a

one-step and one-pot reaction — a straightforward yet robust process.

The initial demonstration of an EC-type (electrochemical, chemical) reaction leading to
electropolymerization at a water|DCE (1,2-dichloroethane) interface was introduced by Cunnane
and colleagues.*’ This was achieved by inducing a HET reaction through the application of an
external electrical field between methyl- or phenyl-pyrrole in the organic phase and ferri-
/ferrocyanide in the aqueous phase. The group's primary objective was to understand the
underlying mechanisms of this phenomenon, but they also explored the electrodeposition of metal
nanoparticles combined with electrosynthesis of polymers at an interface to develop
nanocomposite films. By considering possible scenarios, several attempts have been made to
understand electropolymerization at an ITIES in terms of monomers/metal precursors' redox
potential and the techniques employed for polarizing the interface. The systems reported to date

are listed in Table 1-1.

The mechanism of polymerization at an ITIES has yet to be fully explained since it is a
complex multistep reaction.!>*® However, some areas have been well investigated. It was found
that the reactants' bulk concentration®’; diffusion coefficient*3; the solubility of reactants in the
opposite phase*®; aqueous phase pH*’; concentration and nature of supporting electrolyte*’%; and
solubility of the forming oligomers®® impact the morphology and the structure of films produced

at the ITIES. It also has been reported that the concentration of the metal precursor, the pH of the
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aqueous phase, the chemistry of the monomer, and the potential of the applied external electrical
field*>>! play a crucial role in determining the size and the shape of the embedded nanoparticles.
Table 1-1 lists relevant electron donor/acceptor combinations along with the polarization

technique and associated reference.

Table 1-1 Reported interfacial electropolymerization at water/DCE electrified interface.

) Interface polarization Interface size
Aqueous phase Organic phase ) Ref.
technique (mm?)
methyl -pyrrole
ferric(I1l)/ferrous(1l) sulfate Potentiodynamic 125 47
phenyl-pyrrole
ceric(IV)/cerous(Ill) sulfate 2,2":5'2" terthiophene Galvanostatic 126 52
Silver(I) sulfate N-phenylpyrrole - 53
Potentiodynamic -
ceric(IV)/cerous(IlI) sulfate 2,2":5'2" terthiophene C - 50
ommon ion
L 1962
partitioning
tyramine tetraoctylammonium tetrachloroaurate 200 43
19.64
ceric(IV)/cerous(Ill) sulfate 2,2":5'2" terthiophene Potentiodynamic 43
1964
tyramine Potentiodynamic
tetraoctylammonium tetrachloroaurate Common ion -- 49
resorcinol S
partitioning
314x10°
tetrachloroaurate 2,2":5'2" terthiophene Potentiodynamic 54
452
hexachloroiridate (IV) pyrrole Potentiodynamic - 55
ferric(I1I) sulfate [bis(pyrrol-1 -yl)mgthyl]- Potentiodynamic 200 56
phenyloxyacetic acid
. 4-{4-[bis(pyrrol-1-yl)me-thyl]- . . 56
ferric(I1I) sulfate phenyloxy }-butanoic acid Potentiodynamic 200
4-(pyrrol-1-yl)phenyloxyacetic acid
ceric(IV) sulfate 4-(pyrrol-1-yl)-1-propoxybenzene Potentiodynamic 235 57
4-(pyrrol-1-yl)-1-dodecyloxybenzene
ceric(IV)/cerous(IlI) sulfate 3,4-ethylenedioxythiophen Multi-step-potentiostatic | 78.5 15
tetrachloroaurate 2,2":5'2" terthiophene Potentiodynamic 49x10°° 58
49x10°
copper(Il) sulfate 2,2":5' 2" terthiophene Potentiodynamic 59
78.5
tetrachloroaurate dithiafulvenyl functionalized pyrene Potentiodynamic 49x10°¢ 60




The concentration of the reactants involved in the reaction at an electrified liquid-liquid
interface plays a crucial role in determining the Galvani potential difference and the overall
behavior of the system, as described by equations 1-13 and 1-11, see below. By controlling the
concentration of the reactants, it is possible to regulate the type of electrochemical reaction, the
potential of the HET, as well as the mechanism and kinetics of the reaction. For instance, Evans-

1.50

Kennedy et al.>” demonstrated reversible and irreversible HET between ceric(IV)/cerous(III)

sulfate in the aqueous phase and 2,2":5',2" terthiophene (TT) in DCE in low and high

147 showed that increasing the

concentrations of the monomer.”® Similarly, Cunnane et a
ferric(II)/ferrous(Il) ratio in the aqueous phase, as an electron acceptor, shifted the HET peak to
more positive potentials. Our group corroborated these findings and observed that increasing the
monomer concentration decreased the HET half-wave potential.®® Additionally, Ivan et al.®!
reported that a higher monomer concentration favored a kinetically fast reaction pathway over a
thermodynamically stable one. We also observed that the reactants' concentration in both phases
strongly influenced the reaction mechanism in our studies.”®® Notably, we did not observe any
HET between aqueous copper sulfate and TT in DCE when the monomer concentration was 5 and
10 mM. However, increasing the monomer concentration to 20 mM resulted in the appearance of
a HET peak at positive potentials.’® Electrochemical impedance spectroscopy confirmed that a
deposition formed at the interface at high monomer concentrations, altering the interface's
properties, whereas minimal changes were observed at low monomer concentrations.> Evans-
Kennedy et al.*° utilized UV-Visible absorption studies to investigate the TT polymerization
process. They found that at low concentrations of TT, no deposition occurred at the interface, and
the oligomers formed had a maximum chain length of six monomers, corresponding to a hexamer

in solution. However, at higher concentrations of monomer, a highly dispersed polymeric structure

was deposited over the interface.
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The selection of solvents is a crucial factor that significantly impacts polymerization kinetics
and the mechanism at an interface between two immiscible electrolyte solutions (ITIES), in
addition to the concentration. A solvent is the dominant chemical species in a liquid phase, and the
characteristics of the solvent exert a significant influence on various aspects of a reaction, such as
redox potentials, diffusion coefficients, solubility of the forming oligomers, and the reaction rate
and selectivity. The diffusion rate of reactants is further influenced by multiple factors, including
temperature, convection, bulk concentration, solubility of reactants, and micro-convections
resulting from the creation of a porous liquid-solid-liquid junction.®? One of the primary goals of
polymerization at an electrified liquid-liquid interface is to modulate the film's properties
electrochemically. To achieve this objective, it is imperative to restrict the reaction strictly to the
interface, i.e., a HET reaction. To this end, the design of the system must take into account two
critical factors: limited solubility of reactants in the opposite phase and negligible miscibility of
solvents.>>%? Although the solvent effect on the polymerization reaction at an electrified interface
has not been thoroughly explored, studies by Lepkova et al.***! and Knake et al.** have shown
that altering the phases in which the monomer and metal precursor are delivered at a water| DCE
interface can impact the reaction mechanism. A HET peak was observed when the monomer was
dissolved in DCE and the metal precursor in water*’#*83%32 but a facilitated ion transfer reaction
leading to a homogeneous electrochemical reaction was detected when the metal precursor, such
as tetraoctylammonium tetrachloroaurate (TOAAuCls), was dissolved in DCE.*+#%6* Recently,
alternative solvents such as TFT (a,a,0-trifluorotoluene) and hydrophobic ionic liquids have been
utilized by Suarez-Herrera et al.%%, Lehane et al.'>, and Nishi et al.%® due to their lower toxicity

compared to DCE, but no comparison between these systems has been made.
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Evans-Kennedy et al. showed that the HET reaction is a potential dependant phenomenon.
They used UV-Visible absorption spectroscopy to monitor the reaction progress at an ITIES that
was polarized at varying Galvani potential differences.’® Later studies by Gorgyet et al., Knake et

al., Vignali et al., and Lepkova et al. using different approaches for polarizing the interface,

43,47-49,53 49-51

including potentiodynamic , galvanostatic®?, and common ion partitioning**-!, confirmed

Evans-Kennedy ef al.'s results. As evident in Table 1-1 and considering equations 1-13 (see below),

4753 and zero!

various research groups have investigated systems with positive’?, negative
theoretical A} G,. Although the HET reaction is thermodynamically favored in systems with
negative A} G, film formation has been reported in all three cases. Based on the current-time
graphs reported by Gorgy, the initial film layers consisting of 2,2":5',2" terthiophene (TT) coupled
with ceric(IV)/cerous(Ill) sulfate at the water|DCE interface formed within 10 s with an applied
current density of 50 pA/cm?.? Hence with an electrochemically controlled system with a positive
theoretical AYG,; the polymerization can be carried out rapidly.>> On the other hand, having a

negative Ay G, does not guarantee appreciable HET kinetics, even under an applied external

electrical field.>®

The nucleation of polymer/metal NPs is the onset of a phase transition at both interfacial
sides. From a thermodynamics point of view, a nanocomposite/polymer deposition over fresh
ITIES is complicated because a solid phase starts to appear and grow at a clean and defect-free
interface where the interaction between the two phases is just repulsive.’® Despite the complexity,
the properties of an ITIES make it an ideal framework for synthesizing a free-standing thin film.
Firstly, surface tension between two phases and surface charges of the particles at ITIES can be
manipulated by an applied external electric field, explained below. Second, the driving force of

the deposition and, consequently, the film deposition rate can be adjusted by adjusting the Galvani
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potential difference that forms across the interface.** Lastly, the HET reaction is limited to a single
plane (the interface), making it simpler to manage compared to the complexities that arise in bulk-
phase polymerization.** The driving force for the formation and growth of a new phase, i.e.,

supersaturation Gibbs energy (AG;), can be expressed as in eq. 1-1:97¢8

AG,=-nFn+ S4 1-1

Where the overpotential () and surface tension (S) are described by the in eq. 1-2 and in

eq. 1-3:
N=Ag ¢-Ag ¢, 12
§= Sp/w_ Sp/o - Sw/o 13

while, 7 is the number of electrons; 4 is the surface area of the formed particles or cluster of

metal atoms; S, and S, are surface tension between particles and solution phases; Sy/is the
surface tension at the ITIES, and Af)vqie is the equilibrium Galvani potential difference for the HET

reaction. According to Lippmann's equation (eq. 1-4), the surface tension between water and oil,

Sw/o» 1s a function of the Galvani potential difference. 4

82SW/0: —do 1-4

o g
Cq 1s the capacitance of the back-to-back electric double layers that form at the ITIES, and
o is the interfacial charge density. Consequently, both terms that describe AG,, # and S, are a
functions of the Galvani potential difference across the interface. Due to the lack of nucleation
sites at a liquid-liquid interface, the energy required during the initial formation of the first nuclei

at the ITIES is relatively high. In such a condition, if S,,, is higher than S, and S,,, the decrease

in surface tension at the wlo interface due to particle formation and adsorption would help
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compensate for the energy needed to overcome the lack of nucleation sites. Such compensation
can occur spontaneously or be externally induced. The balance between the electrostatic repulsion

166,69

among the same material®®’, attraction between polymeric components and metal NPs, and

capillary forces®®®

leads to the first deposition of a nanocomposite layer. Any change in the
chemistry of the monomer and material of the NPs will change interspecies forces and,

consequently the whole nucleation mechanism.”® Here the applied external potential plays an

important role in screening the surface charges of the particles at ITIES.®

The mechanism behind the deposition of the film over the interface and whether it occurs

1‘71

gradually or instantaneously has been a topic of research. In this regard, Griinder ez al.”* reported

a stepwise nucleation process, where particles land around the initial nuclei in electrodeposition®”,

and the new phase grows. On the other hand, Dryfe et al.**

reported an instantaneous nucleation
process. The polymer's deposition mechanism can explain this discrepancy at the interface. If
formed, monomer/oligomer cations are surface active and get adsorbed at the interface®’, the
polymerization would proceed via stepwise nucleation. However, in cases where oligomers are
soluble in the organic/aqueous phase or get stabilized by anions of supporting electrolyte'®, only

reaching a certain concentration threshold would trigger the coupling between floating oligomers

leading to a rapid deposition at the interface. *°

As the polymerization proceeds, the oligomers formed carry a positive charge in the organic
phase. To gain stability, these charged oligomers form weak coordination with the anions present
in the organic phase.'® In this way, they drag these anions into the growing polymeric structure at
the interface. However, at the interface, they are exposed to aqueous phase anions, which are
smaller and have less shielded negative charges.!® In addition, any metal nanoparticles formed

simultaneously, e.g., Au, carry a negative charge>*, which would help stabilize the depositing film.
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Doping the deposited oligomers at the interface with aqueous anions would be more efficient in
stabilizing and neutralizing the forming film. Doping and de-doping is a slow process’? and
happens at different Galvani potential differences than HET and electropolymerization.'> Hence
potentiodynamic or multistep-potentiostatic electrochemical techniques are more effective in
electropolymerization at an ITIES!® than potentiostatic ones. As the film grows, the selected
potential range must support the doping and de-doping process since more negative charge is

needed to compensate the positive charge on the growing polymeric network.*®

It has been reported that polymerization at ITIES is diffusion controlled in all applied current

densities 2

, mainly because the diffusion field expands in two phases, and reactants must diffuse
to get to the interface to react. As the film forms, it acts as a physical barrier, blocking ion transfer
across the ITIES **%57 rather than an electrostatic one.>’ Research by Maeda et al.’” and Maredek
et al.> has shown that when a compact film covers the interface, even small ions such as potassium
and protons cannot transfer across the film. Consequently, the reaction continues in a spatially
separated manner with aqueous and organic side components, leading to the development of a
mixed potential at the interface and resulting in 3D Janus-type film growth.>* The reactions on the

nanocomposite film can be described as oxidation and reduction half-cell reactions occurring at

the liquid|solid|liquid interface, as summarized in eq. 1-5 and 1-6.

O,y tnesR;y 1-5

Ry org S O gt 1120 1-6
Where O1,w, Ri,w, O2,0rg and Ro,org refer to oxidized and reduced forms of redox couples in
phase 1, and 2 respectively; In this way, the film at the interface acts as a bipolar electrode,
facilitating the HET reaction across the interface.!> Hence the autocatalytic effect'® of floating
pieces of the film at ITIES and longer chain oligomers®° (see below) would lower the required
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overpotential for HET/electropolymerization. In the scenario of a single monomer unit entering
the reaction zone from the organic phase, the likelihood of encountering a growing polymer chain
is higher than encountering other individual monomers.%> As a result of this phenomenon, the
formation of high molecular weight polymers is expected. Consequently, there is a period of rapid
polymerization, which leads to the appearance of a compact 2D film at the interface, followed by
a spatially separated electrochemical reaction leading to further extension of the polymer chains
towards the organic side and deposition of a metal-rich layer on the aqueous side of the film,
generating a 3D Janus-type film. That is why film growth at ITIES does not fit classical growth
mechanisms as seen at a solid electrode/electrolyte interface.’? Vignali et al.’s*® calculations
showed that the electronic resistance of the film at the interface is not a significant portion of the
overall resistance at a macro-interface, so the interface can still be effectively polarized. However,

by depositing a polymer layer at an ITIES, surface tension is no longer potentially dependent.*3’

By adding large, charged complexes into the system, the permeability of the forming film at
the interface can be modified as reported by Maregek.’® Controlled adsorption and desorption of
these ions at the ITIES can form channels that facilitate ion transfer through the film. This finding
suggests that electropolymerization at the ITIES can enable in-situ deposition of size, charge, and

even shape-selective membranes.

1.5 was able to

Through the chemical modification of the basic monomer, Marecek et a
polymerize a molecule containing two pyrrole units at a lower potential than the monomers with
a single pyrrole unit at the w|DCE interface. Furthermore, the addition of an electron donating
moiety to the monomer would also lower the monomer oxidation potential. As polymerization
proceeds, the chain length of oligomers grows at the interface, leading to a lower oxidation
50,73

potential due to increased conjugated structure that can effectively stabilize a radical cation.
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As a result, the magnitude of the applied potentials during polymerization at an ITIES has been a

focus, since applying large overpotentials could lead to over-oxidation of the film.*

1.4. Electrochemistry at an interface between two immiscible electrolyte solutions
(ITIES)

The investigation of liquid-liquid interfaces at the junction of two immiscible phases’ has
attracted considerable interest in scientific research. This includes interfaces between

water|organic solvent’>"® (w|o), water|ionic liquids’** (w|IL), and organic solvent/ionic liquid®*

66,85

(o[IL). It is an easily reproducible®®3>, molecularly sharp®®®7, defect free®®*°, and mechanically

flexible®®? framework in all its forms that can be interrogated by applying external electrical
potential. A polarizable ITIES provides a platform for studying a wide variety of phenomena, such

as simple ion transfer (IT)”>°!, facilitated ion transfer (FIT)’®771%5  heterogeneous electron

97

transfer (HET)*486391.9  interfacial redox catalysis®%, and adsorption.’ Developing an

understanding of phenomena happening at a polarizable liquid|liquid interface as well as

functionalizing the soft interface with promising applications in a biphasic electrocatalysis>®*

90,92 29,90,98

, optics , electrodeposition 47,52,101 82,93,102-104

39.53.99.100  gynthesis , extraction , and

sensors’¥4105:106 a5 driven numerous studies around the world.

1.4.1. Polarizable Liquid-liquid Interface Structure
Our understanding of charge concentration profile at a polarizable liquid-liquid interface has
been based on surface tension measurements®® surface capacitance measurements®’, surface

8791 neutron reflectivity®’, and

second harmonic generation technique®>!'?’, X-ray reflectivity
molecular dynamics simulations.’%!"” An ITIES is a discontinuity between two phases, and

polarization around it is carried out by ionic species.!?” The nature, viscosity, and miscibility of

solvents, in addition to dissolved species in two phases, affect the structure of the ITIES.®*% By
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getting close, ~ 1 nm, to an electrified interface, solvent molecules take a preferred orientation and
their permittivity changes accordingly to transit from one phase to another.®”-!%” Recent studies
suggest that charged species get arranged in two monolayers of opposite charge back-to-back on
either side of the interface to balance the overall charge. In other words, there is no significant
charge screening effect from the bulk electrolyte at a liquid-liquid interface, as proposed by

Gschwend et al 3177
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Figure 1-1 Charge density profile and potential profile at a w/DCE interface'”’

Moreover, bulk concentration does not have much influence on the surface charge, and there
is a linear relationship between applied potential and observed surface charges.®>!°” The potential
drop across the ITIES is localized to within +/—1 nm on either side, Figure 1-1.%° Such outcomes
are important because those results support the Helmholtz model for ITIES structure in a long-

i 85,107

running dispute. Thus, Gschwend ef a refer to this model as the 'discrete Helmholtz model'

following early models of electrolyte structure during electrode polarization.
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1.4.2. Galvani potential difference Scale
Galvani potential difference, or inner potential of a phase, is the potential difference between
the bulk and vacuum.!'® Galvani potential difference rises at the interface of two phases, so in the
case of an ITIES, Galvani potential difference forms due to the differences in ions solvation in
either of the two phases. By considering AGy ,_,, as the difference in standard Gibbs energy of

solvation for ions between the aqueous and organic phase, eq. 1-7:!%

AGY o= 10 — i, 1-7

org
where ,ugrg and y represents standard chemical potentials; for an established equilibrium

for an ion dissolved at an aqueous and organic phase AGY y,_,, can be written as:!10

10, + RTIn(a;,) +2,Fp =0+ RTIna, ) +zFp 1-8

i,org org

and by rearranging eq. 1-8, Galvani potential difference can be obtained as:

Qiorg 1-9

RT
W _ AW O
A0¢_¢org_¢w_ Ao ¢i + Z_Fln

i A w

50,51

which is known as Nernst-Donnan equation®”>" or transfer potential.'” In eq. 1-9, Ay'¢. is

the standard transfer potential of the ion, z is the ion's charge, and a is the activity of the ion in
both phase in phase w or org.

The accepted potential scale in liquid-liquid electrochemistry for referring to charge transfer
potential differs from traditional electrochemistry. An extra thermodynamic assumption, called the
TATB (tetraphenylarsonium tetraphenylborate) assumption has been used in liquid-liquid
electrochemistry. In the TATB assumption, standard Gibbs free energy of ion transfer for TPAs"

0, w—o

and TPB™ are considered to be of the same magnitude but opposite sign, i.e., AGy, (TPAS+) =

— AGYY7°(TPB*)’"!!1; indeed, experimentally the ion transfer of TPAs" and TPB* appear at either

ends of the polarizable potential window. This is because both ions are similar in size with similar
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charge shielding. In this assumption, the midpoint between the half-wave transfer potentials of

TPAs" and TPB™ is considered zero on the Galvani potential difference scale, A} ¢. '!!

1.5. Charge Transfer Mechanisms at a Liquid-liquid Interface
In 1968 Gavach et al.®” observed simple ion transfer under an externally applied potential

1.2 recorded the first current signal corresponding to a

for the first time. In 1978, Samec ef a
heterogeneous electron transfer across an ITIES. Current at the liquid-liquid interface is measured
through charge transfer reactions similar to those at solid/solution interfaces. However, a
solid/solution interface is limited to electron transfer and non-faradaic reactions. While at a liquid-
liquid interface, ions can also be transferred.!'> This has attracted great attention towards the

liquid-liquid interface in electrochemistry, particularly due to its biomimetic nature.”®

T FIT HET
X o o m
1 N T
(N £ )
Xfll R, Ox,

Figure 1-2 Simple ion transfer (IT), facilitated ion transfer (FIT), and heterogeneous
electron transfer (HET), through an ITIES.

Charge transfer reactions, both ion and electron transfer, at an ITIES are potential
dependant.?”?%°! Jons move inside a solvent by continuous displacement of solvent molecules®’,

and adjusted Galvani potential difference at the interface dictates the direction of ions' movement.

L d
The measured current is directly related to charge transfer across the ITIES, i = 7?, and occurs by
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three main mechanisms; simple ion transfer (IT), facilitated ion transfer (FIT), and HET, Figure
1-2.
1.5.1. Simple Ion Transfer (IT)
When an ion receives enough energy to overcome the activation barrier to cross the ITIES,
a simple ion transfer reaction happens.®” The main proposed mechanisms for ion transfer through

87.114 and ionosome

the interface are solvent fingers®’, shuttling of ions®’, aqueous clusters,
formation.'!® Despite the complexity of the proposed mechanisms, due to solvation dynamics'!'“,

a simple ion transfer phenomenon at an ITIES has been treated as a first-order chemical reaction,

eq. 1-10,!1°
X2 Xorg 1-10
At an electrified interface, the applied external potential is an additional parameter to control

the formed equilibrium at the interface and adjust the position of the equilibrium.”° In this case,

ion transfer current can be written using Butler-Volmer formalism, eq. 1-11, as:'

F \w w° _(1_ )F w w,°
i:ZFAko[Caqe%(Ao(ﬁ—Aolﬁ) — Corge T (859854 I-11

where z, F', A, ko, Caq, Corg, R, and T are the transferring ion's charge, Faraday constant, area

of the ITIES, transfer coefficient, the ideal gas constant, temperature and ion concentration in the

aqueous (w) or organic (0) phase, respectively. AY'¢ and A§V¢o are the Galvani potential difference

across the interface and standard ion transfer potential.

1.5.2. Heterogenous Electron Transfer (HET)
For a heterogeneous electron transfer between two redox couples, O1/R; in aqueous and

02/R2 in organic phases, the reaction can be written as in eq. 1-12:
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0,0 3 +M,R, oS0 R 410,05 o1 1-12
where n; and ny are the stoichiometric coefficients for each redox couple; in this reaction,
O, 1s an oxidizing agent in the aqueous phase, which reacts with R .- in the organic phase. In a
chemical equilibrium, the Fermi levels of the aqueous and organic phases must be equal.*"*° As a

result of the equilibrium, the Galvani potential difference for the electron transfer reaction (sz(ﬁel)
can be written as in eq. 1-13:%

nj ny
RT 4,40
w _ 1w 2,0rg
Ao ¢e1_E%2/R2,0rg_E%1/R1,W+ nn Flnanl n
172 Ol,w R2,org

where EQ /g, w and EQ, jr, o are standard reduction potentials of O1/Ri and O2/R> redox

couples in the aqueous and organic phases, respectively, and a is the activity of the species in each
corresponding phase. Both redox couples must be at a certain distance from the interface for a
HET reaction to take place. Hence the reaction's rate depends on the frequency of such

encounters.”’

There is a sign convention for current and Galvani potential difference at an ITIES. For the
Galvani potential difference, the sign convention is, eq. 1-14:!1°
Ap=¢,— ¢, I-14
which means that by applying the external potential field, the potential of the aqueous phase
1s changed toward the organic phase. For measured current, according to the sign convention, when
apositively charged species crosses the interface from the aqueous to the organic phase, the current
signal will be positive, and for a negatively charged species, the current will be negative. However,
if a positively charged species crosses the interface from the organic to the aqueous phase, the

current will be negative, and for a negatively charged species, the current will be positive.**116
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This assumption is made to be able to compare the results with solid electrode/electrolyte

interfaces.!'!°

1.6.  Scope of the Thesis

The primary aim of this study was to construct a pliable, free-standing conductive
nanocomposite thin film with customizable properties and composition for various applications,
including electrocatalysis, electrosynthesis, electroanalysis, bio-implantation, and personal
electronics. However, to achieve this overarching goal, the focus of this research was on micro-
scale electrogeneration of the thin film, allowing for the production of small, soft probes and
sensors for point-of-care devices. Miniaturization of the interface between two immiscible
electrolyte solutions (ITIES) enables more control of the electrosynthesis process, facilitating the
development of a comprehensive understanding of interfacial charge transfer reactions, as well as
the various chemical and physical processes involved in different stages of nanocomposite thin

film formation.

Chapter 2 of this study employed voltammetric techniques to investigate a HET reaction
between a reducing agent, Fc(org), and a metal salt, KAuCls(aq), at the micro-interface between
water and 1,2-dichloroethane (w|DCE). The size and morphology of the Au NPs, ranging from 20-
400 nm and spherical or cubic, respectively, were controlled by varying pH, Au salt:Fc
concentration ratio, potential, and reaction time. The findings of this study have been published in

Electrochemistry Communications.'®

In Chapter 3, the electrogeneration of Au nanoparticles (NPs) at a water|ionic liquid (w|IL)
immiscible micro-interface with a diameter of 25 pm was investigated and compared with the

results obtained at a water|oil (w|o) interface. KAuCly was dissolved in the aqueous phase and
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reacted under external potential control at the water|PsgssTB (tetraoctylphosphonium
tetrakis(pentafluorophenyl)borate) with tri-octyl(ferrocenylhexanoyl)phosphonium
tetrakis(pentafluorophenyl)borate (FcIL), an electron donor and redox-active IL. The
voltammetric characterization of the simple ion transfer of AuCly; and AuClw4.,)(OH), at the
w|Pssgss TB micro-interface, as well as their heterogeneous electron transfer reaction with FcIL,
were conducted. The interfacial reaction led to the generation of Au NPs, the size of which can be
thermodynamically controlled by modifying the pH of the aqueous phase. The findings of this

research have been published in Nanomaterials.”

Chapter 4 of this work focuses on the generation of a free-standing thin-film via the
incorporation of Au NPs, which were electrogenerated in situ by the reduction of gold salt in the
aqueous phase, and using 2,2":5',2"-terthiophene (TT) as the monomer/electron donor dissolved in
the DCE phase, at a micro liquid-liquid interface. The influence of pH on the quality of the
electrogenerated films at the ITIES was examined using TEM and AFM techniques, while
impedance spectroscopy measurements were employed to investigate the electrochemical
properties of the ITIES and provide insights into the reaction mechanism. This research has been

published in Electrochimica Acta.'"!

The ITIES then was exploited for simultaneous electropolymerization of 2,2":5'2"-
terthiophene (TT) and reduction of Cu®** to Cu nanoparticles (NPs), resulting in a flexible
electrocatalytic composite electrode material, as explained in Chapter 5. The process of
nanocomposite formation was investigated using cyclic voltammetry and electrochemical
impedance spectroscopy (EIS), while SEM and TEM were used to examine and analyze the
resulting Cu NP/poly-TT composites. The preliminary results of electrocatalysis on a
nanocomposite-modified large glassy carbon electrode indicated a more than twofold increase in
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(1)

COz reduction currents compared to an unmodified electrode. This research has been published in

Scientific Reports.>

Chapter 6 presents a study on the reproducible electrogeneration of conductive polymer
films containing low dispersity Au nanoclusters, with a thickness of approximately 2 nm, at a
micro liquid-liquid interface. The study investigated the heterogeneous electron transfer process
between KAuCls(aq) and a dithiafulvenyl-substituted pyrene monomer, 4,5-didecoxy-1,8-
bis(dithiafulven-6-yl)pyrene (bis(DTF)pyrene), in oil. The conductivity of the films was measured,
and the results indicate that the electrogenerated films exhibit high conductivity. This work has

been published in Nanoscale.®

Finally, in Chapter 7, a summary of the results and a perspective of forming a nanocomposite
thin film at a micro-interface and its potential applications in electrocatalysis will be presented,
based on the findings from the previous chapters which demonstrate the successful
electrogeneration of various nanocomposite materials using different monomers and metal salts at
micro and macro liquid-liquid interfaces. The reproducible and tunable properties of these
materials, as well as their promising electrochemical performance, suggest that they hold great

potential for a wide range of practical applications in the field of nanotechnology.
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Chapter 2

2. Electrochemically controlled Au nanoparticle nucleation at a micro
liquid|liquid interface using ferrocene as reducing agent
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2.2. Introduction
Owing to their catalytic!® and physicochemical’'° properties, metal nanoparticles (NPs)

6.16-18 and biological'®2! applications. For

have been exploited for numerous analytical'' !>, energy
example, Ma et al.' constructed a tunable nanoplasmonic mirror using Au NPs that can be
reversibly and controllably deposited on the TiN coated Ag substrate through the application of a
potential. Through this system, the authors were able to reproducibly tune the reflectance
properties of the material surface and garner valuable kinetic information concerning NP
assembly/disassembly. Pt NPs have been used effectively as catalysts for hydrogen and

17,18

ethanol/methanol fuel cell oxidation as well as to catalyze the oxygen reduction reaction at

liquid|liquid interfaces.'®2%23

Applications such as these have spurred research towards enhanced preparation methods to

control NP size and morphology. In 1994, Brust et al.**

published their seminal work of Au NP
preparation at an immiscible liquid|liquid, water|toluene, interface using LiBH4 in the presence of
an alkanethiol. Alkanethiol (SR) is first introduced to the system and has a complex chemical
interplay with the dissolved Au(Ill) acting as both reductants, forming Au(I), and finally capping
agent after LiBH4 further reduces Au(I) to Au(0).? Indeed, at low Au(III):SR ratios, SR acts solely

as a reducing agent; however, at higher ratios, [Au(I)SR]. polymeric species may form which is

highly dependent on reaction conditions.?®” Multiple groups have since studied NP nucleation at
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27-38  pt23:3940 and other precious metal NPs.*'*? However,

liquid|liquid interfaces generating Au
Au NPs are of particular interest due to their biocompatibility'® and long-term stability.®?* Au salts

readily dissolve in aqueous solutions; however, they can undergo ligand substitution which

complicates their redox chemistry.*

The liquid|liquid interface, or interface between two electrolytic solutions (ITIES), exploited

by Brust et al.**

is advantageous since it is highly reproducible and can be easily polarized by
electrodes positioned in either phase creating a Galvani potential difference localized across the

water|oil (w]o) interface; (¢, — ¢ = Ay'$).>**** The ITIES is also molecularly smooth which can

inhibit particle growth through an absence of nucleation sites.>* Uehara and Dryfe’s groups have
been extensively investigating Au NP formation at the w|o interface for more than a decade.?’**-
31 They characterized the so-called Brust-Schiffrin Au NP mechanism of formation at the
water|1,2-dichloroethane (w|DCE) interface using ion transfer voltammetry coupled with X-ray
absorption fine structure (XAF) and transmission electron microscopy (TEM). They discovered
that if the alkanethiol concentration exceeded the stoichiometric requirement an insoluble form of

[Au(I)(SR)]x precipitate formed that could not be further reduced; furthermore, they noted that the
Au NP size was linked to the alkanethiol:gold salt ratio.?” They also investigated Au ligand
exchange using Fe(II)(CN)z' as reducing agent in the aqueous phase and AuCly installed in the
organic phase; however, Au NP formation was found to be hindered without the presence of
artificial nucleation sites such as Pd NPs, which the group prepared ex situ and adsorbed at the
ITIES.3%3 Recently, Nishi and co-workers were able to generate Janus-type Au/polythiophene
NPs at a waterlionic liquid interface using terthiophene as the electron donor which also
polymerizes, coating one-half of the NP, while the ionic liquid phase influenced particle growth

towards its side of the ITIES.?® These works focused on the large-ITIES (mm scale) and only used
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the micro-ITIES, often positioned at a microhole, for diagnostic interrogation to identify the ion

species transferring at a given applied potential.

Herein, Au NP nucleation at a micro-ITIES between w|DCE has been investigated with
ferrocene (Fc) employed as electron donor over three pH regimes and multiple [Au salt]:[Fc]
ratios. Fc and its derivatives are ubiquitous in electrochemical investigations owing to their
reversible redox behavior and chemical stability.***® By employing a micro-ITIES combined with
potential, aqueous phase pH, and Au salt:Fc concentration ratio control, the driving force of AuCl,
reduction can be finetuned to control Au NP size and morphology. The electrolytic cell employed
is amendable to parallelization/scale up and could be a platform for

industrialization/manufacturing of NP modified substrate surfaces.

2.3.  Material and methods

All reagents were used as received without additional purification unless otherwise
indicated. All aqueous solutions were made using ultrapure water from a MilliQ filtration system
(>18.2 MQ cm). Potassium tetrachloroaurate (KAuCls, >98%), hydrochloric acid (HCI, >37%),
sodium hydroxide (NaOH, >98%), trioctylphosphine (97%), bromooctane (99%), and 1,2-
dichloroethane (DCE, >99.0%) were obtained from Sigma-Aldrich.
Tetrakis(pentaflorophenyl)borate lithium etherate (LiTB, >99%) was bought from Boulder
Scientific. The ionic liquid tetraoctylphosphonium tetrakis(pentafluorophenyl)borate (PssssTB)

was prepared as reported elsewhere*” and used as a supporting electrolyte in the organic phase.

Transmission electron microscopy (TEM) images were acquired using a Tecnai Spirit
Transmission Electron Microscope with samples prepared on 200 Mesh Cu ultrathin/lacey carbon

grids (Electron Microscopy Sciences).
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All electrochemical measurements were recorded using the PG-618-USB potentiostat
(HEKA Electroniks) along with a modified pipette holder with integrated working electrode (WE)
connected to an integrated Au wire (0.2 mm diameter, Fisher Scientific). The Au wire was soldered
into place and a liberal coating of ‘Liquid electrical tape’ (Canadian Tire) was applied to inhibit
AuCly (aq) reaction with the solder (96.5% Sn, 3.0% Ag, 0.5% Cu). A Pt wire served as the
counter/reference electrode (CE/RE) and was immersed in the organic solvent phase. The modified
holder was used to support the aqueous phase held in a pulled borosilicate glass capillary
(Goodfellow) with a 25 um diameter orifice at the tip; detailed micropipette fabrication is provided
elsewhere.*®* The liquid[liquid interface was maintained at the tip and monitored using a 12 x
zoom lens assembly (Navitar) and 18 megapixel CCD camera (AmScope). The electrolytic cells

employed have been summarized in Scheme 2-1.

y mM Fe
Au|AuCl,|x mM KAuCl, |5 mM Py, TB| PtTB| Pt [Cell 2-1]
(aq) (DCE)
z mM HCI v mM Fc
Au|AuCl,|x mM KAuCl, |5 mM Py TB|PtTB|Pt [Cell 2-2]
(aq) (DCE)
wmMNaOH | y mM Fc
Au|AuCl,|x mM KAuCl, |5 mM Py, TB| PtTB| Pt [Cell 2-3]
(aq) (DCE)

Scheme 2-1 electrolytic cells employed, where w, x, y, and z indicate the concentrations of NaOH, KAuCly4, Fc
(ferrocene), and HCI used, respectively. In each case, 5 mM of PssssTB (tetraoctylphosphonium
tetrakis(pentafluorophenyl)borate) was added to the DCE phase as supporting electrolyte. The double line
indicates the immiscible, polarizable liquid|liquid interface.

2.4. Results and discussion
Cyclic voltammograms (CVs) recorded using Cell 2-1 and 2-2 (see Scheme 2-1) without
ferrocene (Fc) added to the DCE phase (y = 0) have been plotted in Figure 2-1. The black, solid

trace (Cell 2-1) is the i-V response with only 0.5 mM KAuCly in the aqueous phase as analyte and
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supporting electrolyte. At positive potentials, the polarizable potential window (PPW) was limited
by K transfer from w — o seen as a sharp increase in current at ~0.5 V. The negative potential
limit was not reached; instead, as the potential was scanned from positive to negative three peak-
shaped waves were observed at 0.126, —0.068, and —0.507 V corresponding to AuCly,

AuCl;(OH)™, and CI” transfer, respectively, from w — 0.2 The potential was referenced to formal
CI" transfer taken to be Ag’qﬁgl_ =—0.479 V.315° Thus, the respective simple ion transfer potentials

of AuCl;(OH) and AuCl, were observed to be —0.040 and 0.154 V, which are close to reported
values.?’ % Scanning the potential back from negative to positive, three steady state waves were
observed at —0.479, —0.040, and 0.154 V, and are indicative of the respective reversible Cl,
AuCl3(OH) and AuCly transfer back from o — w. The asymmetric i-V signal is owing to the
pipette geometry which gives rise to an asymmetry in the diffusion regimes inside (linear
diffusion) and outside (hemispherical diffusion) the pipette; these results are in good agreement
with those described previously for ion transfer at a micropipette.**!* The addition of 10 mM of
HCl(aq) (Cell 2-2 in Scheme 2-1), red, dashed curve in Figure 2-1, results in the disappearance of
the proposed AuCl;(OH)™ transfer wave owing to the acid stabilization of AuCl} 3> Speciation

of AuCl(4_Y)(OH)Y_ has been characterized extensively both photometrically®® as well as

electrochemically *° and it is possible that AuClo(OH), species also contribute to the central peak
in the black® trace in Figure 2-1. Therefore, the Au salt concentrations indicated in Scheme 2-1

for Cell 2-1 (x) describe the total Au salt concentration.

Next, the electrochemical response of Cells 2-1 and 2-2 were investigated towards changing
[Fc] in the organic phase. With increasing [Fc] in Cell 2-1 (Figure 2-2D-F) the AuCls/AuCl3(OH)
transfer waves steadily decrease in current intensity and are replaced by a positive peak-shaped
curve at ~0.330 V. This is exemplified in Figure 2-2B where [KAuCls] = 5 mM and [Fc] was
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increased incrementally in DCE from 0.05 to 15 mM; for Figure 2-2B-F, the final Fc concentration
was chosen to be in a 1:3 concentration ratio of KAuCls:Fc in order to satisfy the stoichiometric
3¢ requirement for reduction of AuCl; to Au’ if Fc behaves as a le donor. At [Fc] = 1 mM in
Figure 2-2B the negative AuCl, transfer wave is diminished in intensity and a positive sigmoidal
wave begins to emerge; while at [Fc] = 5 mM, the AuCl; wave has been completely replaced by
a positive peak-shaped wave with a peak potential at ~0.340 V. Similar experiments were also
performed at pH = 8.5 (Cell 2-3) and elicited a similar trend with changing [Fc] (see Figure A1 of
Appendix A). Optical images were taken before and after each CV (Figure 2-3A and B,
respectively) and show a purple precipitate has formed near and above the microchannel after a

single CV cycle was performed.
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Figure 2-1 Cyclic voltammograms recorded using Cells 2-2 (red, dashed curve) with and 2-1 without
(black, solid curve) 10 mM HCI (aq) at 20 mV s without ferrocene (Fc) in DCE (v =0) and with 0.5 mM
KAuCly (aq). Black, solid arrows indicate scan direction while the red, dashed arrow indicates the
associated axis. Peaks have been labelled with the ion undergoing simple ion transfer.

Based on these results, it was hypothesized that Fc, operating as an electron donor, reduces
AuCly to Au nanoparticles (NPs) at the liquid|liquid interface through the following two possible

interfacial mechanisms,
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AuClj (aq) + 3Fc(org) — Au(s) + 3Fc" (org) +4Cl (aq) >l

AuCly_,(OH), (aq) +yH" (aq) + 3Fc(org) >Au(s) + 3Fc" (org) + (4-)Cl (aq) +yH,0 2~

0 .
o.0s , Azd)/V
ET
»B *|E
10 4
S o,
% o S
~ i/
-10 4 10 /
AuCl’
AuCl, / 4
AuCl,(OH)
. o
0.1
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Figure 2-2 Overlay of CVs recorded using Cell 2-1 (D-F) and 2-2 (A-C, [HCI] =10 mM) while changing [Fc] (crc).
Initial gold salt concentrations where 0.5 (A, D), 5 (B, E), and 10 mM (C, F). All instrumental parameters were the

same as those employed in Figure 2-1. lons associated with various transfer peaks have been labelled; ET = electron
transfer peak.

50



Thus, the positive peak current observed at high [Fc] in Figure 2-2 is the result of electron
transfer from o — w in which the process is diffusion limited by AuCl, in the aqueous phase. This
agrees with a recent study utilizing the water|diethyl ether interface.” At high [Fc] and [KAuCly]
large disruptions in the i-V signal were recorded (e.g., see Figure 2-2C, cp. = 30 mM). It is
hypothesized that these large fluctuations in current are owing to the disruption of the interface
through Au NP formation which generates Marangoni type changes in surface tension.
Additionally, the simple ion transfer of Fc* is well characterized®® with AZV¢;;+= -0.016 V7,
however, no simple Fc' transfer was recorded. Therefore, it is likely that Fc* acts as a capping
agent and is adsorbed onto the Au NPs at the ITIES surface. Thus, Fc' is not available to undergo

simple ion transfer. Fc behaving as a capping agent further agrees with the results of Ciganda et

al>

A

agueous

microchannel
micro-ITIES

Au NPs

microchannel

aqueous

Figure 2-3 Optical micrographs of the pipette tip before (4) and
after (B) electrolytically induced interfacial reaction of
AuCly(aq) with Fc(org) via one CV cycle at 0.020 V s as shown
in Figure 2-2.
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The mechanism of how Au NPs arrived at the top of the microchannel (see Figure 2-3B) is
unclear. However, Ciganda et al. previously measured the (-potential for similar Fc-capped NPs
to be —0.015 V*°; therefore, it is hypothesized that the NPs are attracted up the microchannel under
an extreme positive electric field gradient in the direction of the aqueous electrode. Admittedly,

this is still an open question that will be addressed in future work.
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Figure 2-4 TEM micrographs of Au NPs acquired using [Fc] =3 mM and [KAuCly] =1 mM at pH
2 (A), ~5.5 (B), and 8.5 (C) in the aqueous phase for Cells 2-2, 2-1, and 2-3, respectively.
Histograms of particle sizes are inset.

TEM samples of the NPs were acquired by removing the pipette from the organic phase after
a particular potential program/waveform was applied and ejecting a droplet onto a TEM grid; the

grid was then dried under N>. TEM micrographs are illustrated in Figure 2-4 using Cells 2-1 — 2-
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3 while varying the pH and maintaining the [Fc] and [KAuCls] at 3 and 1 mM, respectively, and
after a single CV was performed as depicted in Figure 2-2. At pH 2 and ~5.5 spherical Au NPs
were observed with average sizes of 24 and 228 nm, respectively; at pH 8.5 the average size further
increased to 439 nm and the NP shape changed from spherical to cubic indicating a transition to
bulk Au metal-like formation. Integration of the ET peak-current signal for the 3—1 mM, Fc to
KAuCly case at pH 2, 5.5, and 8.5 resulted in an average charge transfer of ~3 uC for each pH
region. This suggests that roughly the same amount of Au salt is reduced at each pH; therefore, it
is likely that a greater number of smaller Au NPs are formed a low pH, while fewer, larger NPs
are generated towards high pH. These calculations agree with particle counts roughly determined

through TEM optical images.

The formal reduction potential of AuCl,/Au (EZ;E{I?)/ au) in aqueous is 1.002 V, while the

o',DCE
Fc'/Fc

Fc'/Fc (E ) couple in DCE is 0.640 V.38 Using Eq. (2-2), a general formulation for electron

transfer across the liquid|liquid interface (A¥¢_.) can be derived from the Nernst equation®**,

such that,

' DCE "H,0 (0.059 V) Y >3
A3)V¢ET ~ E;J/FC - EZu(Izll)/Au_ 3 10g([H+] )

Since Fc can partition into the aqueous phase® (see Figure A3 of Appendix A), it is of

interest to determine the homogeneous, aqueous thermodynamic case as well for electron transfer

(Ecen), which is calculated somewhat differently,

L 00H0 0l H0 (0.059 V) ¥ 2-4
Ecell ~ Fc*/zpc B EAu(IZH)/Au o 3 10g([H+] )

For the complete algebraic formulation of Egs. (2-3) and (4) see Appendix A. In Eq. (2-4)

o', DCE
E_Y

vorp. Was assumed to be 0.310 V.°” At low pH, the final term in Egs. (2-3) and (2-4) can be
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neglected since the AuCl, species dominates (y =0), while at higher pH it becomes a factor with

AuCl(}_Y)(OH); speciation. In this way, Af)quET was calculated to be —0.362, —-0.254, and —0.194 V,

while Ec.i was determined to be 0.692, 0.584, and 0.524 V for pH 2, 5.5, and 8.5, respectively.
Thus, for interfacial electron transfer the electromotive force (emf) is greatly reduced at low pH
and an applied potential is required to induce electron transfer. This is reflective of the lack of
nucleation sites at the liquid|liquid interface for nascent NPs to grow, which is much easier on a
metal/solid surface.>!$162 These back-of-the-envelope calculations agree with the voltametric
responses at each pH tested in which an applied potential was necessary to induce heterogeneous
electron transfer. For the homogeneous electron transfer case where Fc partitions to the aqueous
phase, the reaction should be spontaneous regardless of pH. However, Fc partitioning is limited!®>°
so if the potential pulse/program is started quickly enough, then the interfacial electron transfer
mechanism should be thermodynamically favoured® and hence this is likely why all the NPs

observed after CV deposition are uniform in size and morphology.

To test this the pipette tip was submerged in the organic phase for 10-30 s, removed, and
then sampled; whereby, the potential was not controlled, i.e., left at open circuit potential (OCP),
and where an applied amperometric pulse at 500 mV (high overpotential) was maintained. In each
instance Cell 2-2 was used containing 3 mM Fc (org) as well as 1 mM KAuCls and 10 mM HCl
(aq). After each run, a TEM sample was obtained and rinsed with MilliQ water; Figure A2 (see
Appendix A) shows 3 examples of TEM micrographs generated from these experiments. At OCP
a mixture of Au nano-sheets, spheres, rods, and cubes at a broad range of sizes were imaged
(Figure A2A of the Appendix A). For the 10 and 20 s applied potential (Figure A2B of the
Appendix A) only nano-sheets and spheres were recorded; however, for the 30 s applied potential

case only highly disperse cubes were observed (see Figure A2C in the Appendix A). The formation
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of nano-sheets agrees with a recent study by Sachdev ef al.™ in which they used a micro-emulsion

(water|hexane) in a flow reactor and decamethylferrocene (FeCp;) as the reducing agent to
generate Au NPs and nano-sheets. In that work,* the ITIES was essentially at OCP since no
common ion or phase transfer catalyst was employed; however, the authors were able control the
Au NP size by controlling the size of the emulsion droplet and [FeCp;]. Moreover, it is likely that
at a large-ITIES the turbulent, convective mixing generated as a result of constructing the cell just
to perform the experiment, as well as that generated in a flow reactor, would likely enhance
partitioning of Fc. In other words, the Fc partitioning route starts far from equilibrium; however,
with mixing, this pathways position towards equilibrium is advanced and the homogeneous

electron transfer route is favoured. Hence, interfacial size and convection play an important role.

It is hypothesized that at OCP Fc can partition more freely and the aqueous, homogeneous
electron transfer route from Fc to Au(IIl) is enhanced. However, while under cyclic voltammetric
polarization the interfacial route is preferred. The latter agrees with a computational study by
Hirano et al.% at the water|CH,Cl, interface for electron transfer between Fc and Fe(CN)2™. The
mechanistic difference between CV and amperometrically deposited Au NPs is unclear but will

be the focus of future optical studies beyond the scope of the present work.

As noted by Brust et al.?*, AuCly /AuCl(}_Y)(OH); species can partition into low polarity
organic solvents; however, due to the orientation of the pipette, it was not possible to successfully

sample the organic phase for TEM analysis.

2.5. Conclusion
Herein, we have demonstrated the reproducible generation of Au NPs at a micro-ITIES with

size control exhibited through pH and over-potential application. By varying the concentration of
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(1)

2)

3)

Fc in the DCE phase, the transition from simple AuCl, /AuCl(]_y)(OH)Y_ transfer to interfacial

electron transfer between Fc and the Au salt was observed. Owing to the slightly high
overpotentials combined with the small interfacial size (25 pm in diameter) Fc partitioning to the
aqueous phase can be limited and an interfacial electron transfer mechanism can become preferred.
This results in Au NP size control from between 20 and 400 nm. We are currently exploring the
effect of pipette geometry and different pulse/waveform programs on NP size as well as the

mechanistic routes to nano-sheet, rod, and cube formation.

Finally, one can imagine that the micropipette method would be highly amenable to
industrialization through parallelization; whereby, the micropipette is first immersed in an organic
solution containing the electron donor (e.g., Fc), the NPs are electrochemically generated, the
pipette is removed from the solution, and then the aqueous NP solution is dispensed onto a

substrate of interest such as a solid electrode material.
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Chapter 3

3. Electrodeless synthesis of low dispersity Au nanoparticles and

nanoclusters at an immiscible micro water|ionic liquid interface
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3.1. Introduction

Au nanoparticles (NPs) have been of continued interest owing to their unique optical and
(electro)catalytic properties'?, as well as for biomedical applications.?> Over the passed three
decades multiple, relatively straightforward chemical means of generating low dispersity, small
(<20 nm) Au NPs have been developed. Many of these have exploited an immiscible liquid|liquid
interface as a means of species and charge separation. For example, the Brust-Schiffrin method®
originally employed the water|toluene interface, in conjunction with BH; as a reducing agent and
an alkanethiol (RSH) as a capping agent; however, it was later revealed by Uehara et al. that

alkanethiols role was far more complicated, such as the formation of [Au(I)SR] species.*

Moreover, the liquid|liquid interface, or immiscible interface between two electrolyte
solutions (ITIES), has become of increasing interest as a platform for electrodeless synthesis of a
variety of materials.” '8 While at first this relied on spontaneous chemical reactions, increasingly
electrochemical control via an applied external potential is being turned to. This is achieved
through immersion of two electrodes, one in either electrolyte phase, so that the Galvani potential
difference is localized across the liquid|liquid interface, i.e., ¢ — ¢o = Ay ¢.> Cheng and Schiffrin'’
demonstrated the first electrochemically controlled Au NP generation at an ITIES; whereby,
tetraoctylammonium tetrachloroaurate (TOAAuCls) was dissolved in 1,2-dichloroethane (DCE)
and was used as both the source of Au as well as an electron acceptor, while potassium
hexacyanoferrate(Il) (K4sFe(CN)s) in the aqueous phase served as the electron donor. Thus, the
authors were able to exploit the hydrophobicity and hydrophilicity of the electron acceptor and
donor, respectively, and limit electron transfer to a heterogeneous process localized across the
ITIES. Soon after Johans et al.?*?* began investigating the thermodynamics of nanoparticle

generation at an interface with seemingly few nucleation sites. TOAAuCly is a special case and
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most contemporary studies have employed a hydrophilic metal salt, (e.g., KAuCls or CuxSOs),

Y415 or decamethylferrocene'®. In

paired with a hydrophobic electron donor, e.g., ferrocene (Fc
this way, the interfacial or heterogeneous electron transfer pathway can be described as shown in

Scheme 3-1 (mechanism 2). Partitioning of Fc into water (mechanism 1) or AuCl, into oil

(mechanism 3) with subsequent homogeneous electron transfer is also depicted.

1D

aqueous phase
Fe(Il) + AuCl, = Au+4Cl + Fe(lll) homogeneous
electron transfer
mechanism 1

=40

1
|

|
IV / 'rh’;;‘ngcncous
electron transfer 1D R
@ mechanism 2 @ DCE/PssxsTB_Ph'
B ALCl, — Au-+4CI+ Fe(lll) | oo S

electron transfer
mechanism 3

¢

Scheme 3-1 The three electron transfer mechanisms considered between ferrocene (Fc) (or other metallocene derivatives) and
AuCly at a water/1,2-dichloroethane ( w/DCE) or w/PssssTB (tetraoctylphosphonium tetrakis(pentafluorophenyl)borate)
interface.

These previous reports have focused on the water|oil (w|o) interface; however, recently the
waterlionic liquid (w|IL) one has emerged.”'%?*** Jonic liquids (ILs) are large — on a molecular
scale — organic salts with melting points typically below ambient temperature whose molecular
architecture can be tuned to obtain a wide variety of physicochemical properties. They are
desirable for several reasons, including excellent thermal and electronic stability, as well as
enhanced catalytic properties and as a medium for NP preparation.?¢ Indeed, NPs prepared in an
IL phase are typically small (<10-20 nm) and have low dispersity; this is hypothesized to be owing
to the supramolecular fluidic nature of ILs which contains nanoscale pockets sandwiched between

ion aggregates/contact ion pairs within which NPs can grow.?¢° Nishi et al®' first investigated
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electrochemically controlled Au NP synthesis at a micro w|IL interface using tri-p-tolylamine as
the reducing agent dissolved in the IL, trioctylmethylammonium
bis(nonafluorobutanesulfonyl)amide ([TOMA'][C4CsN]), and were able to generate
nanodendrites. However, in order to elucidate electron transfer between the w and IL phase, Nishi
et al*' employed an ECSOW (electron conductor separating an oiljwater phase) system. In
ECSOW the IL and w phases are not directly in contact; however, a metal wire bridged between
the two solutions acts as an electrical connection. Next, they employed a redox active IL (RAIL),
(ferrocenylmethyl)dodecyldimethylammonium bis(nonafluorobutanesulfonyl)amide
([FcMDDA]'[C4CsN]"), to generate Pd nanofiber arrays at the w|RAIL interface through a
spontaneous process, i.e., without external electronic control.” In their proposed mechanism the
RAIL partitions into the water phase and undergoes homogeneous electron transfer with

H>PdCla(aq).

Herein, we have investigated electron transfer at a w|IL micro-interface using either of two
electron donors, Fc or trioctyl(ferrocenylheptanoyl)phosphonium tetrakis(pentafluorophenyl)-
borate, FcIL (see Figure 3-1), in which a Fc moiety is tethered to the phosphonium core by way of
an acyl chain. Using either Fc or FcIL dissolved in PggssTB (tetraoctylphosphonium
tetrakispentafluorophenyl)borate) heterogeneous electron transfer was recorded and resolved at a
micro-ITIES for the first time without the need to resort to an ECSOW system. Additionally, the
influence of aqueous phase pH was interrogated, and low pH elicited thermodynamically inhibited
Au NP generation that favoured nanocluster formation, i.e., diameters ~1.7 nm. Additionally,
owing to the intermediate hydrophobicity of AuCly and Fc, by employing the highly hydrophobic
electron donor, FcIL, in combination with the PgsssTB phase, partitioning of either AuCly or the

electron donor was hindered such that mechanisms 1 and 3 in Scheme 3-1 were not favoured.
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Figure 3-1 Structure of trioctyl(ferrocenylhexanoyl)phosphonium ionic
liquid (FcIL) in whichn = 5 and X~ = B(C6F5)y (i.e., TB).

3.2. Materials and Methods

All chemicals were used as received without purification, while all aqueous solutions were
prepared using MilliQ ultrapure water (>18.2 MQ cm). Potassium chloride (KCl, >99%), 1-
bromooctane  (98%),  6-bromohexanoic  acid  (97%), trioctylphosphine  (>97%),
tetramethylammonium chloride (TMACI, >98%)), ferrocene (Fc, >98%), and 1,2-dichloroethane
(DCE, >99.0%) were sourced from Sigma-Aldrich. Lithium tetrakis(pentafluorophenyl)borate
etherate (LiTB, >99%) was purchased from Boulder Scientific. The Fc modified ionic liquid FcIL
(see Figure 3-1) and PggssTB (tetraoctylphosphonium tetrakis(pentafluorophenyl)borate) were

prepared as described previously by Weaver et al.>* and Stockmann et al.*®, respectively.

A Heka Electroniks PG-618-USB potentiostat equipped with a head-stage was employed for
all electrochemical measurements. All measurements were conducted at a 25 um diameter micro-
ITIES held at the tip of a micropipette and with a scan rate of 0.020 V s™! in a two-electrode mode
unless otherwise indicated. The electrolytic cells employed have been drawn in Scheme 3-2. A
specialized micropipette holder was employed with an integrated Au wire, used as the working
electrode (WE), and a syringe to back-fill the pipette and maintain the ITIES at the tip. KAuCls is

a powerful oxidant; thus, Ag, or even Pt electrodes were found to be unsuitable as WEs. A CCD
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camera (AmScope) equipped with a magnifying lens assembly (Navitar) was used to monitor the

ITIES position in situ. A second Ag wire (Goodfellow, Inc., Delson, QC, Canada) was immersed

in the DCE or PggssTB phase and connected to the counter/quasi-reference electrode port of the

head-stage.

Micropipettes (25 pm diameter) as well as

w mM HCl ymM D
Au|AuCl, |x mM KAuCL||5 mM P, TB|AgTB|Ag  [Cell 3-1a]
(aq) (DCE)
5 mM KClI ymM D
Au|AuCl, |x mM KAuCl, [|5 mM Py, TB|AgTB|Ag [Cell 3-2a]
(aq) (DCE)
z mM NaOH ymM D
AufAuCl, |x mM KAuCl, |5 mM P TBlAgTB|Ag [Cell 3-3a]
(ag) (DCE)
w mM HCI
Au|AuCl,|x mM KAuCl,| y mM D|AgTB|Ag [Cell 3-1b]
(aq) (B LB
5 mM KCl
Au|AuCl, |x mM KAuCl, || y mM D|AgTB|Ag [Cell 3-2b]
(aq) (Paszs 1B
z mM NaOH
Au|AuCl;|x mM KAuCl, [ y mM D|AgTB|Ag [Cell 3-3b]
(aq) (Pozss IB)

Scheme 3-2 The electrolytic cells employed in which the pH of Cells 3-1a/b and 3-3a/b were
adjusted using w and z mM of HCl and NaOH to be pH 2 and 8.5, respectively as confirmed using
a pH meter (sympHony, model#B10P), while x and y mM of KAuCl4+ and an electron donor, D,
were added to the aqueous and DCE or PssssTB  (tetraoctylphosphonium
tetrakis(pentafluorophenyl)borate), ionic liquid phases, respectively. D was either Fc or FclL.
The double bar indicates the polarizable potential interface maintained at the pipette tip which,
unless otherwise specified, had a diameter of 25 um. Cells 3-(1b-3b) were measured at ~60°C
using a water circulator (Polystat, Cole-Parmer).

inlaid disc Pt and carbon fiber

ultramicroelectrodes (UME), 25 and 7 um in diameter, respectively, were prepared as has been

described elsewhere.'*?” UMEs were employed in a two-electrode mode in conjunction with an

Ag wire which served as the counter/quasi-reference electrode.
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Transmission electron microscopy (TEM) imaging was performed using a Tecnai Spirit

TEM with samples deposited on 200 mesh Au ultrathin/lacey carbon grids.

3.3. Results and Discussion
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Figure 3-2 Cyclic voltammograms (CVs) measured using Cells 3-1a - 3-3a (A-C) with no electron donor added to the DCE phase.
1 mM of KAuCls was dissolved in the aqueous phase with the pH = 2, 5.5-6, and 8.5 for the top, middle, and bottom panels,
respectively. A 25 um diameter ITIES was used with a scan rate of 0.020 V s~'. The red arrow indicates the axes plotted against,
black arrows indicate scan direction, and the peak currents have been labelled with the associated simple ion transfer process
taking place.

Figure 3-2 depicts the cyclic voltammograms (CVs) obtained at a 25 pm diameter interface
using 1 mM of KAuCly(aq) in Cells 3-1a - 3-3a (A-C), or pH 2, 5.5-6, and 8.5, respectively, at the
w|DCE interface with no electron donor (D) added to the DCE phase, (i.e., y = 0), with at scan rate
of 0.020 V s!. The polarizable potential window (PPW) was limited at positive and negative
potentials by the transfer of the supporting electrolyte ions, (i.e., K'/Na" and CI/OH"), which is
seen by the exponential increase or decrease in the current at approximately +0.5 and —0.5 'V,
respectively.>*>° The use of the micropipette holder makes the system resistant to electrophoretic
movement of the micro-ITIES and allows one to scan beyond the usual PPW.%!33436 I this case,
it allows for the observation of CI” and OH™ simple ion transfer processes (see Figure 3-2C).

Simple CI transfer was used to reference the potential to the Galvani scale.’’
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The i-V response at the wDCE micro-interface is asymmetric; for example, in Figure 3-2A,
during the scan from roughly 0.4 to —0.3 V, a negative peak-shaped wave can be observed with a
peak potential at 0.126 V; while during the reverse scan, back towards positive potentials, a
sigmoidal wave was recorded with a half-wave potential at 0.172 V. This signal is owing to simple
AuCly transfer from water to oil (w—o0) and back from o—w, respectively. The signal asymmetry
is owing the pipette geometry which elicits hemispherical diffusion outside the pipette and when
undergoing charge transfer from o—w and linear diffusion during ion transfer from w—o inside;

these curves agree well with previous reports.38-

TTTTT TrrTTT TTrTTT TTITTT T
45 A /\"
i [Fell] |
[ — ImM
<2F ---smM 7
=t /
— : ;;/.
-~<0__ 7
2f _
# ) ]

04 -02 00 02 04 -04 -02 00 02 04 -04 -02 00 02 0.4
Ard IV

Figure 3-3 Voltammetric responses for increasing additions of FcIL of y as indicated in set to the DCE phase,
respectively, with [KAuCly] = I mM in Cells 3-1a - 3-3a or pH’s 2 (4), 5.5-6 (B), and 8 (C). A 0.020 V s~! scan rate was
employed with a 25 um diameter ITIES, while the scan direction is indicated by black arrows.

As the pH increases a second ion transfer wave appears with a peak potential at ~0.017 V
during the negative scan and a sigmoidal wave at ~0.020 V during the scan towards positive

potentials. AuCl, ligand speciation to AuCl(4_Y)(OH)Y_ with hydroxide replacing chloride on the

Au core has been well characterized electrochemically*® and spectrophotometrically*'; therefore,

the second wave is likely owing to a combination of simple AuC1(4,Y)(OH)y_ transfer consisting of

different values of y. These results are in good agreement with other articles.*!?
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After addition of 1, 5, and 10 mM of FcIL to the DCE phase in Cells 3-1a - 3-3a, the negative

peak-shaped wave associated with AuCly /AuCl(AﬁY)(OH); disappeared and was replaced by a

positive peak signal at ~0.3 V (Figure 3-3). At [FcIL] =1 mM and at low pH (red trace in Figure
3-3A), the AuCl, wave was still present; however, at pH 5.5, a sigmoidal wave was observed in

both forward and reverse scans with a A(V)Vqﬂl , 0£0.222'V, while at pH 8.5, a positive peak-shaped

wave, with an onset potential of ~0.15 V, has completely replaced the AuCl, transfer signal. At
[FcIL] = 5 mM, the onset potential shifted to more negative values by increasing the pH from 2 to
8.5; however, at [FcIL] = 10 mM the onset potentials were difficult to decern, and this may be
owing to a competing homogeneous electron transfer reaction taking place in the DCE phase (see

mechanism 3 in Scheme 3-1).

Figure 3-4A depicts the CVs recorded using Cell 3-2a with 0, 1, and 5 mM of FcIL in DCE
and selecting an initial potential near the negative limit of the PPW. With no electron donor added
to the DCE phase the initial current is roughly —0.2 nA; however, with even a modest amount of
FcIL added to DCE a relatively large negative current offset of —3-4 nA was observed. The current
offset was still present even when a 2-5 s potentiostatic pulse was applied just prior to initiating

the i-V scan. This is likely owing to the spontaneous transfer of AuCl, /AuCl(4_Y)(OH); from w—o

which is caused by the Au salts consumption in a homogeneous, organic phase electron transfer
reaction with FcIL (Scheme 3-1, mechanism 3). This current offset was only observed in the
presence of an electron donor in the organic phase. Thus, at high [FcIL], the peak currents and
onset potentials in Figure 3-3 were not reproducible; however, the latter demonstrated a general

trend of decreasing toward negative potentials with a concomitant increase in pH.
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During the second scan at the w|DCE interface, the positive peak current disappeared (Figure
3-4B). It is unclear if this is owing to the depletion of the local concentration of FcIL, since the
negative peak-shaped wave associated with AuCly ion transfer seemed to still be present; however,
it may be that the intensity of the electron transfer wave only decreased and had taken on a

sigmoidal shape.

Owing to the high hydrophobicity of FcIL, it is unlikely that it partitions to the aqueous
phase; thus, the positive signal observed in Figure 3-3 is wholly heterogeneous electron transfer

from FcIL in DCE to the AuCly /AuCl(éH,)(OH)Y_ in the aqueous phase (Scheme 3-1, mechanism

2). These data agree with our previous results using unmodified Fc at the w/DCE micro-interface.'
Even as the concentration of the electron donor increases, the electron transfer signal is stable, and
large current oscillations were not observed while using FcIL, unlike during our previous work
using Fc where large current fluctuations were common.'> This may indicate that Fc partitioning
to the aqueous phase with subsequent homogeneous electron transfer from Fc¢ to AuCly
destabilizes the ITIES. Thus, using a more hydrophobic electron donor decreases the strain on the
liquid|liquid interface. Regardless, the Au salt is likely reduced to Au nanoparticles and the

oxidized form of FcIL subsequently behaves as a nanoparticle capping agent.

In this way, the following chemical reactions can be written for the heterogeneous electron

transfer process,
AuCly (aq) + 3FclL(org) — Au(s) + 3FcIL*(org) +4Cl (aq) 3-1

AuCly_(OH); (aq) +yH" (aq) + 3FcIL(org)—Au(s) + 3FcIL" (org) + 3.2

(4—)CI (aq) + YH,O
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Where a generalized electron transfer potential at moderate to high pH for the process can

be written as,'>*

L0 (0.059)

w  0.DCE +1Y
Ao ppr = E;cIL+ / - Egu(lll) /o 3 log([H ] ) 3-3
FeIL Au

' DCE

L, o are the standard redox potentials for AuCl; /Au (1.002 V)*
FelL

Where Ei;fgﬁ% y and E,
Au

",DCE

+ was determined to be
cIL /F IL
C

and FcIL"/FcIL in the aqueous and DCE phases, respectively. E;

0.91 V using cyclic voltammetry at an inlaid Pt disc UME through a comparison to Fc/Fc (see

Figure B1 of Appendix B).
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Figure 3-4 i-V measurements using Cell 3-2a at a 25 um diameter interface with
[FcIL], or y, equal to 0, 1, and 5 mM (4) as well as [FcIL] = 10 mM (B) with
multiple scans as indicated inset, performed with a scan rate of 0.020 V s~ Black
arrows show scan direction.

Thus, A‘(’,VqﬁETwas calculated to be —0.089, 0.019, and 0.078 V for pH 2, 5.5-6, and 8.5, respectively,

assuming y = 1 for pH >5 and n = 3 for the number of e transferred. Thus, as the pH increases
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heterogeneous electron transfer becomes more favourable. This agrees well with the general trend

of decreasing onset potentials of A‘OV(/ﬁET observed in Figure 3-3 and with our previous work using

Fc 15
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Figure 3-5 CV responses at a w/PssssTB 25 um diameter interface described by Cells 3-1b - 3-3b in which the aqueous pH
increases from 2 to 5.5-6 and 8.5 (A-C). Black and red arrows indicate scan direction and the axes the CV is plotted against,
respectively. The cell was maintained at 60°C using a water circulator (Polystat, Cole-Parmer).

Figures 3-5, A-C show the i-V curves obtained if the DCE phase is replaced with PggssTB,
with no electron donor added, ie., y = 0 mM, and performed at 60 °C using a water
heater/circulator. The heater/circulator was connected to a mantle built into the stage and sur-
rounding the vial containing the IL phase. Owing to the high viscosity/low diffusion coefficient in
the 1onic liquid phase, ion transfer from IL—w elicits a peak-shaped wave rather than a sigmoidal
one, i.e., the diffusion regime in the IL phase is linear. These results agree well with previous
reports of ion transfer at a w|IL micro-interface'®*>. The red trace in Figure 3-5C shows the i-V
results if the potential is scanned beyond the conventional PPW to reveal simple CI™ transfer with
a peak-to-peak (AE) separation between the forward and reverse scans of ~0.290 V and a half-

wave potential, A¥¢l P —0.58 V. The latter was calculated as the mid-point between the

forward (Ep twd) and reverse (Eprev) peak potentials for ion transfer, (i.e., (Epfwd + Eprev)/2) while
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AFE suggests that C1 is quasi-reversible. Large peak-to-peak separations for redox processes in ILs

in the range of 0.1-0.15 V are common?®>#+43

and may be related to the reorganization of the
interface on the IL side. It has been shown that the electric double layer (EDL) at the solid|IL*®
and w|IL* interfaces is highly organized with alternating anion/cation layers that can extend
several times into the IL phase and that have ultraslow relaxation energies. Pushing the PPW far

beyond its typical limit likely has a commensurate impact on the EDL relaxation energies

exacerbating AE. As a first approximation, A§V¢1 1 ci-Was employed to reference the potential to

the Galvani scale. Thus, a AE for AuCl,; and AuCl(éH,)(OH)Y_ were measured to be 0.138 and 0.108

V, with AF¢, ) \ o and AJ equal to roughly —0.015 and —0.220 V obtained from

¢1/2AC1 ) (OH)
» AuClig.)(OH),

the black traces in Figures 3-5A and 3-5C at pH 2 and 8.5, respectively.
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Figure 3-6 CVs acquired at a 25 um diameter ITIES between w/PssssTB at ~60°C and 0.020 V s~ using Cells 3-1b -
3-3b (4-C) with 1 mM KAuCls(aq) and 100 mM of Fc (blue, dashed trace) or FclL (red, solid curve) added to the
PssssTB phase, as shown inset. Black traces depict CVs obtained without an electron donor added to PssssTB.

Figure 3-6 shows the i-V curves recorded at the w|PgsgsTB micro-interface (Cells 3-1b - 3-
3b, see Scheme 3-2) at 60 °C with 100 mM of either Fc or FcIL added to the PggssTB phase, as
indicated inset, while increasing the pH from 2 to 5.5-6 and 8.5 for panels A-C, respectively. The

black traces in Figure 3-6 are for the system without an electron donor added. At pH 2 (Figure 3-
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6A), the peak intensity increased from 1.0 to 1.6 or 2.0 nA with the addition of 100 mM of Fc or

FclL, respectively.

Table 3-1 Data obtained from electron transfer waves depicted in Figure 3-6 and Figure 3-7, including the forward (Ep,fva) and
reverse (Ep.rev) peak potentials, the peak-to-peak separation (AE), and the electron transfer half-wave potential A:)V¢l /2 BT 48

well as the peak current (ip) and total charge transferred (Q) as obtained for the forward wave.

[FeIL] /mM  pH Epfva IV Eprev IV AE IV A:)V¢1/2,ET IV ip /InA Q0 /nC
20 2 0.069 —0.051 0.120 0.0086 1.38 38.7
100 2 0.108 -0.147 0.255 —0.0194 2.03 160.2
500 2 0.124 -0.122 0.245 0.00124 2.21 282.2
20 5.5-6 —0.092 —0.125 0.034 —0.109 1.23 123.2
100 5.5-6 0.031 —0.157 0.188 —0.063 1.52 96.0
500 5.5-6 —0.001 —0.243 0.242 —0.122 2.81 265.2
20 8.5 —-0.038 —-0.160 0.122 —-0.099 0.45 41.8
100 8.5 —0.066 —0.266 0.200 -0.127 0.95 160.3
500 8.5 —0.048 —-0.182 0.134 -0.115 1.18 166.4

[Fc] /mM
100 2 0.136 0.008 0.128 0.072 1.58 28.3
100 5.5-6 0.068 —0.032 0.101 0.018 1.23 82.4
100 8.5 0.017 —-0.107 0.124 —0.045 1.08 21.0

At neutral to high pH (Figures 3-6B and 3-6C), the two signals for AuCl, and

AuCl(4,y)(OH);transfer have been replaced by a single one with peak-shaped waves during the

forward and reverse scans with similar increased peak current intensities. Therefore, a similar
heterogeneous electron transfer process occurs at the w|PsgssTB micro-interface and analogous
equations 3-1 and 3-2 can similarly be written. No current offset was observed at the w|PssssTB

interface with the addition of an electron donor, unlike at the w/DCE one (see Figure 3-4A). The
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AuCly /AuC1(4,Y)(OH); transfer potentials at the w|PgsssTB interface are similar to the those

observed at the w/DCE one; therefore, these ions have similar affinities towards the Pggss TB phase
as they do towards the DCE one. It is likely that the w|IL EDL organization and high IL viscosity

limit the degree of penetration of these ions into the IL phase.

Thus, mechanism 3 (see Scheme 3-1), whereby AuCl, /AuCl(4_y)(OH)Y_ partitions into the

Psgss TB phase and then is consumed by a homogeneous electron transfer with the electron donor,
is inhibited. In this way, the w|IL interface can be exploited as a means to restrict electrodeless,
electrosynthetic methods to prefer interfacial electron transfer pathways. The half-wave potential
for the electron transfer wave, with [Fc] = 100 mM shifted toward more negative potentials of
0.072 V to —0.045 V, with an increase in pH from 2-8.5, while [FcIL] = 100 mM, was also found
to shift from —0.019 to —0.127 V, with an increase in pH (see Table 3-1). AE’s for Fc were between
0.101 and 0.128 V, while for FcIL, the AE was twice as high, between 0.188 and 0.255 V. These
data suggest that electron transfer between the Au salt and FcIL is more thermodynamically
favoured versus Fc; however, since FcIL is an IL itself, it likely interacts much more with the IL’s
highly organized EDL, which either influences the electron transfer kinetics or disrupts the EDL
on the IL side, increasing its relaxation energy. Both possibilities likely contribute to the large
observed AE for electron transfer with FcIL.

Figure 3-7 shows comparison CVs with changing [FcIL] to 20 or 500 mM while altering the

aqueous phase pH. At [FcIL] = 20 mM, simple AuCly, /AuCl(4,Y)(OH)Y_ is not yet suppressed and

likely occurs simultaneously, along with heterogeneous electron transfer. When [FcIL] is
increased to 500 mM, two peak shaped waves can be observed on the forward scan towards

positive potentials. The second peak at ~0.2-0.3 V may be owing to interfacial coordination of the
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Fc moiety on FcIL with either H" or K in the aqueous phase (i.e., a facilitated ion transfer
mechanism). Metallocenes have been shown to undergo protonation or lithiation to the
cyclopentadienyl ring and likely interact with the water molecules within the hydration shell of K*

or other metal cations used as supporting electrolytes.** " Generally, as [FcIL] increases the peak

current (i) and the total charge transferred (Q) increase, while A)@,, .. shifts to more negative

potentials; the latter is indicative of a more thermodynamically favourable reaction. While the

standard redox potentials of FcIL <E§;§E§?TB> and Fc < ;ZE;“STB> in the PssssTB phase are
FelL Fe

unknown, at low pH the third term in Equation 3-3 can be ignored and this can be used as an

0',Pgggs TB
Fct
/ Fc

',Pgggs TB

o / was calculated to be 0.99 V vs SHE.
Fc

indirect means for determining . Thus, Eg

Figure B2 (see Appendix B) depicts the CV obtained at a 7 um diameter carbon fiber UME

0',Pggss TB

FelL™ / was
FcIL

immersed in a PggssTB solution containing 100 mM of Fc and FcIL; in this way, E

determined to be ~1.3 V.
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Figure 3-7 CVs measured using Cells 3-1b - 3-3b (4-C) with 1 mM of KAuCls(aq) at a 25 um diameter interface, 0.020 V
571, and 60 °C, with increasing concentrations of FcIL added to the PssssTB phase, as indicated inset.
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At both the w|DCE and w|PssssTB micro-interfaces, the aqueous phase was sampled after
one i-V cycle and a single drop was deposited on a lacey carbon Au TEM grid and imaged.
Selected TEM micrographs obtained at the w/DCE and w|PsgssTB interfaces are shown in Figures
3-8(A-C) and 3-8(D-F), respectively. Figure 3-9 shows the nanoparticle size analysis performed
for select TEM micrographs using ImageJ software and curve fitting the histograms with a
Gaussian function (red traces). The peaks from the Gaussian fittings were taken as the average
particle size. At low pH, particles were consistently found with a microenvironment of IL
surrounding them (see Figure 3-8A and 3-8D); however, this was also observed occasionally at
higher pH’s (Figure 3-8F). At the w|DCE interface, at neutral to high pH, nanoparticle sizes were
consistent, averaging 27.6 and 30.1 nm in diameter at pH 5.5-6 and 8.5, with [FcIL] = 5 and
500 mM respectively. With [FcIL] = 100 mM in PgsssTB at the w|IL interface, average Au
nanoparticle sizes were 1.4, 31.1, and 14.0 nm in diameter for pH’s 2, 5.5-6, and 8.5 as shown in
Figures 3-8(D-F), respectively. The concentration of FcIL did not have a large influence on
nanoparticle size at either the w|DCE or w|PgsssTB micro-interface. For example, increasing [FcIL]
to 500 mM in the PgsssTB elicited Au nanoparticles that averaged 20.94 nm in diameter, see Figure
B3 in Appendix B. However, the increase in total charge transferred (Q), as shown in Table 3-1,
indicates that likely more NPs are formed. Our recent results'> obtained using unmodified Fc at a
w|DCE micro-ITIES showed a large dependence on aqueous phase pH with sub-micron particles,
400-600 nm in diameter, being generated at high pH, while 20 nm diameter particles were obtained
at low pH. This may indicate that mechanism 1 (Scheme 3-1) is a major component to enhanced
NP formation. Thus, the combination of a hydrophobic electron donor and a w|IL micro-ITIES
provides control over NP formation and dispersity. Interestingly, when combining a low pH
aqueous phase with a w|PgsgsTB micro interface and highly hydrophobic electron donor, one can

generate small, low dispersity Au nanoclusters.’! However, the IL microenvironment seems
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necessary for the formation of smaller NPs/nanoclusters, which this may be owing to its

supramolecular fluidic nature 2303

Figure 3-8 TEM micrographs of samples taken from the aqueous phase after one cyclic voltammetric scan performed at a 25
um diameter w/DCE (A-C) or w/IL (D-F) interface at pH 2, 5.5-6, and 8.5 for the left-hand, center, and right-hand panels,
respectively. [KAuCly] = 1 mM throughout; however, [FcIL] = 10 (4), 5 (B), 20 (D and E), and 500 mM (C, F), ‘IL phase
indicated residual ionic liquid surrounding the NPs.

At low pH only spherical nanoparticles were seen; however, with increasing pH lower
symmetry nanoparticles were observed with various polyhedrons represented as can be seen in

Figure 3-8B, including octahedral, tetrahedron, and triangular/pentagonal/hexagonal prism.

These shapes agree well with the typical growth pattern of Au nanoparticles.?’ Surfactants
have been known to influence the shape of nanoparticle growth,>® and recently computational
studies have emerged elucidating the impact of their presence on nanoparticle/nanocluster-IL

interactions.>* Simultaneously, high-resolution TEM has been used to image nanoparticle growth
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in situ within an IL environment.?’ Based on these images in which an IL microenvironment was
associated with smaller nanoparticles/clusters and the fact that the water phase was sampled, it
may be concluded that as the particles move into the aqueous phase, they undergo continued
growth or Ostwald ripening. Presently, successfully sampling the IL phase for TEM imaging is
technically challenging; however, future work will shift to include optical monitoring of NP
electrodeless synthesis in situ with an aim to better understand the interfacial dynamics of this
process. Nevertheless, these results agree with previous works that indicate that the IL

supramolecular fluid plays a critical role in nanoparticle growth.*’
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Figure 3-9 Histograms of nanoparticle diameters measured from TEM micrographs taken after one i-V cycle of electrochemical
Au NP generation at a w/DCE (4-C) or w/PssssTB (D-F) at aqueous phase pH of 2, 5.5-6, and 8.5 for the left-hand, middle, and
right-hand panels, respectively, with 10 (4), 5 (B), or 500 mM (C) of FcIL in DCE, while 100 mM of FcIL was used in PssssTB
(D-F). Red traces are products of Gaussian curve fitting.
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3.4. Conclusions

Herein, an electrodeless synthetic method for generating Au NPs and nanoclusters has been
demonstrated exploiting the w|IL micro-interface paired with a second IL with a Fc moiety tethered
to the phosphonium core by an acyl chain. The effect of altering the aqueous pH on Au NP growth
was investigated by TEM images of droplets extracted from the aqueous phase after a single cyclic
voltammetric scan. Importantly, by lowering the pH of the aqueous phase, the thermodynamics of
the reaction can be inhibited, favouring Au nanocluster formation, (i.e., <1.7 nm in diameter
particles). Moreover, the IL supramolecular fluidic microenvironment plays an important role in
the size and shape of the particles formed, in agreement with previous works.”>** Unlike at the
w|DCE micro-interface,'” large sub-micron (~500 nm diameter) particles were avoided at high pH.
This is likely owing to the inhibition of homogeneous electron transfer, either from the electron

donor partitioning into the aqueous phase or by AuCl, /AuCl(4,y)(OH)y_ transferring to the oil|IL

phase (see Scheme 3-1, mechanisms 1 and 3). Thus, only mechanism 2 (Scheme 3-1) prevailed.

Increasingly, electrochemical control of the liquid|liquid interface is becoming a favoured
method for electrodeless synthesis of novel materials. While this work builds on those fundamental
concepts and provides thermodynamic physical insights into NP growth, more importantly, this
method affords a novel platform for controlling NP/nanocluster formation and morphology. The
latter will be important for widespread manufacture of these materials for catalytic and biomedical

applications.
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Chapter 4

4. Simultaneous electropolymerization/Au nanoparticle generation at
an electrified liquid|liquid micro-interface

Simple ion transfer Electron transfer

aucl, © = Au’ NPs pH=85 :
1+ |
water :

: e9L9LY .|
— 011 - s f B > J, /‘ i
— 2\ A i /

® nanocomposite .
1k : o
rs r‘ w—0
i\ S /'Y =B :
S N\ / S 2 I I L1 L

-0.4 -0.2 0.9 0.2 0.4
A, IV
4.1. Statement of Co-Authorship
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Evan P. Connors and Erika Merschrod: Contributed to the collection and interpretation of AFM

data

Dr. T. Jane Stockmann: Is the principal investigator of this work, who led the project and
contributed to conceptualization, methodology, writing - original draft, validation, supervision,

project administration, funding acquisition.

4.2. Introduction

Electrosynthesis of conductive polymer films has been of considerable interest for decades
for a host of catalytic, senor, and biomedical applications.!? Electropolymerization of conductive
polymer films has been studied extensively at solid electrode/electrolyte interfaces using aniline>*,
pyrrole>®, or thiophenes’? as electroactive monomers. Recently, growth of 2D and 3D structures
at the interface between two immiscible electrolyte solutions (ITIES) has gained attention, e.g.,
between water|oil (w|0).!2! The liquid|liquid interface is advantageous as it is molecularly
sharp/defect free;?> moreover, the generated film is not covalently bonded to a solid electrode
substrate making its removal much less complicated to create a free-standing film.'%!!

Additionally, surface defects in the solid electrode surface can be transcribed on to the polymer

film and play a role in the final morphology, which can be avoided via polymerization at an ITIES.

In the 2000’s, Cunnane’s group transposed electropolymerization to the macro-ITIES (mm
scale), by dissolving the monomer species in 1,2-dichloroethane (DCE) and an oxidizing agent in
the aqueous phase.'?! For example, they showed that Fe»(SO4)3/FeSOa4(aq) could be employed
as electron acceptors for the electrogeneration of 1-methyl- and 1-phenyl-pyrrole oligomers.?! The
interfacial electron transfer reaction can be summarized as follows,

Ox(aq)+D(org)—Red(aq)+ D" (org) 4-1
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Where D is the monomer/electron donor. Cunnane and Konturri’s groups®® also investigated
2,2":5"2"-terthiophene (TT) electro-polymerization at a large aqueous|l,2-dichloroethane
(w|DCE) interface using the Ce(IV)/Ce(IIl) redox couple in the aqueous phase; however, Vignali

et al.'*' reported the first free-standing film that could be extracted from the ITIES.

4 125

Simultaneously, Johans et al.?, Trojanek’s group,?* and Su et al.®® were investigating metal
nanoparticle (NP) nucleation and assembly/electrocatalysis at the ITIES as well as developing
analytical solutions to the complex dynamic problem of NP nucleation at an interface which has
no surface defects to act as nucleation sites. At solid surfaces, defect sites lower the overall
thermodynamic driving force for NP formation/initiation. In the following decade, Uehara and
Dryfe’s groups would extensively investigate Au NP nucleation at the liquid|liquid interface¢>°
using different reducing agents and go on to characterize the Brust-Schiffrin mechanism for Au
NP preparation,® first demonstrated by Brust ez al.®! in the mid 1990s. While recently our group™?

and others®* have shown electrogeneration of metal NPs at a micro-ITIES using metallocenes as

electron donors.

Combining these two efforts Johans et al.'® and Lepkova et al.'>!* evidenced simultaneous
electropolymerization and NP nucleation at a macro-ITIES, which in the latter reports resulted in
polymer coated NPs whose size could be controlled by the applied Galvani potential difference

across the ITIES (¢W—¢O=Aff¢); however, no free-standing, nanocomposite thin-films where

evidenced, only polymer coated NPs. Although, by employing tetraoctylammonium tetra-
chloroaurate (TOAAuCly), this time dissolved in DCE and acting as the oxidizing agent, coupled
with tyramine as the monomer dissolved in the aqueous phase, Cunnane’s group were able to
electrogenerate a Au nanoparticle (NP) incorporated conductive polymer film at the macro-

ITIES.!® They analyzed their nanocomposite material with X-ray photoelectron spectroscopy
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(XPS), atomic force microscopy (AFM), and transmission electron microscopy (TEM).
Investigation of electropolymerization at the ITIES has remained relatively dormant since the work

of Cunnane’s group in the mid-2000's.

Herein, we demonstrate the affect of pH on the simultaneous electrogeneration of Au NPs
and electropolymerization of TT or 2,2'-bithiophene (BT, see Figure 4-1). Our approach employs
KAuCly dissolved in the aqueous phase as an electron acceptor and TT dissolved in the organic
phase as electron donor and monomer. In this way, small, <2 nm in diameter, Au NPs are generated
in situ and incorporated into the growing TT thin film. By performing these experiments at a micro-
ITIES (25 um in diameter) positioned at the tip of a pulled borosilicate glass capillary, sensitive
cyclic voltametric curves were able to record the interfacial electron transfer wave at relatively
low overpotentials. This is critical to avoid overoxidation of the monomer and growing polymer
film.'>** Our micro-ITIES platform can also be exploited as a mechanical delivery system for the
free-standing film that, after formation, was deposited on a solid substrate for AFM imaging. AFM
and SEM images indicate that the polymer/NP growth phase likely proceeds through several
stages. Initially, when the interface is pristine, Au NPs are small; however, as the ITIES becomes
occluded by the film, TT can no longer access the aqueous side and act as a capping agent but
since the film is conductive, it can still mediate electron transfer. Therefore, later in the growth

cycle Au NPs likely become large, >10 nm in diameter.

Electrochemical impedance spectroscopy (EIS) combined with TEM images provide semi-
quantitative evidence that a Bronsted base is necessary to capture the protons from the intermediate
TT radical cation (TT™) and facilitate electropolymerization. Thus, electropolymerization is

enhanced at high pH (~8.5) and inhibited at low pH. While TT electropolymerization mechanisms
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have been investigated extensively,’ the influence of biphasic w|o systems on the reaction pathway

is shown herein for the first time.

4.3. Experimental methods

4.3.1. Chemicals and materials

Potassium tetrachloroaurate (KAuCls >98%), hydrochloric acid (HCl >37%), sodium
hydroxide (NaOH, >98%), trioctylphosphine (97%), bromooctane (99%), ferrocene (Fc, >99%),
dichloromethane (CH2Clz, >99%), terthiophene (TT, 99%), bithiophene (BT, 99%), and 1,2-
dichloroethane (DCE, >99.0%) were acquired from Sigma-Aldrich and used without additional
purification. Tetrakis(pentafluorophenyl)borate lithium etherate (Li(Et2O)nB(CsF5s)4) (>99%) was
sourced from Boulder Scientific Inc. Ultrapure water from a MilliQ filtration system (>18.2 MQ
cm) was used throughout to generate aqueous solutions. The tetraoctylphosphonium
tetrakis(pentafluorophenyl)borate (PssssTB) IL was prepared as detailed elsewhere®’; however, a

brief description is included below.

First, tetraoctylphosphonium bromide (PggssBr) was prepared by adding trioctylphosphine
to a stoichiometric excess of 1-bromooctane under N> to a pressure tube (ACE glass). A stir bar
was added, the vessel was sealed, and the reaction mixture stirred for ~48 h. After excess 1-
bromooctane was removed under vacuum, a clear viscous liquid was obtained. This was confirmed
to be PssgsBr by 'H- and *'P- NMR*. Next, PssgsBr and was combined with Li(Et20)aB(CgFs)4 in
1:1 stoichiometric equivalent in a 50%/50% (v/v) H2O/CH:Cl; solution and stirred for ~24 h. The
CH2Cl phase was collected and washed 5 x with 100 mL of MilliQ water. Next, the solvent phase
was removed under reduced vacuum to obtain a solid white crystal which was structurally

confirmed through 'H- and *'P-NMR to be PssssTB.>*
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Figure 4-1 Chemical structures of 2,2'-bithiophene
(BT) and 2,2":5",2"-terthiophene (TT).

4.3.2. Transmission and microscopy
All transmission electron microscopy (TEM) images were taken using the Tecnai Spirit
Transmission Electron Microscope with samples pre-pared on 200 Mesh Cu ultrathin/lacey carbon

grids. (Electron Microscopy Sciences).

4.3.3. Scanning electron microscopy (SEM)

SEM imaging was performed using a JEOL JSM 7100 F equipped with all energy dispersive
X-ray (EDX) spectra were analyzed using DTSA II software from the National Institute of
Standards and Technology (NIST) in the US; please see https://www.nist.gov/services-

resources/software/nist-dtsa-ii.

4.3.4. Atomic force microscopy
The AFM employed was a MFP-3D from Asylum research equipped with NSC35/Al BS

tips (MikroMasch) operating at a scan rate of 0.25 Hz
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Scheme 4-1 Electrolytic cells employed, where x corresponds to the concentration
D, the electron donor (i.e., 2,2":5'2"-terthiophene, TT, or 2,2"-biothiophene, BT).
The pH of Cells 4-2 and 4 were roughly 5.5 (MilliQ ultrapure water), while Cells
4-1 and 4-3 were confirmed to be 2 and 8.5, respectively, using a pH meter
(sympHony model# BI10P, VWR). In each case, 5 mM of PssssTB
(tetraoctylphosphonium tetrakis(pentafluorophenyl)borate) was added to the
organic phase as a supporting electrolyte. The double line indicates the ITIES or
polarizable liquid junction.

4.3.5. Electrochemistry

A HEKA Electroniks potentiostat (model#

electrochemical measurements. A modified pipette holder with integrated connection to a gold
(Au) wire (Goodfellows Inc.) served as the working electrode. The pipette (2.00 mm:1.16 mm,
outer: inner diameter) was installed into a holder which was equipped with a syringe used to back-
fill the pipette with the aqueous solution and maintain the micro-ITIES (25 pm in diameter) at the
tip of the pipette. The pipette tip was then submerged into an organic phase. Micropipette
fabrication has been described in Section 1 of Appendix C and elsewhere.?*>¢38 A Pt wire served

as the counter/reference electrode (CE/RE) and was placed in the organic phase. Scheme 4-1

details the electrolytic cells employed in this study.

Electrochemical impedance spectroscopy (EIS) was performed with a frequency range

between 10 and 20 kHz and by applying a 20 mV peak-to-peak perturbation.
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4.4. Results and discussion

Figure 4-2 shows cyclic voltammograms (CVs) obtained at a wDCE micro-ITIES at 0.020
V s using Cells 4-1, 2, 3, and 4 (Scheme 4-1) at pH 2, ~5.5, 8.5, and ~5.5, respectively, with no
electron donor added to the DCE phase (i.e., x =0). At pH 2 and ~5.5, the polarizable potential
window (PPW) is limited at positive and negative ends by the respective transfer of K'/H" and
CI™.>** At pH 2 (red curve in Figure 4-2) and when scanning from positive to negative potentials,
the lone negative peak-shaped wave encountered at 0.126 V is associated with the free ion transfer
of AuCly from w to o; however, when moving from negative to positive potentials, a sigmoidal-

shaped wave with a half-wave potential (A‘(’,V¢1 /2) of 0.154 V was observed, which is the transfer

of AuCly back from o to w. The asymmetric i-V response is owing to geometric confinement
inside the micropipette such that egress from the tip (from w—o) follows a linear diffusion
behavior resulting in a peak-shaped response, while ingress of ions (from o—w) follows a
hemispherical diffusion regime, generating a steady state current profile similar to an inlaid disk

ultramicroelectrode.** ¢ A§V¢1 ,, for AuCly agrees well with previous reports.?’?%32 If the pH in

the aqueous phase is increased, then a second negative peak appears (see Figure 4-2, black and
green traces) at —0.015 V. This signal is the simple ion transfer of AuCl(4_y)(OH); from w—o

since, at pH >2.5, tetrachloroaurate can undergo ligand speciation*’*® with OH", i.e., y =1-3.27%

Figure 4-3 depicts the voltametric response once 30 mM of TT was added as electron donor
to the DCE phase. Figure 4-3(A—C) show the initial CV scan, while Figure 4-3(D-F) contain plots
for the i-V responses of scans 5-25 showing every 5th scan. The left, middle, and right-hand panels
correspond to Cells 4-1, 2, and 3 or aqueous phase pH’s of 2, 5.5-6, and 8.5, respectively. Before
each CV a potentiostatic pulse was applied at the initial potential (~0.0 V) for ~1 s; however, a
negative current offset was observed in all cases after addition of TT.
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Figure 4-2 Cyclic voltammograms (CVs) obtained using Cells 4-1, 2, 3, and 4 at pH
2,~5.5, and 8.5, respectively, in the aqueous phase as indicated inset. The blue, dotted
CV was recorded using Cell 4-4 without KAuCls or D added — a blank curve. A 0.020
V 57! scan rate was employed throughout.

While TT is hydrophobic and likely does not partition into the aqueous phase, the intermediate

hydrophilicity of AuCly /AuC1(4_Y)(OH)Y_ means that it likely does partition. Furthermore, a
homogeneous electron transfer mechanism between TT and AuCl, /AuCl(4_y)(OH)Y_, taking place
in the DCE phase, may act as an electrochemical gradient/driving force generating a flux of
AuCly /AuCl(4_y)(OH)Y_ from w—o. This hypothesis would explain the initial negative current

offset experienced during the initial scan in each case. However, during the first scan, the i-V
response was observed to crossover at ~0.4 V in most cases (see Figs. 4-3E, F and C2 in Appendix
C). This is a common feature of CVs when the interface is modified. For example, Kanoufi’s

group® observed a similar event during electrodeposition of a Co/Co(OH), nanoparticle (NP) at
the tip of a nanoelectrode followed by the particles subsequent re-oxidation (i.e., Co*' +2¢” —
Co’ +20H™ — Co(OH),*2e7). Indeed, CV crossover events are common during

electropolymerization of thiophenes and pyrroles at solid/electrolyte interfaces'? and were
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observed by Vignali et al.'*

during electropolymerization of TT using Ce(IV)/Ce(III) redox couple
at a macro-ITIES, however, only at extremely high overpotentials. In the latter,>* specialized 3-
and 4-electrode liquid|liquid electrolytic cells were fabricated in order to mitigate capacitive
currents and to achieve the high overpotentials the authors thought necessary for film formation,
as well as eliminate the need for Luggin capillaries, which facilitated removal of the free-standing
film afterwards. As Vignali ef al. note, the use of high overpotentials runs the risk of over-oxidizing

the monomer/polymer and, in the case of thiophenes, generating SO,.!4*

Replacement of TT by BT resulted in no film formation and no electron transfer wave was

observed (data not shown).

T I T I T I T I T
- / AuCL,_ w—o _
f:g 5 —  AuCly ,(OH), w— o 20
~ 2.0
i 1 1.0
1.0F -
0.0 - 0.0
1.0+ . -1.0
2,05 - -2.0
02 00 02 04 02 00 02 04 -0.4 -0.2 0‘;9 02 04
A, IV AY GV A, ¢ IV )

Figure 4-3 CVs recorded using Cells 4-1, 2, and 3 at aqueous pH of 2, 5.5-6, and 8, for the lefi-hand, middle, right-hand panels,
respectively, with D = TT at a concentration x = 30 mM in DCE. Top panels show the first scan, while the bottom panels are
overlays of the 5-25 scan showing every 5th trace. A scan rate of 0.020 V s~ was used. Solid arrows indicate scan direction, while
blue, dashed arrows indicate the direction of evolving/diminishing current signals. ET = electron transfer.

Upon application of repeated scans (Figure 4-3(D-F)) a positive steady state, and

subsequently peak-shaped wave evolves with A(V)ti] 1 =~ 0.3-0.4 V; the peak-shaped wave is more

pronounced at higher pH (see Figure 4-3F). Simultaneously, the magnitude of the
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AuCly /AuCl(4_Y)(OH)Y_ transfer current diminishes on average from —2.8 to —1.0 nA. Based on

these results, it was hypothesized that an irreversible, heterogeneous electron transfer process

develops at positive potentials greater than Ay ¢ Aucl which can be described very loosely by,
2’ 4

2AuCl(4)(OH); (aq) + 3H,-TT + (6-y)H (aq) — 2Au(s) + 4-2
TT5(s) +8Cl1™ (aq) + 6H,O(1)
H»-TT represents the initial terthiophene molecule (see Figure C1 of the Appendix C), while
TTs represents a terthiophene oligomer three units long. Eq. (4-2) is not intended to be a rigorous
treatment of the polymerization reaction but allows one to arrive at a simple, back-of-the-envelope
thermodynamic approximation for the initial steps of the reaction. A dynamic geometric
simulation employing finite element analysis is in-preparation; however, is beyond the scope of
this work. In Eq. (4-2), TT acts as a 2-e~ donor; furthermore, it is assumed that poly-TT precipitates
at the interface favouring linear polymerization with addition at the a- or B-carbon at either end of

the TT molecule. This is associated with the simultaneous reduction of the AuCl, /AuC1(4_y)(OH);

to Au’, as NPs. The concerted reaction shown in Eq. (4-2) is unlikely and electro-
polymerization/nucleation is probably a stepwise reaction mechanism as described by Vignali et
al.'* While Eq. (4-2) and its assumptions are a gross approximation, they facilitate a simplified
thermodynamic calculation (see below). Repeated cycling of the potential is necessary to induce
Au NP/polymer nucleation. Owing to the possible pH and [TT] dependence of Eq. (4-2), three pH
regimes and [KAuCls]:[TT] concentration ratios (1:1, 1:2, and 1:3) were investigated (see also

Figure C2 of Appendix C).
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Figure 4-4 TEM micrographs of NP/polymer composite film deposited on 2 um diameter porous Au TEM grids
using Cells 4-1, 2, and 3 for the left-, center, and right-hand panels, respectively with [TT] = 30 mM. Top images
show polymer film coverage of the 2 um pore, while the bottom row is magnified to show NP inclusion.

To best describe the thermodynamics of TT oxidation in DCE, the redox potential of TT was
measured in DCE using a 7 pum diameter carbon fiber ultramicroelectrode (UME) and using

DCE

PssssTB as supporting electrolyte versus ferrocene (Fc'/Fc, see Figure C3 of Appendix C). E° e

(vs. SHE) in DCE was assumed to be 0.64 V°!; in this way, E0 /TT " (vs. SHE) was calculated to

be 1.20 V. Next, using the standard reduction potential of AuCly in water (E, AuCl4 / Au—l 002V, vs.

SHE)>? and the above assumptions, one can calculate the approximate liquid|liquid, interfacial

electron transfer potential (A @) by,”***>?!

_ 0,DCE JH,0 (0.059)(6—7) _ 4-3
AgV¢ET - E(I;c+/Fc - E(/)\u(zilZ/Au - 6 log[OH ]
For the algebraic derivation of Eq. (4-3), see Section 4 of the Appendix B. In this way, A§V¢ET

was calculated to be 0.90, 0.62, and 0.41 V for aqueous pH = 2, 5.5, and 8.5, respectively. These

106



values indicate that AG of the reaction is >0 and decreases with increasing pH; these values agree
semi-quantitatively with the observed position of electron transfer wave, e.g., the peak potential
for scan 25 at pH 8.5 with [TT] = 30 mM was ~ 0.36 V. These values also indicate that a Brensted
base is needed to facilitate loss of two protons from each TT unit (see Figure C1 of Appendix C).
It is likely that once nucleation sites are present at the ITIES, the necessary applied potential

required to induce electropolymerization/NP formation is decreased and A shifts to more

¢1/2,ET

negative potentials as observed experimentally.

To investigate the possible formation of Au NPs and the polymer film, an aqueous droplet
was ejected from the end of the micropipette onto a Au TEM sampling grid with 2 pm diameter
holes and rinsed with MilliQ water. Figure 4-4 shows the TEM images obtained after 25 cycles,
such that the left, center, and right-hand panels are for Cells 4-1, 2, and 3 (pH 2, 5.5-6, and 8.5),
respectively, with [TT] =30 mM. At pH 2 (left-hand panel in Figure 4-4), the thin film does not
cover the entire pore and the majority of pores on the grid were empty of film; however, at pH
>5.5, the TEM grid was occluded by a thin NP/polymer film. NPs sizes were estimated by
processing the TEM images using Image] software; Figure C-4 of Appendix C shows the
histograms constructed and fit using a Gaussian equation. The peak from the Gaussian distribution
was assumed to be the average NP size and was shown to be 0.7, 1.1, and 0.7 nm in diameter for

pH’s 2, 5.5-6, and 8.5, respectively.

These data indicate that at low pH the film is poorly/incompletely formed, while at high pH
complete film formation is more facile. These results agree qualitatively with the thermodynamic
and mechanistic hypotheses above that highlight the need for a proton acceptor to drive radical-

cation coupling.
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Similarly, NP/polymer films were mechanically deposited on Si wafers and imaged using
atomic force microscopy (AFM) and scanning electron microscopy (SEM). Figure 4-5(A—C) show
the AFM images obtained for pH’s 2—8.5, respectively, while inset (right-hand side) are histograms
of the NP radii which were determined from the measured peak heights and (left-hand side) SEM
images. For simplicity, it was assumed that peaks >5 nm in height were NPs. Using the peak from
a Gaussian curve fitting of the histogram, the average NP radius, ryp, was determined to be 20,
40, and 14 nm for pH’s 2, ~5.5, and 8.5, respectively. At low pH the film was incomplete and
difficult to observe on the Si wafer, while this was the opposite at higher pH. Examining Figure 4-
5, one can observe that the surface roughness increases with increasing pH, which is roughly
equivalent to the observed NP density on the surface of the film. The average thickness of the
composite film was determined to be ~0.4 um for pH >5.5. SEM images (Figure 4-5, left-hand
inset) show the distribution of Au NPs on the surface of the film confirmed by energy dispersive
X-ray (EDX) spectroscopy (data not shown). Comparison of the AFM, SEM, and TEM results
suggests that the Au NPs formed early in the electropolymerization process are small, <2 nm in
diameter, and this size increases with distance from the w/DCE interface. Since TT is acting as a
capping agent, as the polymer film blocks the ITIES TT can no longer access the aqueous side of
the interface; however, because the film is still conductive it can mediate electron transfer between
AuCly (aq) and TT(org). Thus, new Au NPs nucleate on the aqueous side of the film and their size
is likely larger than those entirely enclosed in polymeric material. Similarly, on the DCE side, the
film likely continues to grow, however, with no Au NPs incorporated. Therefore, the film is likely
asymmetric; however, due to its small size, the formed films were difficult to image, and this will
be a source of future research. Initial films composed of TT were roughly 2 mm in diameter when
deposited onto the film after 25 scans; however, they were very fragile, brittle, and hard to

manipulate. More work needs to be done to enhance the robustness of the film before it can be
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used as a free-standing electrode. Moreover, the thickness and diameter of the film can likely be
adjusted by the number of scans and the size of the interface; however, an indepth study is on-

going and will be the focus of a future publication.

100 N30
=3

7 /nm

z (nm)

z (nm)

z (nm)

Figure 4-5 AFM images of NP/poly-TT films grown after 25 scans at a micro-ITIES using Cells 4-1 (A), 4-2 (B), or 4-3 (C) with
[TT] DCE = 15 mM and deposited on a silicon wafer. Right-hand inset are histograms for NP radii determined from the
associated AFM image. Left-hand inset are respective SEM images where the scale bar is equivalent to 400 nm (4 and B) and
100 nm (C).
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To estimate the total amount of Au NPs generated, the electron transfer wave in Figure 4-3
was integrated for each cycle and summed. Using Faraday’s law and assuming quantitative
conversion of the AuCly salt, 4.9, 4.8, and 9.5 nmol of Au NPs were electrogenerated across the
25 scans for pH’s 2, 5.5-6, and 8.5 according to the data presented in Figure 4-3. These data

represent the maximum total Au content in the film.

Figure 4-6 shows the Nyquist plots acquired from electrochemical impedance spectroscopy
(EIS) measurements using Cells 4-1, 2, and 3 in panels A, B, and C, respectively, while changing
the concentration of TT in the DCE phase as indicated inset, with a direct applied voltage of A} ¢
~ 0.4V, i.e., above the electron transfer potential for TT electropolymerization. Meanwhile, Figure
4-6D depicts the impedance response without TT added for each Cell/pH range as indicated, for
comparison. Each spectra shows a semi-circle at high frequencies (low Z’) commonly associated
with solution resistance and the double layer structure at the ITIES as well as a tail at low
frequencies (high Z') linked to mass transport. Solid/dashed curves in Figure 4-6 were obtained by
fitting the experimental impedance spectra with the equivalent circuits (EC) shown in Figure 4-
6D using Zview software. EC-2 is a modified Randles circuit which consisted of a solution
resistance (Ry) in series with a constant phase element (CPE, CPE1) in parallel with a charge
transfer resistance (Rcr) component and a second CPE, CPE2. Typically, the faradic impedance,
Zs, is equivalent to a resistor and a Warburg element in series.>® Faradic impedance for simple ion
transfer following semi-infinite diffusion can be defined as a combination of a charge transfer

resistance and the Warburg impedance as follows,>*>>

7= Rert 7,= (1 -j)ow! "

22 F Ak,

where o is defined as,
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_RT 1 1 s
7= A\ D, Dl

and where R is the universal gas constant (8.314 J K™!), T is absolute temperature (298.15
K), F is Faraday’s constant (96,485.33 C mol™'), 4 is the interfacial surface area (490 um?), ks
the standard rate constant (1 cm s™!), w is the angular frequency, j = v/—1, and z is the charge of
species i or the number of electrons transferred. D;q and c;,, are the diffusion coefficient and bulk
concentration of species i in phase a (i.e., w or 0). For simplicity the Warburg impedance element
has been replaced by a CPE in EC-2 and —3 in which n = 0.5 represents the idealized Warburg
value (semi-infinite diffusion)*® and n = 1 a perfect capacitor [57]. Impedance of a CPE is

represented by,>’

Z(w)~= é(jw)” 4-6

Where Q is a constant with units of ' s'™". R, representing the solution resistance and shown

in EC-1 but has been omitted for simplicity from the other two equivalent circuits.

The shape of the first loop in Nyquist plot is heavily influenced by the geometry and

56,58 -

capacitance at the interface, i.e., its size, position, and shape as well as charging along the

capillary walls and micro-channel.*?

The tail at low frequencies is impacted by reactions occurring
at the interface, including interfacial ion and electron transfer as well as mass transport/semi-
infinite diffusion.>**® Our micropipette fabrication method affords robust capillaries with uniform
geometries that can be cleaned and used repeatedly, similar to those employed by Silver et al.¢
While the tip geometry is often the largest contributor to the overall electrolytic cell impedance,

in all cases a capillary tip impedance of <1 MQ was obtained using a single-phase experiment as

described by Samec’s group.’® This has been demonstrated to be necessary to resolve all of the
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individual circuit elements and distinguish the kinetics of simple ion and electron transfer

reactions.’*>°

For [TT] =0 (Figure 4-6D), Nyquist spectra were fit using the modified Randle’s circuit (EC-
2). In Cell 4-1 at pH 2, the pronounced tail at low frequencies and lower overall magnitude in the

impedance profile is owning to the high diffusion coefficient of protons in the aqueous phase.
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Figure 4-6 Electrochemical Impedance Spectra (EIS) obtained at a 25 um diameter ITIES using Cells 4-1, 2, and 3 in panels A, B,
and C, respectively, with TT added to the DCE phase at the concentrations indicated inset. (D) Depicts spectra recorded without
TT added to the DCE phase. Solid and dashed curves were obtained using curve fitting within Zview software with the equivalent
circuits (EC) depicted in panel E; the 3 equivalent circuits (EC) employed in which Rs, Rcr, and Rc are the solution resistance,
charge transfer resistance, and stray resistance, respectively. Rs has been omitted from EC-2 and EC-3 for simplicity.

During electropolymerization in order to record impedance spectra during film growth, three

different electrochemical pulse programs were used; (i) in the first approach, a CV has been
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performed between each EIS measurement at A) ¢ = 0.4 V, and this loop repeated 10 times; (ii) in
the second, 10 consecutive impedance spectra were measured at ~ 0.4 V; (iii) in the last approach,
two potential steps, the first at roughly 0.4 V and the second at — 0.2 V were applied for a duration
of 15 s before an EIS was recorded. The three programs have been abbreviated CV, EIS, and Pulse,
respectively, along the x-axis in Figure 4-7. Curve fitting of the Nyquist plots for [TT] >0 were
conducted using EC-1 or -3 in Figure 4-6E. The added parallel, stray resistance (Rc) is
hypothesized to be owing to the growth of the conductive polymer film across the ITIES which

can still mediate electron transfer between AuCly (aq) and TT(org).

Figure 4-7 summarizes the EC curve fitting results from Figure 4-6 across the 3 pH regimes.
CPE1 represents the usual capacitance at the ITIES and remains relatively constant throughout the
changes in pH and [TT]. Similarly, ncpg; >0.9 in most cases, representing an almost perfect
capacitor. The low result at pH = 8.5 and x = 5 mM TT for the pulse sequence is likely owing to
the poor performance of the gold wire at high pH employed as the working electrode and immersed
in the aqueous phase. Indeed, for the EIS protocol, in which the potential was effectively held at
0.4 V, the impedance recording became unstable owing to an increase in local convection in the
vicinity of the interface brought about by the films formation; therefore, no result has been

included.

At pH 2 (Cell 4-1), Rc increases concomitantly with increasing [TT] for the EIS protocol,
i.e., constant applied potential at 0.4 V. This is likely owing to the growth of a poorly formed film
that has limited conductivity. These data agree with TEM images of the nanocomposite film
(Figure 4-4). Indeed, in three cases EC-1 was employed at pH = 8.5 and [TT] = 15 or 30 mM for
the EIS and Pulse methods where the potential was held at roughly 0.4 V for the duration of the

experiment.
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Figure 4-7 Compiled equivalent circuit element results from curve fitting impedance spectra
shown in Figure 4-6. Three pulse sequences were employed for electropolymerization are listed
on the x-axis and have been abbreviated as, (i) CV = cyclic voltammogram performed between
each EIS measurement and repeated 10%; (ii) EIS = 10 consecutive impedance spectra were
acquired at ~0.4 V; (iii) Pulse = two potential pulses at 0.4 V, then at — 0.2 V for 15 s were
applied before an impedance spectrum was measured at 0.4 V — this sequence was repeated
10%. The final data point in each case has been plotted above. The xTT value in the abbreviation
indicates the millimolar concentration of terthiophene (TT) added to the DCE phase; where no
TT was added, this term has been omitted.
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These curves demonstrated a high degree of noise in the impedance spectra at low frequencies and
this is thought to be owing to the poor film formation; however, more investigation, beyond the

scope of this work, needs to be performed.

For both the CV and Pulse sequences, Rc remains relatively low across all pH’s (<50 MQ).
This is likely owing to ion pairing of the film as it polymerizes with anions in the organic phase.
By modulating the interfacial potential between positive and negative regions, this facilitates
anion-polymer pairing generating a more cross-linked and conductive film. While more
investigations need to be performed concerning the ion pairing mechanism, this is beyond the

scope of the present work.

4.5. Conclusions

Au NP/TT nanocomposite thin-films have been electrogenerated at a micro-ITIES formed
at the tip of a pulled glass capillary. In this approach, AuCly (aq) accepts electrons through an
interfacial electron transfer reaction from TT dissolved in the DCE phase. A combination of TEM
and AFM images evidence a growth mechanism in which early Au NPs are small, <2 nm in
diameter, and TT acts as a capping agent, that then transitions into a period where the ITIES is
covered in the nano-composite material such that TT does not have access to the aqueous phase.
In the later stages of electrogeneration, the Au NPs are allowed to grow larger, >10 nm in diameter,

since coverage by poly-TT does not impede their growth.

Cyclic voltametric, TEM, and EIS results indicate that a proton acceptor is necessary to
facilitate TT**, radical cation coupling; there-fore, neutral to basic pH regimes, >5.5, are needed
to enhance electropolymerization at the liquid[liquid interface. AFM contact analysis indicates that
after 25 cycles the film is ~0.4 um thick. SECM and AFM film conductivity investigations are

planned for future work.
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This method of nanocomposite film generation provides a low overpotential, highly
controlled alternative to large-scale film generation that should be of considerable interest in

materials chemistry, electrocatalysis, and for the generation of soft electrodes for bioimplantation.
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Chapter 5

5. Simultaneous electro-generation/polymerization of Cu nanocluster
embedded conductive poly(2,2":5',2"-terthiophene) films at micro
and macro liquid|liquid interfaces.

5.1. Statement of Co-Authorship
This chapter has been published under the above title in Scientific Reports 2023, 13(1), 1-14. It is

presented here in a modified format that includes all contributions for completeness and context.
Authors: Reza Moshrefi, Hanna Przybyta, and Prof. T. Jane Stockmann

This article was a group effort combining the work of co-authors from the research groups of T.

Jane Stockmann

Reza Moshrefi (listed in the paper as 1% author): Performed electrochemical experiments, material
characterization and contributed to formal analysis, Investigation, writing - review & editing,
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review & editing.

Prof. T. Jane Stockmann: Is the principal investigator of this work, who led the project and
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project administration, funding acquisition.
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5.2. Introduction

Owing to their flexibility'" and biocompatibility,* conductive polymeric thin films have
seen a significant rise in usage and interest. Motivated to reduce production cost, less expensive
and involved preparation methods are being sought. For example, many polymerization methods
generate relatively high average molecular weight materials that are robust; however, require
electrodeposition onto an anode,’ often binding the polymer to the electrode surface, or uses
specialized bulky methods such as electrospinning.® In the case of the former, this likely eliminates
the possibility of obtaining a free-standing film/conductive polymer electrode as the polymer is

difficult to liberate from the anode and thus can limit the type of applications.

Meanwhile, metal nanoparticles (NPs) form the basis of numerous analytical and
electrocatalytic platforms;” particularly copper (Cu) based NPs which are effective in catalyzing
CO; reduction.!®!* Many metal NP preparation methods have emerged; however, the Brust-
Schiffrin method, first described in 1994,'%!5 reproducibly generated low dispersity Au NPs by
exploiting the interface between two immiscible electrolyte solutions (ITIES), i.e., the liquid|liquid
interface. Indeed, the ITIES has recently come under increasing activity in the electrodeless
synthesis of both metal NPs'>?” and conductive polymer films.*?*-3 Initially, efforts were focused
on the immiscible water|oil (w|o) interface;**’~ ¢ however, these have recently expanded to the
waterfionic liquid (w[IL)*'** and oillionic liquid (o|IL)*® ones. In a simple 2-electrode
configuration with one electrode immersed in either phase, the Galvani potential difference can be

controlled externally via a potentiostat with the potential drop spanning 1-4 nm across the ITIES,

A
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Johans et al.*® were the first to describe an analytical solution for nucleation of metal NPs
at the liquid|liquid interface. In their work, they emphasized the absence of defect sites that are
common at a solid/solution interface; thus, there is a large thermodynamic barrier to particle
formation at ITIES. Nevertheless, they®® and others®!3-18:20232427.283940  ere able to
experimentally demonstrate electrochemically controlled metal NP nucleation at w|o interfaces.
Interestingly, Nishi’s group has suggested that the molecular structure of the liquid|liquid interface
is transcribed onto the NP framework.?* They recently demonstrated that the w|IL interface played
an important role mechanistically in the formation of nanostructures. Their IL was modified with
a ferrocene (Fc) functional group making it redox active, and was exploited in the formation of Pd

nanofiber arrays.*?

Meanwhile, electropolymerization at liquid|liquid interfaces was initially investigated by
Cunnane’s group,>® and more recently by Scanlon’s group* and ourselves.?® In these later reports,
large, free-standing polymer films were formed. In the case of Lehane et al.* who generated
PEDOT (poly(3,4-ethylenedioxythiophene)) using Ce*' in aqueous and EDOT in a,a,a-
trifluorotoluene (TFT), the films were shown to be highly stable and biocompatible. Our work
showcased the simultaneous electropolymerization of 2,2":5',2"-terthiophene (TT) and
electrogeneration of Au NPs at a micro-ITIES (25 um in diameter),?® building on Cunnane’s study
ata large ITIES.??2%32 We demonstrated that miniaturization of the ITIES could be used to provide

another layer of mechanistic and thermodynamic control towards smaller, low dispersity NPs.

Herein, this is expanded to the simultaneous electrogeneration and electropolymerization
of Cu nanocluster incorporated poly(TT) films. Electrochemical impedance spectroscopy was used
to monitor film growth, while SEM and TEM imaging were used to compare film/NP morphology

at different TT concentrations between the large and micro-ITIES. Two large ITIES platforms
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were investigated, including a 1.16 and 10 mm diameter interface. Initial testing of glassy carbon
(GC) electrodes modified with the nanocomposite demonstrate excellent electrocatalytic activity
towards CO; reduction; however, films electrosynthesized at the 25 um and 1.16 mm interfaces

demonstrated poor stability and surface coverage.

5.3. Methods

5.3.1. Chemicals

Copper sulfate (CuSQO4, >98%), lithium sulfate (Li2SO4, >98%), 1,2-dichloroethane (DCE,
>99.0%), 1-bromooctane (99%), trioctylphosphine (97%), and 2,2":5',2"-terthiophene (TT, 99%)
were acquired from Sigma-Aldrich. All reagents were used without additional purification.
Ultrapure water from a MilliQ filtration system (>18.2 MQ cm) was used throughout to generate
aqueous solutions. The tetraoctylphosphonium tetrakis(pentafluorophenyl)borate (PgsssTB) ionic

liquid used as an oil phase supporting electrolyte was prepared as detailed previously.*!

5.3.2. Electrochemistry

Liquid|liquid electrochemical experiments were performed using a PG-618-USB
potentiostat (HEKA Electroniks) in four-, three-, and two-electrode configurations at the large and
micro-ITIES. In the 4-electrode mode a specialized 10 mm inner diameter cell with two Pt wires
annealed into the side of the glass cell were connected to the working (WE) and counter electrode
(CE) leads of the potentiostat as shown in Figure 5-1B. The WE was positioned in the aqueous
phase, while the CE was in the organic phase. Two references electrodes (RE) were also employed,
one in either phase and inserted into Luggin capillaries built into the specialized cell with their tips
facing each other ~5 mm apart with the liquid|liquid interface positioned in between them, see

Figure 5-1B.
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A ,_(/\ ), B REl: Ag wire RE2: Ag wire
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| SE—

T\“‘- micro-ITIES ll’vl mm

Figure 5-1 Diagram of the specialized (4) micro and (B) large ITIES (interface between two
immiscible electrolyte solutions) cell. WE, CE, and RE refer to the working, counter, and reference
electrode leads, respectively.

When using the micro-ITIES in two-electrode mode, one Ag wire (Goodfellow Inc.) was
integrated into the specialized pipette holder containing the aqueous phase and connected to the
WE port of the head-stage, and another Ag wire immersed in the organic phase was connected to
the CE/RE port, see Figure 5-1A. The body of the holder was fabricated form poly(ether ether
ketone) (PEEK). The pipette was backfilled with the aqueous phase through a syringe attached to
a 3-way valve incorporated into the side of the specialized holder, then the tip of the pipette was
immersed in the organic phase. The 25 pm diameter ITIES was maintained at the pipette tip using
the syringe and monitored using an 18-megapixel CCD camera (AmScope) equipped with a 12x
magnifying lens assembly (Navitar). Micropipette fabrication has been described elsewhere.*

Scheme 5-1 details the electrolytic cells employed. The experimental potential scale was

referenced to the Galvani scale by simple SO?{ transfer, whose formal ion transfer potential

(AEV¢;O%-) was taken to be —0.540 V.

A second large ITIES electrolytic cell (Cell 5-1, general configuration) was created by using

the modified holder shown in Figure 5-1A; however, an unmodified borosilicate capillary
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(2.0/1.16 mm outer/inner diameter, Sutter Instruments) was used in place of a micropipette.
Additionally, a Pt wire counter and Ag wire reference electrodes were used, coupled to the

integrated Ag wire as WE in the aqueous phase, in a 3-electrode configuration.

xmM CuSO,| ymMTT

Ag|Ag,SO,|5 mM Li,SO, (5 mM P . TB|AgTB|Ag [Cell 5-1]
(aq) (DCE)

xmM CuSO,|| ymMTT |5mM Li,SO,

Ag|Ag,SO,(5 mM Li,SO, (5 mM P . TB LiTB Ag,SO,|Ag  [Cell 5-2]

(aq) (DCE) (aq ~ ref)

Scheme 5-1 Electrolytic cells used where x mM of CuSOq4 was added to the aqueous phase and
v mM the electron donor, 2,2":5' 2"-terthiophene (TT), was added to the DCE phase in Cells 5-
1 and 5-2, while 5SmM of the ionic liquid PssssTB (tetraoctylphosphonium
tetrakis(pentafluorophenyl)borate) was employed as supporting electrolyte in the organic phase.
The double bars indicate the polarizable potential w/DCE interface, with diameters of 25 um in
the case of the ITIES maintained at the tip of the micropipette, as well as 1 or 10 mm for the two
large electrolytic cells, see Figure 5-1.

Electrochemical impedance spectroscopy (EIS) measurements were performed with a
frequency range between 10 and 20 kHz, as well as a 20 mV peak-to-peak perturbation. EIS was

only measured using Cell 5-1 at a 25 um ITIES in a 2-electrode configuration.

Before or in-between experiments, electrolytic cells/capillaries were cleaned using the

procedure outlined in the Appendix D.

Electrocatalysis studies were performed using a 3-electrode cell connected to a CH Instruments
potentiostat (model# CHI602E) with a glassy carbon (GC, Pine Research) WE (~4 mm in

diameter) coupled with Ag/AgCl reference (Dek Research) and Pt wire counter electrodes.

5.3.3. Transmission Electron Microscopy
All transmission electron microscopy (TEM) images were taken using the Tecnai Spirit
transmission electron microscope with samples prepared on 200 Mesh Cu ultrathin/lacey carbon

or 2 um holey Au grids (Electron Microscopy Sciences).
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5.3.4. Scanning Electron Microscopy (SEM)
SEM imaging was performed using a JEOL JSM 7100 F equipped with energy dispersive
X-ray (EDX) which were analyzed via DTSA 1II software provided by the National Institute of

Standards and Technology (NIST) in the US, see https:/www.nist.gov/services-

resources/software/nist-dtsa-ii.

5.4. Results and discussion
The black, dashed curves shown in Figures 5-2(A-C) illustrate cyclic voltammograms (CVs)
recorded using Cells 5-1 and 5-2 at the micro (25 pm diameter), 1.16 mm, and ~10 mm diameter
ITIES, respectively, without TT added, but with 5 mM of CuSOys in the aqueous phase. In each
case, the polarizable potential window (PPW) is limited by the transfer of the supporting
electrolyte ions. The large positive current increase at positive potentials is owing to the transfer

of Li*/Cu*" from water to oil (w—o0) or TB™ from o—w, while the sharp negative increase in

current towards negative potentials is owing to the transfer of SO; from w—o0 and Pssss* from

O—>W.8’43

The red, solid trace shows the initial i-} cycle at the micro-ITIES (Figure 5-2A), after addition
of 20 mM of TT to DCE. A positive peak-shaped wave was observed during the forward scan,
towards positive potentials, with a peak potential (£,) at roughly 0.52 V. During the reverse scan,

towards negative potentials, a sigmoidal wave was observed with a half-wave potential (Af,vqﬁl /2)

at ~0.515 V. Since the interface was maintained at the tip of a pulled micropipette, the diffusion
regime inside and outside the pipette is asymmetric. The former behaves under linear diffusion
owing to geometric confinement within the micropipette, while the latter is hemispherical with
)4

responses similar to an inlaid disc ultramicroelectrode (UME).** Thus, this signal is consistent with

the transfer of negative charge from o—w during the forward scan, such that the process is
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diffusion limited by a species in the aqueous phase. Therefore, it was hypothesized that this signal
is owing to electron transfer from TT in DCE across the ITIES to Cu®" in water; whereby, Cu®" is

reduced to Cu® and forms nanoparticles, while TT is oxidized and electropolymerized.

To investigate this, the system was cycled a total of 25 times with these i-V curves overlaid in
Figure 5-2A; the dashed, purple arrow indicates how the peak current (i,) signal evolves with each
consecutive scan. There is only a small change in i, that may be owing to a localized consumption
at the interface, or the formation of a nanoparticle incorporated polymer film at the ITIES. The
latter would fundamentally alter the effective surface area of the interface as well as its charge
transfer characteristics; both would impact the magnitude of i,. Cell 5-1 was also tested using
[CuSO4] = 0 mM and [TT] = 20 mM; however, no peak-shaped signal was recorded (data not
shown). Thus, it is likely that Li* does not interact with TT and is a good electro-inactive
supporting electrolyte. However, when [TT] was decreased to 10 and 5 mM in DCE, no electron

transfer wave was recorded voltammetrically (data not shown).

In all cases at the micro-ITIES, an aqueous droplet was ejected onto a TEM grid for imaging
using the syringe equipped on the back of the modified holder. Even at 5 and 10 mM TT, a film-
like deposit was visible on the substrate under an optical microscope. Therefore, despite no
observable electron transfer wave, cycling at the PPW edge-of-scan can induce electrogeneration
of the nanocomposite film. These results agree well with our recent work at the w|/DCE micro-
interface using KAuCls(aq) and TT(org);?® whereby, a thin conductive polymer film, with
embedded Au NPs was formed. Lehane et al.* also recently employed a large w|DCE interface in

the electropolymerization of PEDOT with Ce*" as oxidant/electron acceptor in the aqueous phase.

16,30,38,40,45 27,39 +

Moreover, electrodeposition of Cu, Au, Pd, and Pt NPs at large and micro interfaces

have been demonstrated previously using metallocenes as electron donors dissolved in oil.
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An ITIES with a diameter of 1.16 mm using a 3-electrode configuration was also tested
voltammetrically, see Figure 5-2B. The overall CV profile is similar to the one at a ~10 mm ITIES
(see below) with a signal at ~0.7 V which is likely the electron transfer wave; however, two
negative current peaks were recorded at roughly 0.4 and 0.15 V during the scan from positive to
negative potentials. These may be the re-oxidation of Cu® or anion adsorption waves. Future work

will focus on in situ spectroscopic methods to evaluate these two curve features.

Next, film generation was investigated at a 10 mm diameter ITIES using Cell 5-2 (see Figure
5-2C). When scanning from negative to positive potentials, two peak-shaped waves were observed
at —0.22 and 0.66 V, while on the reverse scan towards negative potentials, two peak signals were
recorded at 0.09 and —0.26 V. The two peaks towards the negative end of the PPW form a

reversible signal with a AJ'¢, ,, 0f=0.240 V which may be the result of the adsorption of anions at

the surface of the growing composite film. Indeed, this agrees well with the results of Lehane et
al.* The two signals at the positive end of the PPW are irreversible electron transfer similar to the
result observed at the micro-ITIES in this potential region. With repeated sweeps of the potential,
the irreversible electron transfer wave shifts to more negative potentials indicating a reduction in
the required overpotential. As mentioned above, the liquid|liquid interface is initially free of
nucleation sites which increases the amount of applied driving force necessary to achieve NP
nucleation/polymerization®® versus at a solid/electrolyte one. However, once the film begins
forming, the population of viable sites increases which is reflected in the concomitant decrease in
peak potential of the electron transfer wave. Simultaneously, the signal decreases in current
intensity which is likely owing to the consumption of material in the vicinity of the ITIES. The

nanocomposite film formed in the large ITIES cell was thick, brittle, and difficult to extract from
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the cell. However, pieces were deposited onto glass substrates for SEM imaging and onto a GC

electrode for electrocatalytic testing (see below).
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Figure 5-2 i-V curves recorded at 0.020 V s~ using Cell 5-1 (4 and
B) and 2 (C), or the 25 um, 1.16 mm, and 10 mm ITIES,
respectively, with [TT] = 20 mM and [CuSO4] = 5 mM, while the
black, dashed traces show the system without TT added, i.e., blank
curves. DCE was used as the organic solvent in all cases. Cyclic
voltammograms have been scanned consecutively 25 times and
overlaid such that the red and dark purple traces are the first and
last scans, respectively; dashed, purple arrows indicate the
evolution of the current signals with successive scans. Black
arrows indicate scan direction.
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The voltammetric negative peak during the reverse scan in Figure 5-2C with a Agvgbl , at—
0.240 V may be owing to the reorganization of the electric double layer (EDL) and adsorption of
supporting electrolyte anions on either side of the forming liquid|solid|liquid interface.* As shown
by Scanlon’s group,* supporting electrolyte anions from both phases stabilize film growth through

adsorption; however, due to the size and shielded negative charge on B(CFs), , it is likely a minor

contributor and most anion adsorption comes from SO on the aqueous side. Moreover, SO7 is
molecularly smaller with exposed dense negative charge on the oxygens, doping the film with
sulfate is more efficient in stabilizing and neutralizing the film as it forms. However, during the
later stages of film growth, diffusion of anions through the film is inhibited making doping/de-
doping a slow process and causing voltammetric peak broadening.*® Regardless, the film will

likely be p-doped.

Both micro and large ITIES experiments were also performed at open circuit potential (OCP),
i.e., without an applied external potential. In both cases, no film or NPs were observed. Thus, an

applied potential is required to induce nanocomposite film formation.

Using the syringe affixed to the back of the pipette holder, a droplet of the aqueous phase was
ejected from the tip of the micropipette after 25 consecutive CV scans using Cell 5-1 with 5 mM
of CuSOy4 paired with 5 or 20 mM of TT in DCE and deposited on a holey-Au TEM grid. Next,
the TEM grids were imaged using both TEM and SEM (see Figure 5-3). TEM micrographs in
Figure 5-3A and 3B show the low dispersity spherical Cu NPs electrogenerated and embedded
within the poly-TT film with average sizes of 5.3 and 1.7 nm at [TT] equal to 5 and 20 mM,
respectively. NP sizes were measured using ImageJ software and collated into histograms plotted
inset in Figure 5-3; average NP sizes were determined by curve fitting the histograms with a
Gaussian distribution. Figure D1 of the Appendix D shows the histogram of Cu NP sizes with the
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poly-TT film formed using Cell 5-1 with 10 mM of TT in DCE. With increasing [TT] the NP size
decreased such that at TT = 10 or 20 mM, Cu particles are in the range of nanoclusters, i.e., 1.3 or
1.7 nm in diameter, respectively.*’*® In this case, with higher [TT] the thermodynamics and
kinetics of the heterogeneous electron transfer reaction are enhanced facilitating faster

electropolymerization, which in turn likely limits the size of the Cu nanoclusters.

10 um

Figure 5-3 TEM micrographs obtained for aqueous phase samples after 25 consecutive
CV scans using Cell 5-1 at a w/DCE interface with [CuSO4] = 5 mM, as well as 5 (4)
and 20 mM (B) of TT in DCE and deposited on a 2 um diameter holey Au TEM grid;
inset are histograms of Cu NP/nanocluster sizes. (C) SEM micrograph of the sample
shown in B. (D) SEM image of the film generated at a large ITIES using Cell 5-2 with
5 mM of CuSOu(aq) and 20 mM of TT(org).

TEM micrographs were also obtained for films electrogenerated at the 1.16 and 10 mm
interfaces and deposited onto 200 mesh Au lacey carbon TEM grids. Figure D-3 of the Appendix
D shows the TEM micrographs along with histograms for the analysis of the Cu NP sizes
performed using ImagelJ software. Cu NPs at 1.16 and 10 mm ITIES demonstrate a high dispersity
despite Gaussian curve fitting showing peaks at 2.2 and 4.1 nm. Errors shown inset in Figure D-3
are for the Gaussian peak position/fitting. Figure D-4 shows a photograph of the aqueous droplet
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suspended from the unmodified capillary (1.16 mm in diameter) post Cu NP/poly-TT
electrogeneration and after removal from the oil phase. A thin-film can be observed spread across

the droplet surface.

Figure 5-3C depicts the SEM micrograph of the nanocomposite Cu NP/poly-TT film deposited
on a holey-Au TEM grid. The film was dense, compact, and smooth; however, it was also quite
fragile and broke apart easily. Relatively large sections can be seen covering the TEM grid and
occluding several of the 2 pm holes. These images agree well with the reported morphology for
electropolymerized terthiophene in low current densities***° and are similar to the PEDOT film
electropolymerized at a large ITIES reported by Scanlon’s group.* Cu NPs were confirmed by
energy dispersive X-ray (EDX) spectroscopy performed during SEM imaging (data not shown).
24-hour shake-flask experiments performed in a 2 mL vial (large ITIES) using the same electrolyte
compositions and TT concentrations as Cell 5-2 revealed no observable thin film or Cu NPs.
Therefore, while not strictly observable voltammetrically at [TT] =5 mM, by probing the positive
edge of the PPW one can initiate Cu NP/poly-TT electrodeposition at relatively low [TT].
Moreover, this can be achieved without the use of extreme overpotentials that risk over-oxidizing

the film.3!!

Figure 5-3D shows the film generated at the large ITIES with [CuSO4] =5 mM and [TT]
=20 mM after 1000 CV cycles. The film is smooth; however, the Cu NPs cannot be resolved with
SEM. Figure D-2A in the Appendix D shows the CVs recorded during Cu NP/poly-TT
electrosynthesis with [CuSO4] =1 mM and [TT] =5 mM. The first and every subsequent fifth scan
was plotted. The Cu**/TT reduction/oxidation and Cu re-oxidation waves are visible at roughly
0.85 and 0.55 V, respectively. The Cu NP/poly-TT film was extracted from the cell and deposited

on a glass slide, then imaged in the SEM. Figure D-2B shows the SEM micrograph, while Figures
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D-2C and D-2D contain plots of the EDX spectra obtained at the two points indicated in Figure
D-2B. In Figure D-2B, the EDX spectra show that point C is rich in Cu and likely an agglomeration

of Cu NPs, while point D is the polymer film itself containing sulphur and carbon.

The stepwise nucleation, oligomerization, and elongation of complex polymer/composite
materials at liquid|liquid interfaces has been described by Vignali et al.,’! Robayo-Molina et al.,

and recently by us.?® The early stages of TT electropolymerization via heterogeneous electron

transfer and electrodeposition can be described generally by the following,

Cu**(aq) + H-TT(org) — Cu'+ H-TT " (org) 5-1
Cu'(aq) + H-TT(org) — Cu’+ H-TT" (org) 5-2
2H-TT " (org) — H-TT'-TT"-H(org) 5-3
H-TT'-TT"-H(org) + 20H" (aq) — TT,(s)+ H,O(l) 5-4

Where H-TT is the terthiophene molecule emphasizing the proton at the a- or B-carbon
position on one of the terminal thiophene units, TT"" is the radical cation, and TT is the dimer.
This initial stage is likely thermodynamically prohibitive at the liquid|liquid interface since it lacks
nucleation sites.*® However, once seeded with Cu’ nuclei and the positively doped TT oligomers
as capping agents, the thermodynamics likely greatly improve, as mentioned above. It should be
emphasized that the glass walls of the micropipette likely behave as nucleation sites; this would
also apply to the walls of large glass ITIES electrolytic cells. Using equations 5-1 to 5-4 as a basis,

an overall reaction can be composed,

Cu**(aq) + 2H-TT(org) + 20H™ (aq) — Cu’(s) + TT,(s) + H,O(l) 5=

The overall electron transfer potential (Ay ¢,) for equation 5-5 can be written as,?’-2%38
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w *.DCE ° Hy0 5
A = By, Eculy ,* (0.059 V)(14 — pH) 0
or TT Ovcu
Where ET’TQ(.:/ETT and Ecﬁfl())/c are the standard redox potentials for TT*/TT and Cu?"/Cu’ and
u

were taken to be 1.20* and 0.342 V,* respectively. In this way, Ay'¢, was calculated to be 1.57,
1.36, and 1.18 V for pH’s 2, 5.5-6, and 8.5, respectively; since AG = nFAZ,”ngT,S4 this leads to AG

>> () that nevertheless decreases with increasing pH. These values are much higher than the
experimentally determined values at pH ~5.5-6; thus, the difference is likely the thermodynamic
contribution of the glass walls. However, silanization of the inside of the micropipette resulted in

no observable change in the film produced (data not shown).

Next, electrochemical impedance spectroscopy (EIS) was employed during electrosynthesis at
the micro-ITIES to elucidate the underlying physical and electrochemical dynamics of film

formation. The sinusoidal applied potential waveform (¥ac) can be described by,

VAc(a)l): VDC+ Vosin(a)t) 5-7

Where Vpc and V) are the applied DC voltage and AC voltage amplitude (0.020 V peak-to-

peak), respectively, while @ (= 2xf) is the angular frequency and ¢ is time. In each case, Vpc of

roughly 0.7 V was applied (vs. A‘(’,V(;SOS'O%.) and a CV was performed between each impedance

measurement at a scan rate of 0.020 V s, In this way, the Nyquist diagrams in Figure 5-4(A-C)
were recorded using Cell 5-1 at a 25 pm diameter interface with [TT] equal to 0, 5, and 20 mM in
DCE, respectively. The semi-circle at high-frequency and partial semi-circle at low-frequencies
describe the two typical branches of impedance spectra that are associated with electrical and
electrochemical dynamics (i.e., mass transport), respectively.’® In the case of the liquid|liquid
interface, the high-frequency region is often associated with the capacitance of the back-to-back

EDLs found in either phase, while the low frequency region is influenced by ion diffusion and
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electron transfer reactions.”"’ These two features give rise to two “time constants” (t = RC1),>
so called since they are often modelled in equivalent circuits using a resistor (R;) and capacitor

(C2) in parallel.

Equivalent electric circuits (EECs) used to model the impedance data have been drawn in Figure
5-4D, which include constant phase elements (CPEs) in place of simple capacitors, in parallel with
resistors added to model charge transfer reactions (Rct) and kinetic resistance (Rc). As is common,
a resistor was added in series to account for the total solution resistance (R;). EEC1, a Randles-
like equivalent circuit, and EEC2 feature the two terminals at either end for the WE and CE/RE
employed experimentally. The 2-electrode configuration limits parasitic impedance artifacts from
cabling and/or the CE and RE that are often observed at 3- and 4-electrode cells.””*® Operating at
the micro-ITIES has added benefits and is able to resolve the charge transfer resistance over the
solution electrolyte resistance; moreover, by repeatedly using the same micropipette, one can

greatly enhance reproducibility.

EIS offers avenues to valuable physical insight into charge transfer processes at the liquid|liquid
interface. The geometric capacitance (Cqeo), recently modeled by von Hauff and Klotz>® in the
context of perovskite solar cells, may be considered analogous to the structural parasitic coupling

elements proposed and modelled by Trojanek er al.”’

for a 4-electrode cell, which they modelled
using a 4-terminal EEC. In either case, Cqeo 1s normally modelled in parallel with all the other
circuit elements. If it exceeded the individual capacitive circuit elements, i.e., CPE1 and CPE2 in
Figure 5-4D, then the high-frequency semi-circle would become enlarged and dominate the

impedance spectrum. However, by operating in the 2-electrode mode, and ensuring that the overall

impedance of the micropipette was <1 MQ during single phase experiments, then individual circuit
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elements can be resolved.” Thus, Cge/parasitic coupling elements can be ignored, greatly

simplifying EEC modelling.’”-**¢! The faradaic impedance (Z) is described by,>’

Z=Rer + 2, + (1= jJow™ s

- PPk,

where k7 is the apparent rate of charge transfer, A4 is the surface area of the interface, F is
Faraday’s constant (96485.33 C mol!), R is the gas constant (8.314 J mol ' K1), T'is the absolute
temperature (298.15 K), z is the number of electrons transferred, and Zy is a Warburg impedance,

within which, 2 = -1, and o is defined as,>’

__RT . »
J222F* 4 D'e;, D'lc

Here, D;, and cz , are the diffusion coefficient and bulk concentration of species i in the oil

(o) phase, while subscript w indicates their values in the water phase. CPEs were used to account
for the dynamic nature of the interface and facilitate the evolving properties of the growing
polymer-NP network. CPE impedance can be written generally as,

1
Q

In which Q (F s'™) is a constant and when n = 1 the element is a perfect capacitor, while 7

Z(CO) ~ (l-w)—n 5-10

= 0.5 is in line with a typical Warburg element for semi-infinite diffusion.

At a freshly cleaned micro-ITIES a CV was performed followed by impedance measurement
using a Vpc=0.7 V; whereby the CV-EIS pulse sequence was performed a total of 11 times. Figure
5-4A shows the impedance spectra using Cell 5-1 with [TT] =0 and [CuSO4] =5 mM, i.e., a blank
spectrum. The pronounced low-frequency tail is likely owing to the relatively high Vpc close to

the edge of the PPW where supporting electrolyte ions will undergo transfer, e.g., Li” w—o. This
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spectrum agrees well with one shown recently by Maredek’s group>® which was associated with

simple tetraecthylammonium ion transfer at a micro-ITIES.

~
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Figure 5-4 The measured (markers) and the fitted (solid line) Nyquist diagrams acquired using Cell 5-1 with 0 (4), 5 (B), and 20
mM (C) of TT added to the DCE phase as well as 5 mM of CuSOu(aq). Spectra were obtained with a direct applied potential (VDC)
of ~0.7 V after performing one CV cycle using the potential range shown in Figure 2 with v = 0.020 V s~.; similarly, in-between
each spectrum in B and C a CV pulse was applied. (D) equivalent electric circuits (EEC) for a simple ion transfer (EECI) or
coupled electron and ion transfer during electro-generation (EEC2) of the thin film at an ITIES, such that Rs, Rct, and Rc, are the
solution, charge transfer, and kinetic resistance, while CPE1 and CPE2 are constant phase elements.

At low [TT] (Figure 5-4B) the impedance profile does not undergo significant change;
however, the tail in the low-frequency region is greatly suppressed relative to the blank spectra

performed in the absence of TT (Figure 5-4A). This may indicate that the film has formed after
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the first CV-EIS sequence and is blocking, or at least inhibiting simple ion transfer of the

supporting electrolyte.

Figure 5-4C shows the response at high [TT] in which the high frequency region of the EIS
increases by 50% between the first and second CV-EIS pulse sequence. There is then a small

1™ jteration. Meanwhile,

decrease in the high frequency branch, which stabilizes across the 3™ to 1
the low-frequency branch at high [TT] becomes more pronounced with each iteration. Based on
the CV results (Figure 5-2A), the film forms immediately generating a liquid|solid|liquid interface
and, thus, the low-frequency branch is then associated with mediated electron transfer between

Cu?’(aq) and TT(org) rather than simple ion transfer. Thus, as the film grows the electron transfer

properties change (see below).

Nevertheless, these data indicate a change in the nature of the interface brought about by the
development of a liquid|solid|liquid system that occurs immediately upon application of the CV-
EIS. It has been shown that forming a barrier at the interface mainly affects the low-frequency
region.”® However, as the film develops, and likely due to the build up of local micro-convections
in this domain,% it was found that by pushing the impedance measurement to lower and lower
frequencies the interface becomes unstable. This either lead to a higher noise level or the interface
itself physically broke down, erupting into the organic phase as an electrophoretically induced

droplet. Thus, it was not possible to carry out EIS measurements below 10 Hz.

EEC2 (Figure 5-4D) was employed during thin film growth in the presence of CuSO4(aq)
and TT(org), while EEC1 was used in the absence of TT, see the blue, solid curves in Figure 5-5.
Figure 5-5 shows the changes in the six EEC parameters after each CV-EIS iteration. With 5 mM
of TT in the system, orange filled circle(®) curves, CPE1 shows little deviation from the initial
value of ~12.0 pF with only a slight decrease over the 11 CV-EIS pulse sequences before finally
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stabilizing at ~11.7 pF. As mentioned above, this circuit element is typically associated with the
liquid|liquid back-to-back EDLs and these small changes in capacitance may be owing to ion
rearrangement on either side of the interface during thin film electrogeneration or changes in the
surface morphology at either side of the liquid|solid|liquid junction. At [TT] = 20 mM, yellow
filled square (=) traces in Figure 5-5, there is a sudden decrease in CPE1 until the 4™ CV-EIS pulse
sequence, after which the element recovers and increases to a final value of 12.1 pF. In both cases,
n varies between roughly 0.96 and 0.98, indicative of a conventional capacitor with likely an

inhomogeneity in ion distribution at the interface.

The n value for CPE2, Rct, and Rc increase slightly with [TT] =5 mM and each CV-EIS
pulse iteration, while all three parameters show a much larger increase at [TT] = 20 mM. Rct and
Rc are 2 and 2x as high, respectively, when [TT] = 20 mM versus 5 mM. This agrees well with
impeded electron transfer or ion diffusion through the growing polymer/NP network. The limited
diffusion within the nanocomposite structure likely results in limited anion exchange to neutralize
individual TT units contributing to its p-doped nature and accumulation of negative charge on the
surface of the Cu NP/poly-TT composite. These values agree with those recently reported by us
for Au NP/poly-TT nanocomposites electrogenerated at a micro-ITIES?® after multiple CV-EIS
pulses were performed. Herein, the interface was monitored in situ using a CCD camera equipped
with a 12x zoom lens assembly with a 10-12 cm working distance; however, unlike the Au
NP/polyTT film grown previously,?® the Cu NP/polyTT nanocomposite film was clear/colourless

and, therefore, no observable change was observed optically.

Preliminary electrocatalysis results were obtained by modifying the surface of a glassy

carbon (GC) electrode with a layer of Cu NP/poly-TT film and using 0.1 M NaHCOs(aq) as
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supporting electrolyte. Figure 5-6 shows CVs recorded at a bare and modified electrode; whereby,

the solution was purged with either N2 or CO2 gas for ~15 min prior to polarization.
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Figure 5-5 Equivalent electric circuit (EEC) parameter values obtained from fitting experimental impedance
spectra from Figure 5-4(4-C) using EEC2 depicted in Figure 5-4D, with the orange, ® and yellow, m, curves
derived from curve fitting impedance data obtained from Cell 5-1 with [TT] = 5 and 20 mM, respectively. The
blue trace was determined using Cell 5-1 with [TT] = 0 mM.

At a bare GC electrode, and in the N> saturated case, the cathodic peak at roughly —0.45 V
(vs. Ag/AgCl) is likely H' reduction. However, this cathodic signal experiences a shift in the onset
potential to —0.57 V when purged with CO; but maintains the same current intensity. The GC
electrode modified with the Cu NP/poly-TT film electrosynthesized at a 1.16 mm ITIES shows a

greater than 2x CO» reduction current at 0.75 V (vs. Ag/AgCl). To modify the GC electrode with
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a Cu NP/poly-TT composite at a 10 mm ITIES, the GC plug was dipped into the electrolytic cell
after the 25 CV cycles were performed. Afterwards, the i-V response shown in Figure 5-6, yellow
trace, demonstrated a further shift in the overpotential towards more negative potentials with no
increase in the peak current; thus, electrocatalysis is likely suppressed in this instance.
Modification of the interface with a single deposit from the 25 um diameter interface resulted in

no significant change relative to the bare GC electrode (data not shown).
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Figure 5-6 CVs recorded at a ~4 mm glassy carbon (GC) electrode immersed in a 0.1 M NaHCOj3 aqueous
solution without (bare) and with (modified) a layer of Cu NP/poly-TT film deposited on the surface. Films
were electrogenerated at the 1.16 or 10 mm ITIES using Cells 5-1 or 5-2, as indicated inset, with [TT] =
20 mM and [CuSO4] = 5 mM, afier 25 CV cycles at v = 0.050 V s. CVs were recorded in 3-electrode
mode using a Ag/AgCl reference (Dek Research) and Pt wire counter electrode.

Figure 5-7 depicts SEM images of the GC electrode surface modified with films generated
at the 25 pm (A, D), 1.16 mm (B, E), and 10 mm (C, F) diameter interfaces before (left-hand side)
and after (right-hand side) one CV cycle; additionally, using Imagel software the GC surface
coverage was estimated to be 0.3, 9.9, and 62.5%, respectively. The film electrosynthesized at the
25 um ITIES is smooth and shows evidence of folding with Cu NPs distributed along creases in
the film. It is hypothesized that the film quickly occludes the ITIES and new polymeric growth
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pushes the film into the aqueous side of the interface generating these folds. The Cu NP are likely
concentrated towards the bottom of these folds, adjacent to the ITIES. Advanced, high-resolution

optical methods will be needed to monitor film growth at the micro-ITIES in situ; however, this

will be the focus of future work.

Figure 5-7 SEM micrographs of Cu NP/poly(TT) film deposited on a glassy carbon (GC) electrode before (left-
hand side) and after (right-hand side) CV electrocatalysis as shown in Figure 5-6. The top (A, D), middle (B,

E), and bottom (C, F) rows were films generated at a 25 um, 1.16 mm, and 10 mm diameter ITIES, respectively.
Scale is indicated inset.
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Films developed at the two large ITIES were smooth with a relatively even distribution of
Cu NPs and no evidence of folding. Therefore, this phenomenon is likely owing to geometric

confinement of the growing polymer film within the micropipette tip.

After electrocatalysis, the Cu NPs in the films generated at the 25 pm and 1.16 mm interfaces
showed large changes in NP morphology which have grown by orders of magnitude; therefore,
the thin, polymer network in these cases is insufficient to protect them against
aggregation/agglomeration. The film created at the 10 mm ITIES showed little change; however,

further experimentation is required.

While preliminary, these results are promising. Future work will focus on controlling Cu NP
and polymer film morphology while tracking any changes the nanocomposite experiences during

electrocatalysis, as well as detailed product analysis.

5.5. Conclusions

The successful application of a micro-ITIES towards electrodeless synthesis of Cu NP/poly-
TT has been demonstrated and compared to films generated at a large (mm scale) ITIES. At [TT]
=20 mM a well resolved electron transfer wave was observed at the micro-ITIES. However, the
large interfaces showed a more complex CV profile with an irreversible electron transfer wave at
high, positive potentials and a reversible signal towards the negative end. The latter is likely anion
adsorption/exchange at the liquid|solid|liquid interfaces and agrees well with recent results by
Scanlon’s group.* Impedance data confirm that the nanocomposite film forms early through large
changes in Rct and Rc; moreover, increasing [TT] improves film formation while decreasing the

median Cu NP size to <2 nm.
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Interestingly, while no electron transfer signal was observed at the micro-ITIES a low [TT],
a film was electrogenerated and imaged using SEM. These data show that simply by probing the
edge of the PPW one can facilitate electrodeless synthesis of the nanocomposite and avoid

overoxidation of the polymer network.

Preliminary voltammetric results at a GC electrode modified with the Cu NP/poly-TT film
electrogenerated at a 1.16 mm diameter interface elicited a >2x enhancement in the electrocatalytic
CO; reduction current versus an unmodified electrode. However, this film underwent large
changes in NP morphology. While a tentative first step, these results are indicators that these films
are promising alternative electrode materials for carbon capture; however, more optimization of

nanocomposite electrosynthesis is necessary.
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Chapter 6

6. Electrosynthesis of Au nanocluster embedded conductive polymer
films at soft interfaces using dithiafulvenyl-functionalized pyrene

AUCl, O =Au’ NPs
o Crotas water o
o . DCE V-2nm =2
CioH24 A )
monomer polymer
_—
bis(DTF)pyrene
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6.2. Introduction

The ITIES, i.e., the liquid|liquid or soft interface, has come under increasing interest
as a platform for the growth/synthesis of 2D and 3D molecular!-? and nano-structures,®’ as
well as for electrosynthesis of electrocatalytic materials and conductive polymers®® The
Galvani potential difference, e.g., between water|oil (w|0), ¢ — do =AY @, is localized across
the interface and controlled with electrodes immersed in either phase positioned relatively
far away; thus, this approach is often referred to as ‘electrodeless’ since electrodes are only
indirectly involved. Since the electrodes are not physically or chemically engaged in the
electrosynthetic process, one can exploit the pristine, molecularly smooth, defect-free
features of the liquid|liquid interface, that lends itself to a high degree of experimental
reproducibility. This is advantageous since solid/solution interfaces often carry the risk that

morphological features from the solid substrate will be transcribed onto the synthesized
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material which can inhibit their ultimate functionality; moreover, the material is often
covalently bound to the solid surface complicating its removal and application as a free-

357710 or molecular assemblies!

standing material. These materials, whether nanoparticle
as well as polymer films,®® have potential use in biomedical, electrocatalytic, and
separation science applications.

Early work in externally controlled electropolymerization reactions at liquid|liquid
interfaces was performed by Cunnane’s group and focused on monomers/electron donors

15 Meanwhile,

such as 2,2":5',2"-terthiophene (TT),!'"' and functionalized pyrroles.
Mareéek’s group tested three different modified pyrroles.!® Similarly, Dryfe’s group
electrogenerated polypyrrole in the presence of single-walled carbon nanotubes
(SWCNTs), which were physically deposited at the liquid|liquid interface, generating a
SWCNT/polymer composite material. During this time, electrogeneration of metal
nanoparticles (NPs) at soft interfaces was also being explored by Johans et al.,!”2° while
Knake et al.?*' demonstrated the feasibility of simultaneous Au NP generation and tyramine
polymerization at a large ITIES electrosynthesizing a nanocomposite material.

More recently, however, Lehane et al.® demonstrated the electrosynthesis of poly(3,4-
dioxyethylene)thiophene (PEDOT) at a macro liquid|liquid interface (cm scale) between
water|a,a,a-trifluorotoluene (w|TFT), using Ce** as an electron acceptor in the aqueous phase with
EDOT dissolved in TFT. They were able to reproducibly electrogenerate films <50 nm thick that
could be extracted from the interface, stored for long-term use, and were shown to be
biocompatible. Then, our group demonstrated further synthetic control through miniaturization of
the ITIES and building on the works for Cunnane and others with simultaneous Au® and Cu?? NP

generation and TT electropolymerization. This approach relied on performing the electrosynthesis

at a micro-ITIES (25 pm in diameter), while installing the metal salt (e.g., KAuCls) in the aqueous
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phase and TT in 1,2-dichloroethane (DCE). In this way, the large overpotentials thought necessary

by Cunnane could be avoided,'* limiting overoxidation of the film.?

Herein, a pyrene skeleton has been functionalized with two dithiafulvenyl (DTF)
substituents to create a highly electron-donating molecule, 4,5-didecoxy-1,8-
bis(dithiafulven-6-yl)pyrene (1, Figure 6-1). Pyrene has become ubiquitous in synthetic,
macromolecular, and supramolecular chemistry as a framework on which one can build a
wide variety of materials.>*2° This is enhanced further due to its ready availability
industrially as well as owing to its electronic properties. The latter, combined with it being
a chromophore have led to pyrenes being active components in organic light emitting
diodes (OLEDs) and other organic electronic devices.?® Similarly, the DTF dimerization
mechanism through the formation of a radical cation species is well known and has been

2728 a5 well as metal

employed in the preparation of m-conjugated conductive polymers
NPs.?” Khadem et al.>® showed that a molecule similar to the bis(DTF)pyrene 1 (see Figure
6-1) was extremely resistant to oxidative coupling despite having two relatively low
oxidation potentials at 0.57 and 0.72 V (vs. Ag/AgCl) which were attributed to the
successive oxidation of the two DTF moieties.

Nevertheless, low dispersity Au nanoclusters (~1.7 nm in diameter) embedded in
polymer films were electrosynthesized at a polarizable micro w|DCE interface (25 pum in
diameter) through application of 1 as an electron donor dissolved in the DCE phase and
KAuCly in aqueous. The voltammetric evolution of an electron transfer wave with a
concomitant decrease in the signal for AuCl,simple ion transfer with increasing

concentration of 1, cu, was observed. Films were then ejected from the tip of the

micropipette using a syringe attached to the back of the specialized holder and deposited

163



on Au and glass substrates. Atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) were used to image the topography of the nanocomposite film and
estimate the film thickness, as well as the change in work function across the material,

which is linked to the distribution of Au nanoclusters.

Figure 6-1 Chemical structure of 4,5-didecoxy-1,8-bis(dithiafulven-6-yl)pyrene (1).

6.3. Experimental
All chemicals were used as received without purification. Potassium tetrachloroaurate
(KAuCls, >98%), hydrochloric acid solution (HCI, >37%), 1,2-dichloroethane (DCE,
>08%), trioctylphosphine (97%), trihexyltetradecylphosphonium bromide (Pess14Br,
>95%), and bromooctane (99%) were purchased from Sigma-Aldrich/Merck. Lithium
tetrakis(pentafluorophenyl)borate etherate (LiTB, >99%) was sourced from Boulder
Scientific. The organic phase supporting electrolyte tetraoctylphosphonium
tetrakis(pentafluorophenyl)borate (PgsssTB) and Pees14TB (trihexyltetradecylphosphonium
tetrakis(pentafluorophenyl)borate) were prepared as described elsewhere.”! Similarly, the
preparation of bis(DTF)pyrene 1 has also been reported.*°
A PG-618-USB potentiostat (Heka Electroniks) was employed to record all

electrochemical measurements. The aqueous phase was injected into a micropipette held
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inside a specialized holder. The holder was equipped with an integrated Au wire which was
immersed in the aqueous phase and connected externally using an SMA connector to the
head-stage of the potentiostat serving as the working electrode. The counter/reference
electrode was a Pt wire also connected to the head-stage and immersed in the organic phase.
The interface between two immiscible electrolyte solutions (ITIES) with a diameter of
25 pm was maintained at the micropipette tip and monitored by a CCD camera (AmScope)
attached to a magnifying lens assembly (Navitar). Micropipettes composed of borosilicate
glass (Goodfellow Inc.) and modified holder have been described in detail in earlier reports
as well as briefly in the Supplementary Information (SI).>? The electrolytic cells employed
throughout have been drawn in Scheme 6-1 and all experiments were performed in a 2-

electrode configuration unless indicated otherwise.

10mMHCI | ymM1
Au|AuCl;|x mM KAuCl, |5 mM P, TB|PtTB| Pt [Cell 6-1]
(aq) (DCE)
ymM1
Au|AuCL|x mM KAuCl, |5 mM P, TB|PtTB|Pt [Cell 6-2]
(aq) (DCE)
ymM 1
Au|AuCl,|5 mM KCI||5 mM P, ,TB|PtTB| Pt [Cell 6-3]
(aq) (DCE)

Scheme 6-1 Electrolytic cells where y mM of 1 as the electron donor (see Figure 6-1) was added to
the organic phase. Meanwhile, x mM of KAuCly (ag) was added to the aqueous phase in Cells 6-1
and 6-2. Tetraoctylphosphonium tetrakis(pentafluorophenyl)borate (PssssTB) ionic liquid was
employed as the organic phase supporting electrolyte. The double-bars indicate the 25 um diameter
polarizable liquidfliquid interface.

The experimental potential scale was referenced to the Galvani scale using the simple CI1™

transfer, using the formal CI~ transfer potential (Af)vgbgl.), —0.479 V, described by Zhou et al.**
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A Tecnai Spirit Transmission Electron Microscope (TEM) was employed to image
nanocomposite samples deposited on 2 um holey Au and 200 mesh Cu TEM grids
(Electron Microscopy Sciences). After samples were deposited onto a TEM grid, they were
dried under a flow of N gas.

The topography and work function maps were taken using the MFP-3D
(AFM/KPFM) from Asylum research equipped with NSC/Pt or NSC35/AL BS tips
(MikroMasch) operating at a scan rate of 0.25 Hz for KPFM or AFM topography/scratch
test, respectively. The platinum tips’ work function was determined using HOPG as a

standard.

6.4. Result and discussion

Cyclic voltammograms (CVs) shown in Figure 6-2 were recorded using Cells 6-1, 2, and 3
for the red, black, and blue, dashed traces, respectively, with y = 0 mM in the DCE phase, i.e., no
bis(DTF)pyrene 1 added, while 5 mM of KAuCls was added to the aqueous phase for Cells 6-1
and 6-2. In each case, the limit of the polarizable potential window (PPW) is described by the large
increase in the magnitude of the current at roughly 0.5 and — 0.5 V; whereby, the respective K'/H"
and CI” supporting electrolyte ions undergo simple ion transfer from water to oil (w—o0) and back.*
The organic phase supporting electrolyte ions, Pgsgs” and TB™, are minor contributors to the PPW
limiting signal.** The blue, dashed curve depicts the response without KAuCls added to the
aqueous phase and represents a blank trace. At pH ~5.5 using Cell 6-2 with 5 mM of KAuCls(aq)
(black curve in Figure 6-2), the peak-shaped waves at 0.126 V and — 0.013 V when scanning from

positive to negative potentials are due to the simple ion transfer of AuCl; and AuC1(4_Y)(OH)Y_

from w—o, respectively. It is recognized that AuCl, undergoes ligand speciation at moderate to

high pH forming AuCl(4_y)(OH)Y_in which y chlorides have been replaced by hydroxide ligands;
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thus, these data are in good agreement with recent reports.>!%33-37 The two steady-state waves with
half-wave potentials (Af,v¢l /2) at roughly —0.009 and 0.177 V present during the reverse scan using

Cell 6-2 correspond to the respective transfers of AuC1(4_Y)(OH); and AuCl, back from o—w.
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Figure 6-2 Cyclic voltammograms (CVs) recorded using Cells 6-1, 2, and 3 as
indicated inset at 0.020 V s~ with 1 = 0 mM in DCE and 5 mM KAuCly (aq) in
Cells 6-1 and 6-2. Solid black arrows indicate scan direction. Each peak-shaped
wave is labeled with the ion undergoing transfer across the ITIES from w—o.

At pH 2 in the aqueous phase (red curve in Figure 6-2), only one signal corresponding to AuCly,
transfer was observed. The asymmetric i-V response between the forward and reverse scan
directions is owing to geometric confinement within the micropipette leading to linear and
hemispherical diffusion inside and outside of the pipette, respectively; this agrees well with

previous studies.”-

Figure 6-3 shows the i-} responses for Cells 6-1 and 6-2 with increasing concentrations of 1
(cm) in DCE and KAuCly in the aqueous phase. Only a small amount of 1 added to the DCE phase

changes the voltammetric response resulting in a positive peak-shaped wave at potentials greater

167



than the ion transfer potential for AuCl,. For example, in Figure 6-3C using Cell 6-1 with
[KAuCl4] = 5 mM, and with increasing cn, there is a concomitant decrease in the peak intensity
for AuCly ion transfer signal from w—o and the development of a new signal at ~0.35 V. At
modest ¢, with a [KAuCls]:[bis(DTF)pyrene] ratio of less than 1:1, but greater than 1:0.5, the i-V
signal is sigmoidal; however, a ratio of 1:2 results in a peak-shaped wave. The DTF and pyrene
core of 1 are both good electron donors; therefore, it is proposed that this is interfacial electron

transfer from 1 in oil to AuCly /AuCl(4_Y)(OH)Y_ in water, i.e., a negative charge being transferred

from o—w. This agrees well with the transition from sigmoidal to peak-shaped wave, since at low
cm electron transfer would be diffusion limited by 1 in the organic phase; whereby, the electron
donor is operating under a hemispherical diffusion regime.*® Compound 1 is presumably very
hydrophobic so unlikely to partition into the aqueous phase. Owing to the high redox potential of
AUCly, EXycryan = 1.002 V¥ the Au salt is likely reduced to Au’ generating metal nanoparticles
(NPs). This agrees well with our recent reports using ferrocene (Fc)’ and TT®?? as organic phase

electron donors, as well as Bai ef al.’s electrosynthesis of Ag wire at a nanopipette interface.*’

The oxidation potential of 1 was determined by dissolving ~1 mM of the monomer in DCE
and recording the CV at a Pt inlaid disc ultramicroelectrode (UME), with a radius of 12.5 pm, and

with the potential referenced to the ferrocene redox couple (Fc'/Fc) as described previously,*! with
Egc+ = 0.64V (vs. SHE).*' Thus, E‘i‘+ ;1 was determined to be ~1.6 V (vs. SHE). The

heterogeneous electron transfer mechanism can be described generally by the following two

equations for the system at pH 2 and 5.5-6, respectively,

AuCl; (aq) +3D(org) — Au(s) + 3D (org) + 4Cl ™ (aq) 6-1

AuCly.) (OH)Y_ (aq) + yYH (aq) + 3D(org) — Au(s) + 3D (org) + (4-y)C1” (aq) + YH,O 4.,

168



442

in which, D is the electron donor, 1. Using established analytical solutions™** the approximate

electron transfer potential (A(V,tiET) can be formulated as,

w, . p0.DCE ' H,0 (0.059 V) Y
Ay ¢ET ~ Ei+/1 - EOAu(lzll)/Au - 3— log([H+] ) 0-3

Since there is no AuCls speciation at pH 2, the logarithmic term on the right-hand

side is ignored in that case. Thus, Af)quET was calculated to be 0.67 and 0.56 V at pH 2 and

5.5-6, respectively, meaning a lower applied potential is needed at moderate pH, which
agrees with the voltammetric results and the improved film formation (see below) using
Cell 6-2.

To investigate the formation of NPs, aqueous droplets were ejected out of the
micropipette after performing 25 consecutive CV cycles, deposited onto a 2 um holey Au
TEM grid, dried with N> gas, and imaged (Figure 6-4). Figure 6-4 A shows the Au NP/poly-
bis(DTF)pyrene composite obtained at pH ~5.5 with [KAuCl4] and ¢,» equal to 5 and 1 mM,
respectively. In this case, the film completely occludes the 2 pum hole in the TEM grid. At
pH 2 under otherwise similar conditions, the film was poorly formed (Figure 6-4B). Figure
6-4C shows a magnified section of the image from Figure 6-4A in which the Au
nanoclusters can be distinguished; however, these are at the limit of our TEM’s resolution.
Interestingly, Au nanoclusters are not evenly distributed throughout the film, but rather
there are regions with a high density of particles interspersed with areas with few to no
particles. It is possible that smaller nanoclusters that are not resolved by our instrument are

present in these polymer rich domains; however, this will be the focus of future work.
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Figure 6-3 Overlay of CVs obtained at a 25 um diameter micro-ITIES using Cells 6-1 and 6-2 for the left and right-hand
columns, with [KAuCly] or x = 1, 5, and 10 mM for the top, middle, and bottom panels, respectively. While cm was the
concentration of 1 (see Figure 6-1) added to the DCE phase. Arrows indicate scan direction, and the CV was swept at a
rate of 0.020 V s~!. ET = electron transfer wave; the simple ion transfer signals have been labelled with their associated
ions inset.

Moving forward, a shake-flask experiment was used in which a 10 mM solution of

KAuCls in 500 uL of aqueous phase was combined and mixed with 500 uL of DCE

containing 10 mM of 1 and Pesss14TB ) in a 2 mL vial, i.e., a large ITIES. Immediately after
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shaking, the yellow colour of the KAuCls containing aqueous phase disappeared, and the
organic phase turned from colourless to black. A 200 mesh Cu TEM grid was immersed
and stirred in the solution, then dried and imaged. Figure 6-4D shows the TEM micrograph
obtained, in which long polymer strands with embedded Au NPs can be observed.
Differentiating individual NPs was difficult and a proper size analysis was not possible;
however, they appear to be in the range of 10-20 nm in diameter. These observations,

combined with the intermediate hydrophobicity of AuCl, /AuCl(4_y)(OH); , suggest that the

Au salt likely partitions into the DCE phase and undergoes homogeneous electron transfer
to generate these Au NP coated polymer strands. This mechanism agrees with our recent
work at the w|DCE micro interface in which a large negative current offset was observed

in the presence of TT, indicating spontaneous AuCly /AuC1(4_y)(OH)Y_ transfer.® Even

without mixing, Au NP/poly-bis(DTF)pyrene strands formed in <5 min, suggesting that the
bulk, homogeneous organic phase reaction at a large ITIES is rapid and spontaneous.
However, these results indicate that by restricting the size of the ITIES and rapidly
controlling the potential difference across the interface, one can restrict the reaction to a
heterogeneous process and control nanocluster/polymer film formation.

TEM imaged nanoclusters were sized using ImagelJ software with data compiled into
histograms shown in Figure 6-5(A-F) which were fit using a Gaussian function (red traces).
The peak from the Gaussian fitting was taken to be the average nanocluster size and Figure
6-5G depicts a plot of the average diameter with respect to c¢,. As ¢, increases, there is a
concomitant decrease in nanocluster diameter. This is likely owing to an increase in the
overall rate of the reaction which in turn likely means faster envelopment of the nanclusters

in polymer matrix, limiting their final size.
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Figure 6-4 TEM micrographs of nanocomposite material generated deposited on 2 um diameter holey Au TEM
grids using Cells 6-2 (left-hand side, A and C) or Cell 6-1 (B), with [KAuCls] = 5 mM and cm = 1 mM, after
25 CV scans at 0.020 V s~!. (D) Nanocomposite material sampled onto a lacey-carbon 200 mesh Cu TEM grid
after a ~5 min shake-flask experiment with 10 mM KAuCls(aq) combined with a DCE phase containing 10 mM
of I and 10 mM of Pses14TB.

Next, Au nanocluster/poly-bis(DTF)pyrene films were similarly prepared and
deposited onto glass substrates, then imaged using SEM. A low and high magnification
SEM micrograph of the film obtained using Cell 6-1 with [KAuCls] =5 mM, ¢, = 10 mM,
with an aqueous pH = 2, and after performing 25 CV cycles is shown in Figure 6-6A and
6-6B, respectively. The spherical particles dispersed evenly across the films surface are
larger Au NPs. Figure 6-6C shows a histogram of the Au NP diameter with a median value
of 50 nm. Since the droplet was ejected from the micropipette, the upward facing side of

172



Count

g
=
o
@]
0
04 08 12 1.6 02 04 06
{:III|—|IIII|III:40 IIIIIII||I_I
. r 1 30
g
2 L ]
SRS - 20
B 1 10
0 s
00 05 1.0 0.0 1. .
diameter /nm diameter /nm
G P L B B R B
E - -
E - _
5 L :
g Lo 7
[a~1
5 B ]
(]
% sl - E
2 T r i
< T ’
T BT il B B
0 2 4 6 8 10

Figure 6-5 Histograms of nanoparticle (NP) diameters obtained from TEM
micrographs (see Figure 6-4) using Cell 6-1 (left-hand side) and Cell 6-2 (right-
hand side) while increasing cm to 1 (A, B) , 5 (C, D), and 10 mM (E, F); red
curves are Gaussian fittings. (G) Trend in the average nanocluster diameter at
pH 2 () and 5.5-6 (m) with increasing cm; error bars are based on 3 standard
deviations.
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the Au NP/poly-bis(DTF)pyrene film would be towards the aqueous solution phase. These
data are similar to our recent Au NP/poly-TT nanocomposite films;’ whereby, the NP
electrogeneration/electropolymerization process was proposed to occur in stages. Initially,
the Au salt and monomer interact directly across the ITIES and the oxidized monomer can
act as a capping agent. However, as the polymer film occludes the interface and the film
thickness increases, the oxidized monomer no longer has access to the forming NPs.
Nevertheless, the polymer is conductive and can mediate electron transfer between the
organic and aqueous phases. Thus, Au NPs continue to be generated on the aqueous side;
however, since diffusive access of the monomer/capping agent is likely limited by the
growing film, these particles are larger on the aqueous side than on the organic one.

When deposited on the glass substrate the film was ~1 mm in diameter and circular.
This is several orders of magnitude larger than the ITIES (25 um in diameter). During
electrogeneration, the ITIES was monitored continuously using a CCD camera attached to
a magnifying lens assembly and a black film was observed to grow into the aqueous side,
up the microchannel. Based on these observations, it is likely that the film folds as it grows
and has projections into the water side the interface. This may be owing to the low solubility
of the polymer in the aqueous phase and relatively higher solubility in the DCE phase.

Subsequently, films were deposited on conductive Au substrates and analyzed using atomic
force microscopy (AFM) as well as in the Kelvin probe force microscopy configuration (KPFM)
to measure the topography and surface potential/local work function of the films. In dual-pass,
amplitude modulation KPFM mode, the electrostatic force (Fes) between the AFM tip and the
substrate is related to the externally applied or direct voltage (Vpc) and the alternating voltage

(V4c(w,t) = Vysin(w,f)) by the following relation,**
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10C(z) ] 5
Fos(z,t) = _58—[(VCPD t Vpe) + Vosin(w. t)] o-4
z
in which o is the alternating voltage angular frequency, Vo is the amplitude of the

alternating voltage wavefunction, ¢ is time, and 0C(z)/0z is the capacitance gradient between

the tip and sample surface.***° Vcpp is the contact potential difference as defined by,

¢tip - ¢sarnple 6-5

Verp = o
—Co

whereby, ¢:ip and @sampie are the work functions of the tip and sample, while e is the

elementary electronic charge (1.601x10°!° C). Equation 6-4 can be separated into 3

components,*
oC(z) 1
Fpc=— 5 Vo  Vepp)® 60
oz 12
. 0C(2) . 6-7
Fo=— PR (Vpe £ Vepp)Vosin(w, t)
0C(z) 1
Fpp = (Z)—Voz[cos(Zwt) —1] 6-8
oz 4

F,, 1s the relationship employed to measure Vcpp in which Vpce and V¢ are controlled to
nullify the affects of the mechanical AFM tip or electrical force oscillations, such that F,
is a function of only Vcpp and Vuc; thus, the surface potential or work function values can
be extracted.

Figure 6-7 shows KPFM images for Au NP/poly-bis(DTF)pyrene films deposited on
Au substrates with work functions varying between 5.03 to 5.34 eV. Average bulk, metallic
Au has a work function of ~5.2 eV,* while most thiophene incorporated conductive
polymer films, e.g., PEDOT:PSS, are in the 4.8-5.6 eV range, which has been shown to be
highly dependent on water content and polymer annealing.*” Khoa et al.*® recently showed

a size dependence of Au NPs towards their work function; Au NPs deposited on graphene
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oxide demonstrated a decrease in work function from 5.73 to 5.35 eV when transitioning
from 40 to 5 nm in size. Thus, the low work function regions within the KPFM images in
Figure 6-7, likely correspond to areas dense in Au nanoclusters.

AFM was used to measure the thickness of films deposited on glass slides. A roughly
I pm % 1 upm area was excavated by the AFM tip to reveal the glass substrate and the area
surrounding it scanned. Figure 6-8B shows an example AFM image of a nanocomposite
film electrogenerated at the micropipette interface after 25 CV scans and using Cell 6-2
with [KAuCl4] =5 mM and [TT] 1 mM; whereby, the area labelled ‘Well’ corresponds to
the section physically removed by the AFM tip. Figure 6-8A shows a single line scan
moving along the x-direction and corresponding to the blue trace in Figure 6-8B. Root-
mean-square (RMS) analysis of the noise reveals a sensitivity of £0.9 nm assuming three
standard deviations, while the average distance from the top to the bottom of the Well was
considered to be the film thickness. At moderate pH, films were well formed and averaged
3.0 nm thick. However, at pH 2 they were not and only two were successfully sampled.
Using Cell 6-1 with [KAuCl4] =5 mM and [TT] = 1 or 5 mM films were measured to be
139.4 and 1.6 nm, respectively. For the former, it is likely the film was folded in on itself
complicating the analysis. The deposition of films onto other substrates, including metal
and glassy-carbon electrodes, is ongoing, as well as their spread-ability/wet-ability on
different materials; however, this is the focus of future work. Nevertheless, these results
are compelling and indicate that extremely thin films with highly accessible nanoclusters

are possible with this approach.
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Figure 6-6 SEM image of nanocomposite thin film deposited on a glass
slide. Film was electrosynthesized using 25 CV cycles at a micro-ITIES
using Cell 6-1 with 5 mM KAuCly (aq) and 10 mM 1 (DCE). (B) Magnified
section from (A) with, inset, a further increase in the order of magnification.
(C) Histogram of Au NP diameters measured from the images shown in
panels A and B; red trace is the product of Gaussian curve fitting.
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Figure 6-7 Kelvin Probe Force Microscopy (KPFM) images obtained from films developed at a
micro-ITIES after 25 CV scans and deposited on a gold substrate using Cells 6-1 (4-C) and 6-2
(D-F) with cm = 1, 5, and 10 mM in DCE for the top, middle, and bottom rows, respectively. Scale
bars are in ev.

These results also point to two other phenomena. First, the large area and extremely thin
characteristics of the final Au NP/poly-bis(DTF)pyrene film suggest that the film folds into the
aqueous side owing to geometric confinement within the microchannel at the pipette tip. Visual
observations made using the 12x zoom lens and CCD camera support this in that a dark area

extending 25-50 pm up the microchannel was observed. Secondly, since the film is readily broken
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apart by ejection from the pipette, the inner glass walls of the microchannel likely act as nucleation
sites with the nanocomposite film growing on the walls of the microchannel and along the ITIES,
i.e., the film is attached to the glass walls. Thus, this lowers the thermodynamic driving force

needed to initiate Au NP generation/electropolymerization, hence the lower observed AJ¢..

versus the calculated value. Herein, we refer to this as the ‘frozen pond’ mechanism.
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Figure 6-8 (4) Cross-section of AFM topography obtain at a Au NP/poly-bis(DTF)pyrene film electrogenerated at a micro-
ITIES after 25 CV cycles using Cell 6-2 with x and y equal to 5 and 1 mM and deposited on a glass substrate. (B) 2-
dimensional image of the film in which the blue line corresponds to the line trace from A. The area marked ‘Well’ was a
section of the film excavated by the AFM tip to determine its thickness. The cross-section in A has been baseline corrected to
the bottom of the ‘Well’ for emphasis.

To measure the conductivity of the film, a Pt UME with a radius of 12.5 pum fixed above
a 3-axis piezo-motor controlled stage, was brought into contact with Au coated slide with
and without film deposited on the surface; Figure 9A and B show the respective i—V curves
recorded. The film was generated using Cell 6-2 with 5 mM of KCIl and KAuCls in the
aqueous phase and5mMoflin DCE. The CV curve in Figure 9A shows a typical response
for a highly conductive material like Au with an ohmic response at roughly— 0.9 V, i.e., V'
=iR. Inverting the axes and using a linear fit of the current between the two plateau regions,
one obtains a resistance of ~6Q. Next, the Au substrate coated with the Au

nanocluster/poly-bis(DTF)pyrene composite shows a different i—V response which
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demonstrates negative resistance that resembles organic tunnel diodes as shown recently
for organic semiconductors.*>? Nevertheless, performing the ohmic linear curve fitting
one obtains a resistance of ~72Q. Based on this initial i—V profile, the film is likely an
organic semiconductor; however, more work beyond the scope presented here needs to be

done to characterize this property.
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Figure 6-9 i—V response curves for a 25 um diameter Pt UME in contact with an
unmodified Au coated silicon slide (4) and a slide modified withthe Au
nanocluster/poly-bis(DTF)pyrenefilm generated using Cell 6-2 (see Scheme 6-1) with
5 mM KAuCls(aq) and 5 mM 1(DCE) (B).
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6.5. Conclusions

Herein, simultaneous, electrochemically controlled Au nanocluster electrogeneration and
polymerization of a dithiafulvenyl- substituted pyrene molecule at a micro liquid|liquid interface
has been demonstrated. Miniaturization of the ITIES facilitates external electrolytic control of the
nanocluster-embedded film that would otherwise proceed via a spontaneous homogeneous
reaction in the bulk organic phase. Moreover, the combination of the specialized bis(DTF)pyrene
molecule with the micro-ITIES platform permits electrodeless generation of extremely small
(<1.7 nm) Au clusters. Altering the pH of the aqueous phase resulted in relatively poor film
formation at low pH, while improved film at moderate pH, which agrees with thermodynamic

calculations of Ag'¢.

Based on AFM and visual observations the film experiences nucleation at the glass
surface along the inner walls of the micropipette and grows across the ITIES surface,
similar to ice freezing on a pond. Additionally, the film likely continues to grow even after
covering the ITIES, folding up and into the aqueous phase.

The as-prepared films offer a facile strategy for generating low dispersity Au
nanocluster embedded conductive polymer films that can be used to modify a variety of
substrates for surface enhanced Raman spectroscopy (SERS) or electrocatalysis, as well as
a variety of other applications.
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Chapter 7

7. Conclusions and Perspectives

The objective of this thesis was to investigate heterogeneous electropolymerization at an
immiscible liquid|liquid micro-interface and generate a free-standing, thin film by dissolving a
monomer as electron donor in an organic phase and a metal salt as an electron acceptor in an
aqueous phase. The research program aimed to comprehend the HET (heterogeneous electron
transfer) mechanisms at the interface that lead to the development of oligomers and nanoparticles,
as well as investigate the mass transport processes that support HET. Additionally, the research
sought to examine the alterations of the ITIES (interface between two immiscible electrolyte

solutions) characteristics as oligomers and nanoparticles deposit at the interface.

In the first phase, we sought to fine-tune the size, shape, and uniformity of the nanoparticles
formed at an electrified interface. This was achieved through the use of ferrocene (Fc) as an
electron donor in the organic phase, and KAuCls dissolved in the aqueous phase, as detailed in
Chapter 2. The calculation for HET potential between Fc and KAuCly revealed that it was not
spontaneous, indicating the need for an external electrical field to induce the reaction.
Interestingly, the pH of the solution was identified as a crucial factor in controlling the size and
shape of the resulting NPs by influencing the interaction between Fc and hydroxide anions, with
ferrocenium acting as a capping agent during NP formation. As the ferrocenium cations get
shielded at higher pH values, leading to reduced stabilization of the forming Au NPs and an
increase in their size. In addition, the results revealed that the partition of ferrocene into the

aqueous phase, which is thermodynamically favored, constitutes a competing reaction pathway in
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the absence of an external electrical field. This mechanism resulted in the formation of particles

with random shapes and sizes.

To minimize the partitioning of the electron donor into the aqueous phase during the reaction
between Fc and KAuCly, a ferrocenyl moiety that was linked to the phosphonium core by an acyl
chain was used instead of the Fc in the system, as discussed in Chapter 3. This allowed the
investigation of the efficacy of a more hydrophobic electron donor. Electrochemical analyses
demonstrated that, while the modified ferrocene prevented the partitioning of the electron donor,
it also drew tetrachloroaurate into the organic phase, creating an alternative reaction pathway. To
limit electron transfer only to HET-type, DCE was substituted with an ionic liquid (IL), which also
took advantage of the supramolecular fluidic microenvironment of the IL. TEM images of droplets
extracted from the aqueous phase revealed that such conditions lead to favoring the formation of

Au nanoclusters with a diameter of less than 1.7 nm.

The next step involved the use of terthiophene (TT) as the electron donor and monomer for
the formation of a nanocomposite thin film at the w|DCE interface, as discussed in Chapter 4.
Cyclic voltammograms showed a HET wave in positive potentials, but calculations demonstrated
that the HET reaction between TT and tetrachloroaurate was not spontaneous. TEM and AFM
images provided evidence of a growth mechanism in which early Au NPs were small, <2 nm in
diameter, and TT acted as a capping agent that then transitioned into a period where the ITIES was
covered in the nanocomposite material, such that TT did not have access to the aqueous phase. In
the later stages of electrogeneration, the Au NPs were allowed to grow larger, >10 nm in diameter,
since coverage by poly-TT did not impede their growth. Cyclic voltammetric, TEM, and EIS
results indicated that a proton acceptor was necessary to facilitate TT", radical cation coupling;
therefore, neutral to basic pH regimes, >5.5, were needed to enhance electropolymerization at the
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liquid|liquid interface. AFM contact analysis indicated that after 25 cycles, the film was ~0.4 pm

thick.

As a further step, the feasibility of using a metal with a lower oxidation potential to form a
nanocomposite thin film at an ITIES was investigated, in this case Cu. Furthermore, the impact of
the size of the interface on the properties of the resulting nanocomposite films was investigated.
In Chapter 5, it was reported that the micro-ITIES displayed a well-resolved electron transfer wave
when the concentration of TT was 20 mM, due to lower uncompensated IR-drop when using the
micro-interface, while the large-ITIES exhibited a more complex CV profile that included anionic
doping and de-doping of the forming films at ITIES. The calculated or theoretical HET potential
at various monomer concentrations indicated that increasing the monomer concentration would
decrease the applied potential required, which was ultimately supported experimentally.
Impedance data confirmed that a 2D film covered most of the interface in less than 6 minutes at
20 mM of terthiophene, which later acts as a bipolar electrode facilitating HET at the interface and
3D growth of the film in organic and aqueous side of the ITIES follows. Preliminary voltammetric
results on a GC electrode modified with the Cu NP/poly-TT film electrogenerated at a 1.16 mm
diameter interface showed a more than 2-fold increase in the electrocatalytic CO» reduction current
compared to an unmodified electrode. However, a more comprehensive study is required to
completely understand the performance of the formed film at different sizes while keeping the
surface coverage and film deposition parameters optimized and comparable. Additionally, the
morphology of the nanocomposite film underwent significant changes for films formed at 25 pm
and 1.16 mm diameter interfaces, which may indicate that further optimization of nanocomposite
electrosynthesis is necessary, or the films were overloaded due to an improper balance between

the size of the films and the applied potential.
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In the final phase, described in Chapter 6, the impact of monomer chemistry was examined.
Specifically, a larger conjugated monomer was employed in the DCE phase to enable creating a
free-standing thin film through the simultaneous electrogeneration of Au nanoclusters and
polymerization of a dithiafulvenyl-substituted pyrene molecule (bis(DTF)pyrene) at a micro
liquid|liquid interface. Using bis(DTF)pyrene with the micro-ITIES platform, we were able to
generate extremely small Au clusters (<1.7 nm), indicating rapid polymerization and subsequent
fast deposition of the formed oligomers at the ITIES. The nanocomposite films exhibited highly
conductive properties and displayed negative resistance behavior within the range of —1.4 V to —
1.1 V, opening up exciting new research avenues with many potential applications in electronic

technology.

Controlling mass transfer is essential for manipulating the properties of forming
nanocomposite thin films.'™ Our research confirms that using a micro-interface in combination
with an external electrical field provides superior control over mass transfer. *® This is due to the
small uncompensated IR drop in a micro-interface, which enables more efficient potential control.
Additionally, micro-interfaces provide greater insight into the mechanisms of reactions at an
electrified interface than previous studies at larger interfaces.>~!! Our work has revealed that the
kinetics of polymerization reactions are significantly affected by the pH of the aqueous medium,
with high pH promoting faster reaction rates; while most previous studies relied on the use of the
ceric(IV)/cerous(III) sulfate redox couple in the aqueous phase, that requires an extremely low pH
to ensure this salt is solubilized.!"!*!?"'4 By adjusting the external electrical field, reactant
concentration, and aqueous phase pH, a specific polymerization reaction pathway can be favored,
and the mechanism of film formation can be directed towards either gradual or instantaneous

deposition. Furthermore, the nature of the non-aqueous phase strongly affects the film deposition
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mechanism and limiting reaction pathway at the interface, as shown in our preliminary results. To
fully understand the effect of the non-aqueous phase, further studies are necessary. EIS studies
shed more light on how the double layer structure changes at an electrified interface as the film
begins to form at the interface, and it can be used as a powerful tool for monitoring film growth at
an ITIES. While our preliminary results suggest that film formation is faster at the interface when
the solubility of forming oligomers is limited in the non-aqueous phase, and the reaction pathway
is limited to HET when the solubility of reactants is limited in the opposite phase, more research
is needed to draw definitive conclusions about the effect of non-aqueous phases on the

polymerization process at an electrified interface.

This work presents valuable physical insights into the fundamental principles of
electrodeless synthesis of materials and introduces a novel approach to controlling the formation
and morphology of nanocomposite thin films. The controllable reaction conditions and
reproducibility of the method make it highly suitable for industrial applications. The ability to
manipulate the electrical and mechanical properties of nanocomposite thin films is crucial for their
extensive use in biomedical and catalytic fields. However, the findings presented herein also
indicate the potential challenge of achieving uniform film formation using this approach. As the
film grows and covers the interface, the mobility of monomers and metal ions decreases, and the
film will evolve into a 3D Janus-type film. To prevent such issues, channels can be created in the
film structure, by employing charged particles that can be pushed and pulled based on applied

external potential, thus promoting the formation of a uniform film.

Future research will likely be anticipated to employ the chronoamperometry technique'® to
investigate the influence of applied potential on the characteristics of the developing film,
including molecular structure, molar mass distribution, tacticity, and chain topology. Exploring
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the manipulation of monomer chemistry to decrease oxidation potentia
functional groups to enhance the film's selectivity and sensitivity towards specific analytes,!” and
utilizing functional groups to enhance the film's mechanical stability through crosslinking'® are
promising avenues for exploration. Furthermore, the copolymerization of diverse monomers with
precise monomer sequence control, particularly in the case of condensative chain-growth, may be
feasible by applying positive and negative potentials to oxidize and reduce electroactive

19,20

monomers, -~ as highlighted in the introduction with regard to organic thin film transistors.

The polymerization process can be influenced by the characteristics of non-aqueous

1521 a5 the interaction between molecules and solvents governs molecular mobility and

solvents,
thereby affects reaction kinetics. Moreover, the nature of the interface formed between the aqueous
and non-aqueous phases plays a direct role in determining the reaction mechanism by favoring
specific pathways and reducing associated activation barriers. The presence of supporting

electrolytes stabilizes intermediate products, and it will be crucial for future research to evaluate

their impact on the overall electropolymerization process. '

Preliminary studies have revealed the potential inclusion of platinum and iron oxide
nanoparticles, as well as copper and gold nanoparticles, within nanocomposite thin films. Platinum
NPs are highly interesting due to their exceptional electrocatalytic properties. They exhibit
excellent catalytic activity for various important reactions, such as oxygen reduction,?? hydrogen
evolution,?® and carbon monoxide oxidation.?* Iron oxide nanoparticles, on the other hand, offer
distinct magnetic properties and exhibit excellent biocompatibility, making them particularly
valuable for biomedical applications.?® Their surface can be modified with diverse molecules to
enhance stability, biocompatibility, and targeted functionality, rendering them suitable for use in
biocompatible electrodes for Parkinson's disease treatment. Furthermore, iron oxide nanoparticles
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possess catalytic properties relevant to environmental remediation, including CO, reduction,?®
water treatment?’ and pollutant degradation.?® In addition to exploring the chemistry of individual
metals, alloy deposition of metal nanoparticles at ITIES? has demonstrated feasibility and
represents a means to finely adjust and optimize the properties of nanocomposite thin films for

specific purposes.

Gaining a comprehensive understanding of the fundamental physical and chemical processes
involved in interfacial polymerization is crucial for advancing the field. Therefore, the
incorporation of microscopic and spectroscopic tools to effectively analyze reaction products and
potentially intermediates, ideally with atomic resolution, becomes imperative. Moreover, the
integration of in-situ spectroscopic techniques in conjunction with electrochemical methods,
particularly electrochemical impedance spectroscopy (EIS), will be essential for a thorough
investigation of reaction kinetics and a deeper comprehension of the mechanisms governing the
formation of nanocomposite thin films. A key aspect will involve the adjustment of monomer and
metal salt concentrations, as well as the inclusion of other additives, to precisely tailor the
properties of the films to meet specific requirements. The technique's notable feature lies in the

potential for continuous feeding of initial reactants and continuous removal of final products.
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Appendix A

A. Supporting Information for Chapter 2
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Figure 0-1 CVs obtained using Cell 2-3 with pH = 8.5, dissolved [KAuCl4] = 10 mM, and
varying crefrom 0.1 to 30 mM. All other parameters are the same as those given in Figure
2-2 of the main text.
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Figure A-2 TEM micrographs obtained from aqueous phase droplet samples taken directly from the
micropipette after 20 s immersion (A) and after 30 s applied potential at 500 mV (B), using Cell 2-2 with 1
mM KAuCly and 10 mM HCl in the aqueous phase as well as 3 mM of Fc in the organic phase. Histogram of
Au NP size is shown inset in B.
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Appendix B

B. Supporting Information for Chapter 3
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Figure B-1 CVs obtained at a 25 um diameter inlaid disc Pt ultramicroelectrode
(UME) immersed in a DCE solution of (4) 0.1 mM Fc and 1 mM 1 (see Figure 3-
1 of the main text) or (B) individual 50 uM solutions of Fc or 1. All solutions also
contained 5 mM PssssTB as supporting electrolyte, employed a Ag wire as
counter/quasi-reference electrode, and were swept at a rate of 50 mV s~'.
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Figure B-2 Voltammetric response at a 7 um diameter inlaid disc carbon fiber UME
immersed in PssssTB containing 100 mM of Fc and 1 (FcIL, see Figure 3-1 of the main
text) performed at a rate of 50 mV s and ~60°C, while using an Ag wire as a
counter/quasi-reference electrode.
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Figure B-3 Histogram of Au NP diameters measured from TEM
micrographs of aqueous phase sample taken after one i-V scan using Cell
3-3b with 1 mM KAuCly and 500 mM of 1 in PssssTB.
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Appendix C

C. Supporting Information for Chapter 4

C.1. Micropipette Fabrication

For micropipette fabrication, a borosilicate glass capillary (1.16 mm/2.0mm internal/external
diameter) was fixed in an electric puller (PC-100-CA, Narishige, Japan). The capillary was
centered within the pullers heating coil and pulled gravimetrically using a weight fixed to the
bottom; whereby, two tapered tips were generated. A hand torch was then used to seal the tapered
ends of the capillaries. Approximately 1.5 cm of Pt-wire (25 um in diameter, Goodfellow Inc.)
was loaded into the capillary through the open end and pushed into place in the other tapered end
using a ~1 mm diameter copper wire. Under vacuum (a small hose was attached to the open end
of the capillary), the Pt-wire was annealed in place using the electric puller and suspending the
tapered end inside the heating coil. Next, by using increasingly fine grinding/polishing pads,
including 12, 4 and 3 pm FibrMet aluminum oxide Abrasive discs (Buehler), a smooth cross-
section of the capillary was achieved and confirmed via visual inspection using an optical
microscope. Polishing was also used to achieve an Rg > 50 (Rg=r¢/a), where rg is the outer glass
radius and a is the Pt disc radius. The Pt-wire was then etched via immersion in aqua regia (3:1

ratio of HCI:HNO3) for up to 7 days generating a 25 pm diameter microchannel.!*
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C.2. Terthiophene Electropolymerization Mechanism
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Figure C-1 General electropolymerization mechanism of terthiophene through the formation of a cation-radical and subsequent
substitution at the o-carbon.
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Figure C-2 CVs obtained using Cells 4-1 (4, B), 4-2, (C, D), and 4-3 (E, F) in which the [TT]
was 5 and 15 mM in DCE for the left- and right-hand panels, respectively. Arrows indicate
scan direction. All other instrumental parameters were the same as indicated for Figure 4-2 of

the main text.
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Figure C-3 plot of the CV showing the oxidation of TT in DCE at a carbon fibre ultramicroelectrode (7
um in diameter). The potential scale has been referenced towards SHE using ferrocene and assuming

(B, L =0645005V 7
C.3. Heterogeneous Electron Transfer ~ basic aqueous phase
For the heterogeneous, liquid|liquid electron transfer, one begins with a modified version

of the Nernst equation,>*

0 + u
ET T fpp /au PrT* /TT”Au(HI)/AuF [AuCl(4_y)(OH)y_] [H,-TT]}[OH )6~
: : RT [Cl71¢—D
AVp =E2RY — B +—Tn — log[OH™]®™)
oPrr = Eqr frr Aullhy T 6F [AuCliy—y,(OH); |[H, — TT]3 gLl
AW¢ _ EO', DCE _ EO’, H,O +g In [Cl_](4—y) _ glog [OH—](G—]/)
rEr T e AL 6F U\ [AuCly_yy (OH);|[H, — TT]3)  3F

[C1]

Neglecting the 3™ term on the right-hand side for simplicity, one arrives at,
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' . (0,059 V) (6 —y) [
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T /Au 6
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Appendix D

D. Supporting Information for Chapter 5
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Figure D-1 Histogram of Cu NPs sizes embedded in poly-TT after 25 CV
scans using Cell 5-1 with [TT] = 10 mM in DCE.
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Figure D-2 (4) 25 CVs recorded in succession using Cell 5-2 at
a large, 10 mm diameter ITIES with [CuSO4] = 1 mM, [TT] =5
mM, and a scan rate of 0.020 V s~'. The first and every subsequent
Sth scan are displayed. Black arrows indicate scan direction,
while dashed, purple arrows the evolution of current signals with
each CV cycle. (B) SEM micrograph of the Cu NP/poly-TT film
extracted from the large ITIES cell after the CV experiments
shown in A and deposited on a glass slide. (C) and (D) are energy
dispersive X-ray (EDX) spectra of the corresponding points
indicated in B.
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Figure D-3 TEM micrographs and histrgrams of Cu NP sizes taken of Cu NP/poly-TT film
electrogenerated at a 1.16 (A, B) and 10 mm (C, D) deposited on Au 200 mesh lacy carbon/ultra-thin
film TEM grids. Cu NP sizes were measured using ImageJ sofiware.
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Figure D-4 Photograph taken after the 1.16 mm diameter ITIES capillary was
carefully removed from the organic phase. The thin, nanocomposite film can be
seen covering the surface of the aqueous droplet.

D.1. Thermodynamics of Interfacial Electron Transfer

Using the fundamental equations for heterogeneous electron transfer at liquid|liquid

interfaces described by Johans et al.! and others,? one can develop the following from general

chemical reaction given in equation 5-5 of the main text as follows,

DCE ", HO
Eq?t = E

w
0 ¢ET TT" /

DCE " H,O
AZV¢ET E("i"T / - E%u(IIZ) / -
cu
H,O
E)’V¢ET E‘("; E((qu(H2) /

RT In([Cu?*][H,-TT]2[OH ]?)

uavy cu Mrrey  Acudn, F
TT Cu

RT RT

o In([Cu?*][H,-TT]?) — ﬁlog[OH_]Z [D1]
RT RT

- ﬁ, ln([Cu2+][H2-TT]2) - FIOQ[OH_]Z

Neglecting the 3™ term on the right-hand side for simplicity, one arrives at,
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w " DCE ' H,O
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D.2. Micropipette/Cell cleaning procedure
All capillaries and glass electrolytic cells were cleaned extensively before use to prevent

contamination between experiments. The cleaning procedure was as follows:

1. Rinse the capillary (or electrochemical cell) with DI water.

Note: capillaries were rinsed using a syringe equipped with a flexible needle
(MicroFil 28G, World Precision Instruments) and the inner solution was removed from
the capillary using a small diameter tubing with one end attached to the house-air or N»
line and the other affixed by hand to the micropipette end of the capillary, while holding
a Kim-wipe at the open end of the capillary to catch the cleaning solution. Use caution as
only a weak air/N> flow is needed. During sonication, capillaries were suspended in a
20 mL scintillation vial filled with DI water by drilling a hole in the plastic cap large
enough to hold the capillary in place. Multiple holes were drilled in the cap and several
capillaries were suspended in this way, in one scintillation vial at a time.

2. Fill the rinsed capillary/cell with a solution of 0.1 M KMnOy in 0.2 M H2SO4 and leave it
to stand overnight.
3. Empty the washing solution and rinse with DI water to remove any remaining KMnQO4

solution left inside.
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4. Fill the capillary/cell with a cleaning solution composed of 1 mL H>0> (30%), 1 mL H2SO4
(95%) in 500 mL of DI water (piranha solution) and sonicate for 10-20 min. It is important
not to exceed 20 min of sonication when cleaning the large ITIES electrochemical cells, as
the solution can etch the glass and cause leaking around the Pt embedded electrodes.

5. Dispose of the cleaning solution in an appropriate container and rinse the capillary with DI
water using the syringe with flexible needle and compressed air/N».

6. Next, fill the capillary with DI water and sonicate for 20 mins.

7. Finally, rinse the cell with DI water and it is ready to use.

D.3. References
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Appendix E

E. Supporting Information for Chapter 6

E.1. Modified Pipette Holder:

Figure 0-1 Photographs of the assembled (4) and partially disassembled
(B) micropipette holder with integrated working electrode connected to
an SMA adapter and shielded coaxial cable which is connected to the
head-stage (not pictured) of the HEKA potentiostat. The body of the
holder was fabricated from PEEK, i.e., poly(ether ether ketone), by
Memorial University’s Technical Services Department.

216



E.2. Micropipette fabrication

Micropipettes were fabricated from a single borosilicate glass capillary (1.16 mm/2.0mm
internal/external diameter, Sutter Instruments). The capillary was installed inside of an electric
puller (PC-100-CA, Narishige, Japan) with the heating coil situated towards its middle and pulled
by a weight affixed to the bottom end. In this way, two tapered tips were generated. Next, a hand
torch was used to seal the tapered ends of the capillaries. A ~1.5 cm long segment of Pt-wire
(25 pm in diameter, Goodfellow Inc.) fed into the open end of the capillary and pushed down into
the tapered end using a ~1 mm diameter copper wire. A vacuum line was attached to the open end
of the capillary which was held inside the electric puller. The capillary was place under vacuum
for ~5 min, and then the Pt-wire was annealed in place using the electric puller and suspending the
tapered end inside the heating coil. Next, by using increasingly fine grinding/polishing pads,
including 12, 4 and 3 pm FibrMet aluminum oxide Abrasive discs (Buehler), a smooth cross-
section of the capillary was achieved and confirmed via visual inspection using an optical
microscope (AmScope). Polishing was also used to achieve an Rg > 50 (Rg = r¢/a), where rg is the
outer glass radius and « is the Pt disc radius. The Pt-wire was then etched via immersion in aqua

regia (3:1 ratio of HCI:HNO3) for up to 7 days generating a 25 pm diameter microchannel.!”

E.3. References

1. R. Moshrefi, A. Suryawanshi and T. J. Stockmann, Electrochem. Commun., 2021, 122, 106894.
2. Q. Jiang, H. E. Reader and T. J. Stockmann, ChemElectroChem, 2021, 8, 1580-1587.

3. R. Moshrefi, E. P. Connors, E. Merschrod and T. J. Stockmann, Electrochim. Acta, 2022, 426,

140749.

217



