Ph.D. thesis

Synthesis, characterization, and
testing of catalytic nanomaterials
- greener route to synthetic methods

Alcina Johnson Sudagar

http://rcin.org.pl



< IChF

NUNT

Ph.D. thesis

Synthesis, characterization, and testing
of catalytic nanomaterials
— greener route to synthetic methods

Alcina Johnson Sudagar

Supervisor: Prof. Wtodzimierz Kutner, Ph.D., D.Sc.

Auxiliary supervisor: Dr. Krzysztof Noworyta, Ph.D.

The thesis was prepared within the International Doctoral Studies in Chemistry
at the Institute of Physical Chemistry, Polish Academy of Sciences in Warsaw, Poland
in the Molecular Films Research group, in collaboration with the Prof. Francis D'Souza group

at the University of North Texas in Denton, TX, USA.

Warsaw, August 2022

Biblioteka Instytutu Chemii Fizycznej PAN ] U - ?

F-B.556/22 | e

L1

100000001100

= -

http://rcin.org.pl



ii

http://rcin.org.pl



Thereis light at the end of the tunnel,
the tunnel though, as long as the mind conceived

Thc soul caught in the forest maze

as A[icc in some wonderland

When a light flashed into the abgss
it saw Pcrpctual darkness

Thc qucst found that the end was naug[':t

continuum was all it saw
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Abstract

The present dissertation involves the development of nanomaterials for catalytic applications.
Toward that, molecularly imprinted polymer (MIP) films were devised, fabricated, and tested
for selective electrosynthesis of an industrially important chemical. Moreover, silver
nanocomposites were synthesized using green chemistry methods for photo- and
electrocatalytic applications.

2,2'-Biphenols are widespread motifs in natural products, forming the backbones of highly
potent ligand systems in catalysts and pharmaceuticals. For that, 3,3',5,5'-tetramethyl-2,2'-
biphenol (TMBh), a 2,2'-biphenol derivative, was chosen as the target of selective
electrosyntheses. The industrial synthesis of biphenols leads to several different products.
Obtaining high selectivity for this synthesis is challenging. Therefore, our research focused on
improving the selectivity and yield of the TMBh electrosynthesis. Accordingly, the successful
MIPs were prepared using the TMBh product as the electropolymerization synthesis template
and the carboxylate form of p-bis(2,2';5',2"-terthien-5'-yl)methylbenzoic acid functional
monomer 2 (FM-2) to provide non-covalent interactions. The resulting MIP films were
characterized, and then the MIP film-coated electrodes were used for electro-oxidation of the
2,4-dimethylphenol (DMPh) substrate. The MIP film-coated electrode provided selectivity of
~39% for synthesizing the desired TMBh product. The effectiveness of the imprinting in
electrosynthesis was confirmed using the non-imprinted polymer (NIP) film-coated electrode
and bare electrode as the controls.

Nanosilver is an attractive material due to its interesting electronic and optical properties.
Therefore, the "green" synthesis of silver nanomaterials for application in catalysis is gaining
popularity. Herein, we developed a method of synthesis of silver nanocomposites by valorizing
the brewing industry wastes. These wastes are a growing concern because of difficulties with
their disposal. Therefore, there is a high demand for these wastes to be reused or recycled for
alternate applications. Our project focused on understanding the potential of the wastes to
synthesize nanoparticle (NP) composites. We prepared the nanocomposites by a "one-pot"
eco-friendly and cheap process. The nanocomposites were then characterized in depth using
several techniques to determine their chemical compositions and structural properties. In the
final step, the nanocomposites containing silver, silver phosphate, and/or silver chloride were
tested for photo- and electrocatalytic applications. Some of the nanocomposites fabricated did
exhibit photoactivity and promising photocurrents. However, the nanocomposite films'
preparation method needs further optimization to remove difficulties with charge
recombination and hindered charge transport. Moreover, these green nanomaterials revealed
appealing electrocatalytic activity for the oxygen reduction reaction (ORR) by positively
shifting its reduction potential by ~100 mV.
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Streszczenie

Niniejsza praca doktorska obejmuje opracowanie nanomateriatdbw do zastosowan
katalitycznych. W tym celu zaprojektowaliSmy i wytworzylismy polimery wdrukowane
molekularnie (ang. molecularly imprinted polymers, MIPS) umozliwiajace selektywng
elektrosyntezg przemystowo istotnego zwigzku chemicznego. Ponadto, za pomoca metod
,»zielonej chemii” przygotowaliSmy nanokompozyty zwigzkdéw srebra i zastosowali$my je jako
foto- 1 elektrokatalizatory.

2,2'-Bifenol to strukturalny motyw czesto wystepujacy w naturalnych produktach
chemicznych. Tworzy one szkielet wielu ligandow spotykanych w katalizatorach i
farmaceutykach. Dlatego jako cel naszej selektywnej elektrosyntezy wybraliSmy pochodng
2,2'-bifenolu, 3,3'.5,5'-tetrametyl-2,2'-bifenol (TMBh).  Przemystowa synteza bifenoli
prowadzi do wielu produktéw. Opracowanie wysoce selektywnej syntezy tych zwigzkow to
duze wyzwanie. Nasze badania skupily si¢ na podwyzeszniu zarowno selektywnosci jak i
wydajnosci syntezy TMBh. W tym celu przygotowalismy MIP z zastosowaniem produku
reakcji (TMBh) jako szablonu i zdeprotonowanego kwasu p-bis(2,2';5',2"-tertien-5'-
yl)metylobenzoesowego jako monomeru funkcyjnego (FM-2). W ten sposob zapewnione
zostaly oddziatywania niekowalencyjne. Otrzymane warstwy MIP-u scharakteryzowaliSmy a
nastepnie elektrody pokryte tym polimerem zastosowalismy do elektroutleniania substratu,
2,4-dimetylofenolu (DMPh). Elektrody pokryte warstwami MIP-u zapewniaty selektywno$é
~39% wzgledem pozgdanego produktu, TMBh. Efektywnos$¢ wdrukowania w elektrosyntezie
potwierdziliSmy za pomocg elektrosyntez kontrolnych z zastosowaniem elektrody pokrytej
warstwg polimeru niewdrukowanego (ang. non-imprinted polymer, NIP) i elektrody
niepokryte;j.

Nanosrebro to materiat atrakcyjny ze wzgledu na interesujace wlasciwosci elektryczne
I optyczne. Rownoczesnie, ,zielona” synteza nanomateriatdbw zawierajacych srebro do
zastosowan w katalizie zdobywa coraz wigksza popularno$¢. W niniejszej pracy
opracowali$§my metod¢ syntezy nanokompozytéw na bazie srebra wykorzystujac materiaty
odpadowe przemystu piwowarskiego. Odpady te coraz trudniej utylizowaé. Dlatego
poszukuje si¢ sposobow ich wykorzystania.

W ramach niniejszego projektu ocenili$my mozliwo$ci zastosowania odpadow przemystu
piwowarskiego do syntezy kompozytow nanoczasteczkowych.  Nanokompozyty te
przygotowali§my za pomoca przyjaznej ekologicznie, taniej syntezy ,,jednego garnka”.
Nastepnie, z wykorzystaniem szeregu technik do§wiadczalnych, okreslilismy sktad chemiczny
1 wyznaczyliSmy struktur¢ nanokompozytow. Po czym nanokompozyty zawierajace srebro,
fosforan srebra i/lub chlorek srebra sprawdzilismy pod wzgledem ich przydatnosci do foto- i
elektrokatalizy. Niektore z badanych zwigzkéw wykazaly obiecujaca fotoaktywnosc.
Jednakze sposob przygotowania warstw nanokompozytéw wymaga dalszej optymalizacji w
celu wyeliminowania nadmiernej liczby defektow i1 probleméw z rekombinacjg nos$nikow
tadunku oraz utrudnionym transportem ladunku. Te ,,zielone” nanomateriaty wykazaly
rowniez interesujace whasciwosci elektrokatalityczne wzgledem reakcji redukcji tlenu (ang.
oxygen reduction reaction, ORR). Potencjal redukcji tlenu dodatnio przesunat si¢ 0 ~100 mV.

XXii

http://rcin.org.pl



Table of contents

Declaration of originality v
Acknowledgments vii
Funding X
List of scientific accomplishments XI
List of abbreviations Xiii
List of symbols XVii
Abstract XXI
Streszczenie (Abstract in Polish) XXii
1 Introduction 2
L1 SCLECHIVILY tuviiiiiiiiiiiieieet ettt 2
O O 1 71 | ) TS TSP P PR 3
1.3  Molecularly imprinted polymers (MIPs) for selective electrosynthesis............ 10
1.4 Green nanomaterials for catalysis........cccuviiiiiiiiiiiiiii 28
1.5  Thesis aimMs and SCOPE......cuerrerierririeiiieiiaiese et 42

2 Experimental techniques and methods 44
2.1  Theoretical background ............ccocueiiiiiiiiiiiiii 44
2.1.1  Experimental teChNIQUES...........cccueiviiiiiiiiiiiiiiccieieseee e 44
2.1.2  Characterization t€ChNIQUES........c.eevivieiiiiiiiiiie e 56

2.2 EXPerimental Part.........ccoooioiiiiiiiiieiieeiie et 80
2.2.1 Molecularly imprinted polymers (MIPS).......ooouvviiiiiiiiiiiiiiiiiiiiiiieieeeieieeeee 80
2.2.2  SilVer NANOCOMPOSILES ...c.vveuvirireiriiririiesie ettt 93

http://rcin.org.pl




3 Molecularly imprinted polymers (MIPs) for

selective electrosyntheses 101
T8 A 2 To] o1 [P SSSPS 102
3.2  Density functional theory simulations to prescreen functional monomers (FMs)

.......................................................................................................................... 103

3.3  TMBh template and functional monomers (FMs) binding.............ccccevvenene. 107
3.4  Preparation of molecularly imprinted polymer (MIP) and control non-imprinted
polymer (NIP) fillmS......c.ccovoiiiiiiiiii e 113

3.5 SOIUHION AZINE .evviviiiieii et 120
3.6  Characterizing optimized MIP-2 and NIP-2 films...........cccoocvvvveiiiiiiinnnnnnnnnn. 126
3.7  Selective TMBN electroSyNthesis .........ccovviieriiiiiiiiiinieneee e 132
3.8 CONCIUSIONS ....eiiiiiiiiiiiiiiic e 146

4 Green silver nanocomposites for catalytic applications 149
O S 0o o L] SO OPPP 150
4.2 Analysis of the brewery wastes COMPOSIHION........c.veriiverieiiniiciieiesreseeins 150
4.3  Characterization Of NANOCOMPOSILES ...eevvvrriiiririiiiieiiiiie st e e 153
4.4  Discussion and CONCIUSIONS ........ccuoveierirriine i 192

5 Overview, summary, and future prospective 196
Annex 200
References 206

http://rcin.org.pl




http://rcin.org.pl



Introduction

1.1 Selectivity

Selectivity is derived from the Latin word 'selectus,’ the past participle of 'seligere’ wherein 'se’

stands for 'apart,’' and 'legere' means 'to gather or select.' Selectivity is a crucial attribute that
results in effective and efficient processes. There are several fields in which this attribute plays
a decisive role in successful process development. Studies have revealed that our brain encodes
and retains significant memories selectively that strongly affect the life quality of the
individuals by prioritizing some valuable information at the cost of several other trivial pieces
of information 1. This value-directed remembering framework has facilitated efficient memory
systems as humans age through their lifespan 2. Moreover, drug selectivity in pharmacology
IS a critical attribute that defines the drug's ability to affect a particular population of a cell,
gene, protein, or signaling pathway discriminately to others to produce a targeted effect 2.
In analytical chemistry, selectivity enables more discriminating and sensitive methods to
identify and quantify the desired analytes with less interference from similar or dissimilar
components 4. Furthermore, reaction selectivity enables one reaction channel to become
energetically favorable. Research has focused on enhancing this selectivity by modulating the
systems' chemical, compositional, electronic, kinetic, energy, and structural factors °. There is
a perpetual search for the most selective process that could yield unprecedented efficiencies,

resulting in cost-effective and resource-efficient technologies.
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1.2 Catalysis
1.2.1 Understanding catalysis
The word 'catalysis' has Greek origins derived by Berzelius in 1835 from the words 'kata'

meaning go down and 'lysis' or 'lyein’ meaning letting 6. Catalysts form the backbone of several
chemical reactions in the chemical industry. Catalysis involves ~90% of processes in this
industry 7. Moreover, catalysts are essential in environmental protection technologies.
Although the "catalysis" term was not coined or understood for a long time, catalytic reactions
have been a part of human evolutionary technologies from ancient times. For centuries,
enzymes have catalyzed the sugar fermentation to ethanol and ethanol conversion to acetic
acid. The earliest evidence of fermentation of sugars in fruits, honey, and rice to alcohol dates
back to 7000 — 6600 BCE in Neolithic China 8,

Moreover, the art of wine-making can be traced back to ~6000 BCE in Georgia in the
Caucasus region of Eurasia. However, the systematic study and development of the catalytic
process were not before two centuries. Afterward, there has been an exponential increase in
the discovery and application of catalysts in several monumental technological processes.
Berzelius used the "catalysis" term to explain several transformation reactions. According to
Berzelius, catalysts possessed special powers that affected the affinity of chemical substances
6. In 1895, Ostwald defined a catalyst within the laws of physical chemistry as a substance that
"accelerates a chemical reaction without affecting the equilibrium position" °. An alternative
path for the reaction, which might be more complex but energetically favorable, is pursued in
catalysis. That means the catalytic reaction's activation energy is significantly lower than the
uncatalyzed reaction, resulting in an increased catalytic reaction rate. However, the overall
free energy change is the same for catalyzed and noncatalyzed reactions. Hence, the reaction
equilibrium is not affected by a catalyst. Ergo, a thermodynamically unfavorable reaction
cannot be activated by a catalyst. Notably, a catalyst can only change the reaction kinetics, not
its thermodynamics.

Catalysis is defined as a cyclic process wherein one form of catalyst binds to the substrate,
and the product is released from another catalyst form, thereby regenerating the initial state
(Scheme 1.1) ¢7. Although a catalyst should not be consumed under ideal conditions during
the reaction, competing reactions can induce chemical changes in the catalyst, which may lead
to its deactivation ’. Therefore, catalysts need to be regenerated or replaced after some cycles.
Moreover, catalysts influence the selectivity of chemical reactions and accelerate the reactions

indicating that different products can be obtained using different catalysts.

3
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Scheme 1.1. The potential energy difference between a non-catalyzed reaction and a reaction
catalyzed by a heterogeneous catalyst (adapted from 7).

Catalysts can be gases, liquids, or solids, wherein solids interact only through their surface.
Catalysts are indispensable in preparing organic intermediate products essential for producing
globally significant materials like dyes, pharmaceuticals, plastics, pigments, resins, and
synthetic fibers 1°. Catalysis can be heterogeneous when the catalyst has a different physical
state than the substrate or homogeneous when the catalyst and substrate are in the same physical

state °.

1.2.2 Heterogeneous catalysis

Heterogeneous catalysis occurs on the catalyst surface in a gaseous or liquid environment 2.

Therefore, the design of material surfaces is the most crucial aspect of achieving high
selectivity and efficiency in heterogeneous catalytic processes. Heterogeneous catalysis has
played a central role in science in enabling carbon-neutral, sustainable technologies with
minimum waste because the catalyst can be easily separated after the reaction. Breslow, Bard,
and Fox pursued rational designing of catalysts in 1995 12,

The soaring global demand for food, chemicals, and energy has led to increased COz2
emissions, raising the alarm to develop catalysts for driving monumental processes, including
biomass conversion, CO2 reduction, chemical syntheses, and water splitting. Approximately
25% of industrial energy is used in catalytic processes; therefore, these processes' energy

consumption and environmental impact can be decreased by increasing catalytic efficiency 3.
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The catalytic ammonia synthesis, developed in the early 1900s, is a powerful example of
heterogeneous catalysis's huge potential impact on the world (Scheme 1.2) ', This process led

to a histrionic increase in agricultural production enabled by synthetic ammonia fertilizers.

>

1

. 1

Heterogeneous catalysis 1
1

1

How much do we know? &

Knowleclge

et

Scheme 1.2. Overview of the growth in the field of heterogeneous catalysis (adapted from '4).

A fundamental understanding of catalytic processes and surface reactions has led to
pronounced advances in experimental and theoretical methods of heterogeneous catalyst
preparation. Moreover, innumerable novel materials, including size-controlled nanoparticles
(NPs), and hierarchical and hybrid materials, are now available in the library of catalysts °.
Furthermore, theoretical modeling has extensively been studied in designing efficient catalysts.
The optimization of a catalytic process is initiated by studying detailed reaction mechanisms
on pre-defined model systems under the catalytic conditions, which aids in predicting new
reactions. In this approach, the conditions in the model studies mimic those under operative
catalytic conditions.

In nature, enzymes selectively, and in some instances specifically (i.e., 100% selectively),
catalyze numerous biochemical reactions. The enzyme active site binds the substrate.
Functional groups precisely arranged in this site are involved in intermolecular interactions
with the substrate. Hydrogen bonding, van der Waals, and electrostatic intermolecular
interactions are responsible for substrate molecular recognition '®. Other functional groups in
the enzyme body activate the substrate, stabilize the transition state, and minimize the
activation energy of the reaction. These interactions drive the reaction in a specific pathway,

and the desired product formed has a low affinity for the active site. Therefore, it dissociates

5
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or changes the enzyme's structural orientation, leading to the product being expelled. When
the product is released, the enzyme restores to its original state and is ready for the subsequent

turnover of the catalytic cycle.

Product

¥

Substrate a

. . Active site

AEm me-substrate A Enzyme-product A
Rl 7 T ot 7 complex 7‘

complex

Substrate b
. . Active site

/

v v
. Enzyme-bubbtrate % Enzyme-product A ‘ |
; ]

| ¢
\ ea . | : complex complex Enzyme

Scheme 1.3. (a) The "lock-and-key" and (b) "induced fit" mechanism in enzyme catalysis for
selective substrate transformation to a product (adapted from 13).

One of the models explaining this enzyme-substrate interaction is the Lock and Key model
(Scheme 1.3a) postulated by Emil Fischer in 1894. In this model, the enzyme and substrate
molecules' shapes should be complementary, fitting perfectly, like a lock and its key '"!8. The
enzyme will bind to the substrate and catalyze the reaction if their shapes are complementary.
But, enzymes also exhibit conformational flexibility. Therefore, a modification to the 'lock
and key' model was postulated by Daniel Koshland. This modification, called the 'induced fit'
model, states that the enzyme's active sites can change their conformation during interactions
with the substrate (Scheme 1.3b). In this case, the 'lock' (enzyme) is considered a dynamic
entity, and the 'key' (substrate) modulates the 'key hole' conformation. When the correct
substrate interacts with the enzyme active site, it induces the required conformational changes

for the desired outcome. The 'induced fit' model is more widely accepted for enzyme catalysis
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as it accounts for substrate specificity for an enzyme as not all substrates can be catalyzed even
though their molecular shape requirements to bind to the active site are satisfied. Research has
focused on replicating this intricate enzymatic catalytic design because of the finesse of this
catalysis to obtain high selectivity. This shape-selective catalysis is mimicked in molecularly
imprinted polymers (MIPs).

However, a major part of heterogeneous catalysis occurs at the surface of metals,
insulators, and semiconductors, pure or composite materials that involve the adsorption of the

19-20

substrate onto the surface through chemisorption Herein, the catalysis is structure-

sensitive wherein the edges, fissures, kinks, peaks, and steps of crystal structures are considered

21 The chemisorption results in the bond

active sites that selectively catalyze reactions
formation between the catalyst and the substrate, lowering the activation energy for the desired
product formation. However, depending on the heterogeneity of these active sites, several
different reactions could occur, as in oxidations where both the substrate and gaseous oxygen

have to be activated 2.

1.2.3 Electrocatalysis and selective electrosynthesis
The exponential rise in energy demands and environmental pollution has stimulated research

into more sustainable energy production, including solar, hydropower, and wind energy
production as a replacement for fossil fuels energy production ?2. In this regard, the direct
application of electricity produced using sustainable sources has become a challenge as these
energy sources are sporadic in space and time. Therefore, electrochemical processes have
come to the rescue, allowing renewable energy storage and conversion.

The electrodics part of electrochemistry is defined as a surface science that involves
physicochemical phenomena at the electrode-electrolyte interface, resulting in the
interconversion of chemical and electrical energy 2. Electron transfer between two species
interacting via a chemical reaction results in the conversion of the chemical reaction energy
into the electrical energy related to electron transfer between the two species. The oxidation
and reduction involved in every electron transfer must be separated to utilize the electrical
energy for technological applications. Therefore, the electrochemical system contains an
electron-conducting phase, which can be a metal conductor or a semiconductor, an ion-
conducting phase, i.e., the electrolyte that enables the chemical separation, and the interface
between the electrolyte and electrode where the oxidation-reduction reactions occur 24,

Fundamental electrochemical system features include (i) electric potentials difference across
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the phases and interfaces, (ii) charge transport across the ion-conducting and electron-
conducting or electron-semiconducting phases, and (iii) chemical redox reactions at the
interfaces 2.

There 1is a significant difference between electrochemical reactions and
non-electrochemical heterogeneous reactions. The chemical changes in the former result from
the potential or current applied to the electrified interface of the ion-conducting electrolyte and
the electrode surface, whereas in the latter, the chemical changes involve bond making or
breaking without potential or current application 2. In addition to parameters, such as reactant
concentration and temperature, the surface, nature, and morphology of the electrode, which
acts as the catalyst, iS a significant factor affecting the electrocatalytic reactions.
Electrocatalysis occurs on this active surface site, paving the pathway for electron transfer
(Scheme 1.4). Electrocatalysis aims to accelerate electrochemical reactions occurring at the
electrode surface 2°. However, the overpotential, i.e., the difference between the
thermodynamic redoX potential of a half-reaction of the redox reaction and the experimentally
determined potential of the redox event, arises because Of kinetic potential losses at the
electrodes, and transport potential losses in the electrolyte must be minimized at high currents
27, Contrastingly, selective electrosynthesis is a surface process that selectively produces
desired chemicals. However, the materials used do not necessarily exhibit catalytic properties.

The selectivity can result from blocking Side reaction pathways, e.g., by the electrode surface

coating.
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Scheme 1.4. Catalyzed reaction leading to product formation at the catalyst-coated electrode
surface.
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In 1928, Bowden and Rideal observed different currents for a reaction at different
electrode surfaces under the same electrode potential conditions and termed this phenomenon

as catalytic electrode reactions 2%,

Interesting electrocatalytic applications, such as
hydrocarbon electro-oxidation and oxygen electro-reduction, have been developed since the
1800s that could be applied for driving fuel cells 2°°. Electrocatalysis has thus become a
crucial green technology for energy conversion and storage through reactions like carbon fuels
oxidation reaction, CO2 reduction reaction (CO2RR), hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and nitrogen reduction
reaction (NRR) 31, One of the most successful organic electrosynthesis is the C—C bond-
forming in carboxylic acids, olefins, organic halides, and different aromatic compounds *2.
Organic electrosynthesis has become one of the most efficient and powerful routes to oxidant-
and reductant-free chemical transformations through anodic oxidation and cathodic reduction.
Stoichiometric amounts of oxidants or reductants are not required, and the waste generation is
consequently minimized, thereby labeling the organic electrosynthesis process as a greener
synthetic strategy than traditional methods 33,

However, large-scale electrocatalysis has been limited as researchers have struggled with
developing suitable catalysts combining high activity and stability, durability, and low cost.
The past decade has witnessed great strides toward developing such efficient electrocatalysts.
The factors crucial for improving the electrocatalyst performance are the constitution, size,
surface, and support of the electrocatalyst. Catalysts prepared using two or more metals have
yielded higher electrocatalytic activity owing to the electronic interaction and synergistic effect

between the different components 4.

Moreover, nanostructures reveal a higher density of
active centers, which significantly enhances the catalytic efficiency of the materials **. The
surface design of the catalyst plays a major role as the reaction occurs at the surface. Therefore,
the surface must be carefully engineered to achieve high surface-active centers to improve
electrocatalyst activity. Moreover, the catalyst support affects the catalytic efficiency of the
active material depending on the porosity and surface area of the support, which can affect the

uniform dispersion of the catalyst 3.
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1.3 Molecularly imprinted polymers (MIPs) for selective
electrosynthesis

Molecularly imprinted polymers (MIPS) are attractive enzyme mimics with immense potential

for selective catalysis **. However, these MIP materials have not been widely explored yet for
metal-free catalysis/selective synthesis.  Therefore, developing and understanding the
mechanistic aspects of these MIPs and their catalytic activity is significant to enable extensive
advancement in this field. Herein, we will discuss the preparation and application of these
MIPs in catalysis/ selective synthesis to understand the current scenario and future prospective

of these imprinted materials.

1.3.1 A historical outlook on molecular imprinting
In 1931, Polyakov discovered that silica particles exhibited higher selectivity for the

adsorption of the additives used in the preparation of silica gel materials than other structurally
related ligands 37. His student Dickey further developed the imprinting concept. He used
methyl orange as the template during silica gel preparation, which proved the shape-selective
affinity of the inorganic silica materials towards the template dye over other dyes *. Then,
K. Mosbach and B. Sellergren reported pioneering works with organic imprinted polymers in
the 1980s *>*! and, separately, G. Wulff in a series entitled "Enzyme-Analog Built Polymers"
since 1973 ** and the term "imprinting" was defined during this period. Mosbach and
Sellergren developed separation and sensing materials **, whereas Wulff extensively applied
MIPs for catalytic reactions **. While the Mosbach group focused on non-covalent interactions
between the template and host, the Wulff group applied covalent binding to prepare imprinted
polymers #°. The major difference between the two methods is the required template removal
techniques. Furthermore, the covalent synthesis yields more homogeneous binding cavities
because the covalent bond stability results in higher target selectivity. However, covalent
imprinting is less flexible as the requirement of reversible covalent interactions limits the
templates and functional monomers (FMS) suitable for covalent imprinting applications. In
contrast, these restrictions in non-covalent imprinting are relatively fewer. Mosbach and
co-workers proposed the "self-assembly" approach in which non-covalent adducts between a

4 The non-covalent interactions between

template and FMSs resulted in cavity formation
templates and FMSs usually rely on hydrogen bonding, which has favorable interaction energy
in nonpolar solvents. The template molecules usually contain polar functional groups or sites,

including heteroatoms like oxygen and nitrogen, the primary target points of molecular
10
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imprinting.  Strong interactions with the few heteroatom-based functional moieties are
responsible for binding the template to the MIP in nonpolar organic solvents and determining
the effectiveness of the interactions. The analyte binding to the MIP also occurs through the
same non-covalent interactions. Facile MIP synthesis and the availability of many FMSs
suitable for non-covalent interactions are the reasons why non-covalent molecular imprinting
is more widely explored. For catalytic applications, desired functional groups can readily be
introduced in cavity design in non-covalent imprinting to enhance catalytic activity.
Nonetheless, the imprinted cavities are not uniformly distributed over the polymer matrix,
which decreases the selectivity of the interactions over the polymer surface. Some reports also
describe semi-covalent imprinting pioneered by Whitcome and coworkers #’. In this approach,
the covalent bonding forms the template-monomer complex during MIP preparation, and
non-covalent interaction is used for analyte binding to the MIP.

MIPs can be prepared using both organic and inorganic materials. Early examples of
molecular imprinting used silica to bind organic dye templates, and the silica was cross-linked
using sol-gel condensation **. Although inorganic imprinted materials using silica * or metal
oxide networks *° are still being explored, there has been a paradigm shift to MIPs prepared
using organic compounds primarily because free radical polymerization is more compatible

s 51, MIPs are highly selective and sensitive to the target analyte.

with several template structure
Several FMs have been used to enhance molecular recognition. MIPs are mechanically stable,
resistant to high temperatures and pressures, and inert to chemically aggressive media like
acids, bases, and organic solvents, in contrast to biological catalysts like enzymes. Moreover,
MIPs are cheap, and their storage life is long, with recognition capacity unaffected for several
years under room temperature. Large-scale MIPs' preparation in any desired form, including

beads %2, gels °3, membranes **, microcapsules *°, monoliths 3¢, NPs ¥/, and thin films %, is now

readily possible.

1.3.2 Principles of molecular imprinting
The progress in synthetic chemistry and engineering primarily depends on the catalysts'

efficiency. Ultilizing the principles of enzyme catalysis to develop new catalytic materials
provides a promising pathway. Therefore, research has focused on preparing enzyme analogs
artificially with high catalytic activity and selectivity at par with enzymes. These enzyme
mimics have the advantage of higher accessibility and stability and the ability to catalyze

various reactions. Moreover, they can help understand the characteristics of enzyme catalysis

11
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in greater detail by methodically simplifying and varying the functional groups forming parts
of the active site *°. Molecular recognition forms an intrinsic part of several biologically
essential systems like enzymes with their substrates, antibodies with their antigens, and
hormone receptors with their hormones, wherein the two parts are complementary and fit
exclusively . This recognition of biomacromolecules is now widely applied in affinity
technology in biomedical and analytical chemistry °!. However, the biomacromolecules are
unstable outside their native environment, so integrating them into industrial fabrication is a
big challenge **%2. Moreover, their low abundance and unavailability of a natural receptor for
a target molecule of interest limit their extensive use. Ergo, the way forward is to build the
macromolecules artificially and incorporate receptors capable of recognizing and binding the
desired target with a high affinity and selectivity. Molecular imprinting of synthetic polymers
is one of the notably facile ways to achieve artificial macromolecular receptors . Molecular
imprinting applies the above-discussed lock-and-key model to recognize the imprinted species,

called template . It has been extensively developed in the past decades to recognize biological

69-70 71-72
2

and chemical molecules, including amino acids and proteins %8, drugs 7%, explosives

food >4, pollutants 7>, and even whole bacteria ’® and viruses 7’. Moreover, molecular
imprinting has been used for separating and purifying 8, chemical sensing ’°, catalyzing and

36

synthesizing °°, and biological applying, including drug delivering, imaging, and tissue

engineering 3081,
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Scheme 1.5. The principle mechanism of molecular imprinting exhibiting the enzyme-
mimicking activity.
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The underlying principle of molecular imprinting is as follows (Scheme 1.5).

1. A complex is formed between the target molecule used here as the template and an FIM
or several FMs in solution. The intermolecular interactions between the FMs and the
template that drive the complex formation can either be non-covalent like hydrogen

bonds, dipole-dipole, van der Waals, electrostatic interactions, or covalent %82,

2. A three-dimensional polymer network is formed in excess of cross-linking monomer
(CM) presence. This network is rigid and forms the imprint of the target molecule in

the polymer.

3. After polymerization, the template is removed from the polymer structure resulting in
molecular recognition cavities that are complementary in chemical functionality, shape,
and size to the template molecule. Therefore, the resulting MIP recognizes and

selectively binds the template molecules.

The MIP preparation begins with the dissolution of the template, FM, and CM in a solution.
The FMs are selected based on their interaction with the template molecule to enable the
formation of a stable template-monomer complex which is fundamental for successful
molecular recognition. Often, theoretical simulations have been applied to screen FMs by
studying complex formation "in silico" 8. Experimental studies of monomer-template
interaction can also be used to find appropriate functional monomers capable of strong

interactions with the selected template 3%,

The study of molecular interactions will be
discussed later in this chapter. Worth mentioning, however, that the monomer cost, solubility,
structural stability, and reactivity are also significant in the selection process *.

The complex consisting of monomers positioned around the template is fixed by
copolymerization with CMs. The template molecules' removal from the polymer by washing
with solvents or acid/base solutions vacates the cavities resulting in binding sites
complementary to the template molecule. Thus, the MIP is a macroporous matrix containing
cavities complementary to the template. Consequently, the resultant polymer is capable of
selectively binding the template molecules. The binding sites possess unique characteristics
emanating from the intermolecular interactions, as in the case of enzyme active sites. Control
non-imprinted polymers (NIPs) are also prepared similarly to MIPs but without the template

molecule. Therefore, the NIPs would be void of the cavities that act as recognition units. Only

non-specific interactions between NIP and the target molecule are expected.

13
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1.3.3 Understanding molecular interactions
Molecular interactions between templates and FMs significantly affect the recognition

properties of the MIPs, as discussed previously. Excessive amounts of FMs lead to high
nonspecific interactions because of binding sites' overabundance randomly distributed in the
polymer matrix. On the other hand, too low amounts of FMs result in fewer cavities due to
insufficient extent of molecular self-assembly, thereby adversely affecting the selectivity of the
MIP system 3¢, Ergo, stoichiometric interactions between monomers and templates are crucial
for yielding the highest selectivity. Spectroscopic studies like Fourier transform infrared
(FT-IR) %% nuclear magnetic resonance (NMR) 3% 8 and ultraviolet-visible

(UV-vis) % spectroscopy, as well as theoretical simulations 3¢ 912

of the pre-polymerization
complex have been developed to aid monomer selection and gain a deeper understanding of
the imprinting process. In spectroscopic studies, titrating the FMs to the template should shift
the overall spectral bands. The stoichiometric ratio is attained when the shift is maximal, and
no further shift in the spectrum is observed with a further increase in the monomer amount.
The thermodynamic analysis application to molecular recognition for identifying the individual

molecular characteristics contributions to the binding free energy, discussed by Nicholls, can

be used for studying the pre-polymerization complex formation *>.
AGping = AGyyr + AG, + AGy + AGyg, + Z AGpy + AGeon + AGyay Equation 1.1

AGy;ing 1s the Gibbs free energy of complex formation, AGy, . is the translational and rotational
free energy, AG, is the complexation restriction on rotors, AGyis the energy of hydrophobic
interactions, AGyp, is the energy of residual vibrational modes, AGy, is the energy of polar
interactions, AG.q ¢ is the energy related to the adverse conformational changes and AGqw
represents the Gibbs free energy change due to unfavorable van der Waals interactions.
Several successful examples of molecular studies can be seen in literature 3. UV-vis
analysis indicated complex formation between a template L-2-chloromandelic acid and
functional monomer acrylamide. Accordingly, HyperChem simulations showed a higher
binding capacity of the MIP to L-2-chloromandelic acid than other analogs with a chiral
separation factor of 1.76, yielding a highly selective separation by the MIP *4. The FTIR band
shifts representing the strength of non-covalent interaction between the template
2-aminopyridine and the functional monomer were compared to those of the template isomers

3- and 4-aminopyridine yielding a clear correlation between the template pKa and the degree
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of molecular interactions %%. Moreover, NMR shifts due to molecular interactions have been
used to calculate dissociation constants, consequently enabling the prediction of binding
selectivity of MIP ?°. However, there have still been issues in observing several systems'
molecular interactions. For example, the complex of 2,4-dichlorophenoxyacetic acid and
4-vinylpyridine occurs involving several different interactions, including van der Waals
interactions such as the n-m stacking between aromatic rings of the template and monomers,
hydrophobic interactions, and the strong electrostatic interaction between the template acid
group and the pyridine molecule of the basic monomers %°. All these interactions were visible
clearly in the NMR spectra. Contrastingly, the norephedrine template—-methacrylic acid
monomer complex exhibited only one of the electrostatic interactions between the acid
carboxylate functional group of methacrylic acid monomer and the norephedrine hydroxyl and
amino groups in NMR analysis because 0f the intramolecular bonding between the hydroxyl

8. This pre-polymerization complex

group and amino groups of the template molecule
consequently led to the formation of MIP with low selectivity. As several interaction points
are essential for a successful MIP formation *, observing and studying all possible interactions

is crucial.

1.3.4 Preparation methods for molecularly imprinted polymers (MIPs)
As the MIP morphology is determined by the synthesis method, it is essential to analyze the

technique suitable for obtaining MIPs for a specified application. Several different MIP
preparation methods (Scheme 1.6) have been developed, i.c., the sol-gel method, free-radical
and controlled/living polymerization, nanoscale and surface imprinting, and
electropolymerization. Here, typical MIP preparation techniques are briefly described before

moving to the major technique for this project, electropolymerization.

In free radical polymerization, three major steps are involved *°.

1. Free radicals are generated by decomposing an initiator, which attacks the double bond
of a monomer, leading to intermediate radical formation. That is the rate-limiting step
of the polymerization reaction.

2. The next step is propagation, wherein the polymeric chain is formed by successive
monomer additions to the growing macroradical.

3. The final step is termination which can occur either by macroradical recombination or

by disproportionation yielding a double bond.
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Scheme 1.6. Molecularly imprinted polymer (MIP) preparation methods.

There are several types of free radical polymerization. The first is the bulk polymerization
technique, in which a rapid reaction occurs in a bulk solution at atmospheric pressure under
mild conditions. Generally, an initiator is thermally or photothermally decomposed to obtain
free radicals that react with monomers in the solution, thereby starting the polymerization
process. The bulk polymerization method is inexpensive, rapid, and straightforward that does
not require heavy instrumentation. Generally, MIP blocks are crushed and passed through
sieves to get specific particle sizes, typically in micrometers °’. However, this technique suffers
from a long processing time and low affinity due to the irregular shape of particles that contain
heterogeneously distributed cavities. Advanced free radical polymerization techniques like
emulsion, precipitation, multi-step swelling, and suspension polymerizations have been
developed to overcome the shortcomings of the bulk polymerization technique.

Emulsion polymerization involves polymerization occurring in the presence of two
immiscible media, e.g., oil in water. The surfactants are dissolved in the continuous phase
(water), and the initiators, template, functional and cross-linking monomers are in the dispersed
phase (oil). When the solution is vigorously ultrasonicated or stirred, emulsification occurs,

leading to stable monomer micelles that are then polymerized to form MIP . The
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homogeneous distribution of cavities on monodispersed particles can be obtained simply using
this technique. However, sometimes the surfactants can contaminate the MIP particles.
In multi-step swelling polymerization, seceds of materials such as polystyrene or titanium
dioxide are used to grow uniform polymer layers. Firstly, the seeds are swollen in a free radical
initiator micro-emulsion. Then these swollen particles are dispersed in another solution
containing the polymerization complex, which adsorbs onto the seed surface, after which
polymerization gets initiated. These steps can be repeated multiple times to obtain polymers
of different thicknesses. It is possible to control the polymer formation by varying parameters
such as initiator concentration and dispersion solution phases. Although this technique yields
monodispersed MIP particles, the process is quite extensive, and using water as the solvent can
adversely affect intermolecular interactions between the template and functional monomers
that are significant for efficient MIP formation *’.

The precipitation polymerization involves bulk polymerization in the presence of an
excess solvent. When initiator, template, and monomers are added to the excess solvent,
polymerization leads to the growth of chains that will precipitate when they grow long enough
to become insoluble in the solvent and can be centrifuged **. This technique is quite promising
as it does not require surfactants yet exhibits high homogeneity and control over polymerization
extent that can be altered by modulating the porogen, stirring conditions, and polymerization

temperature 7.

In suspension polymerization, droplets containing the pre-polymerization
complex are suspended into a surfactant-containing continuous liquid phase resulting in
mini-bulk reactions in each droplet yielding polydispersed MIP particles "*. The template
extraction process is easier in this technique than bulk polymerization, however the use of
surfactant is still a disadvantage as stated above and moreover, when water is used as the
continuous phase it can affect non-covalent hydrogen bonding interactions significantly.

The one-step sol-gel synthesis method offering some advantages over free radical
polymerization starts with using a catalyst like acid, base, or ions such as F to dissolve a metal
oxide precursor (M(OR)an). The next stage is hydrolysis, followed by polycondensation, which
yields a highly stable crosslinked inorganic polymer gel. Ethyl orthosilicate (TEOS) and
methyl orthosilicate (TMOS) are the most commonly used precursors for introducing the
imprinting template into the inorganic network, resulting in cavity imprinting during the
formation of the gel . This method has several advantages like simplicity and cost-
effectiveness of preparation. Large-scale synthesis of highly porous and chemically,
mechanically, and thermally stable MIP particles with a high surface area can be achieved.

High-temperature template extraction is performed, resulting in efficient template removal.
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Moreover, the cavity lifetime is longer as these silica-based materials yield strong, stable
structures resistant to harsh template extraction conditions *. This method produces highly
homogeneous materials at the molecular level without using expensive chemicals like initiators
and surfactants. However, the sol-gel MIPs have to be studied using complex analytical
techniques like HPLC, and they have suffered from delayed response time and low
sensitivity 219,

The controlled / living polymerization can be of different types, namely, atom transfer
radical polymerization (ATRP), nitroxide mediated polymerization (NMP), and reversible
addition-fragmentation chain transfer (RAFT) polymerization method. This technique also
offers advantages over the free-radical polymerization method. In contrast to free radical
polymerization, this technique uses a transition metal catalyst in RAFT and a chain-transfer
reagent in ATRP to grow polymers in a controlled fashion, yielding highly selective materials
% The NMP technique involves a thermally reversible termination reaction in which an alkyl
radical is formed as an active species and nitroxyl radical as a dormant species by the homolytic
cleavage of the C—ON bond of alkoxyamine that control the reaction '°*. These techniques are
majorly applied for preparing the core-shell type of MIP NPs. The central issue in these
techniques is that oxygen, polar functional groups, and protic solvents need to be used, which
can lead to unwanted side reactions. Another issue is that as cross-linking in MIP is required
to maintain the structural integrity of the binding cavities, cross-linking monomers have to be
used, resulting in partial or total loss of control over the polymer molecule sizes. Moreover,
the template molecules can interfere with polymerization. However, this process can still help
improve the matrix's structural stability and allows for highly controlled polymer structure
formation.

Generally, conventional MIP preparation methods result in deeply embedded cavities that
suffer from incomplete template extraction and sluggish mass transfer ®. Therefore, the
surface imprinting approach is applied wherein, as the name suggests, most of the binding
sites are concentrated on the surface of MIPs, which enhances template extraction efficiency
and the mass transfer rate ’*. Carriers, such as carbon nanomaterials, metal NPs, metal-organic
frameworks, and quantum dots, are popular structures over which the imprinted material is
present 12, These processes are quite extensive, which also adds to the preparation costs.
Therefore, it can be seen that simpler methods are necessary that would still yield uniform MIP
systems.

Electropolymerization is predominantly used if films must be deposited on conducting

or semiconducting substrates. Electropolymerization enables high control of the polymer
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nucleation and growth rates and thereby the film thickness by adjusting the charge passed
during film deposition 1%, Moreover, the film morphology can be modulated by varying the
supporting electrolyte and solvent used. Electropolymerization can be performed under
galvanostatic, potentiostatic, or potentiodynamic conditions. Moreover, this technique is
simple and is considered greener as fewer chemicals are required. Therefore, this technique is
one of the popular methods of MIP preparation. The polymer film formed could be charged or
neutral as solvated counter ions enter and leave the film during its growth. This counter ion
transport through the polymer film in the oxidation-reduction cycles can result in periodic film
swelling and shrinking, generating defects 1%, Notably, the template should be electroinactive

in the region where the polymerization occurs, which can limit the targeted molecules pool.

Polyacetylene

Polypyrrole

Polythiophene

PEDOT
o

| '
Polyfuran PANI

Scheme 1.7. Structural formulae of some common conducting polymers.

Electroactive monomers are a class of compounds that can polymerize to form either
conducting or non-conducting polymers. A major group of conducting polymers contains
electrically conducting polymers. These polymers' electronic properties, including magnetic,
conducting, and optical features, can be comparable to those of metals °+1%, However, they
are fabricated like and exhibit properties of traditional organic polymers. Several stable
conducting polymers, like polythiophene 7, polyacetylene ', polyfuran ', polypyrrole *1°,
polyaniline (PANI) %, and polyethylene dioxythiophene (PEDOT) 2, have been successfully

synthesized for numerous applications (Scheme 1.7). Notably, these polymers have found
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113

application in commercial display modules , batteries !4

, electrophosphorescent

115 116 117

light-emitting devices **°, supercapacitors ' °, and superconductors These conducting
polymers can be prepared chemically using an external reactant or electrochemically by
electropolymerization.

The early MIPs prepared for applications like chemosensing were nonconducting. They
were synthesized using free-radical polymerization in the presence of an initiator and light or
heat to induce this polymerization ''#12°, In the chemical synthesis of MIPs, the template and
a vinylic or acrylic FM are non-covalently preassembled in solution followed by bulk
polymerization. Gravimetric or optical transduction methods must be used for MIPs with
insulating acrylic or vinyl polymers. They lack a direct path for electron conduction from the
recognition units to the electrode '?°. Redox probes with the so-called "gate effect" or
conductivity measurements can be used with such non-conducting polymers if used in
electrochemical sensors 2. MIP films with acrylic or vinyl polymers suffer from incomplete
template removal. Several procedures have been developed to deposit MIP films directly on

22 coating a polymer solution

transducer surfaces, including depositing composite membranes *
123 and electropolymerizing an electroactive monomer '>*, Notably, the MIP films obtained
using electropolymerization firmly adhere to the transducer surface and are readily and quickly
prepared 1%, Moreover, easy control of film thickness and morphology, high reproducibility,
and the possibility of using aqueous solutions make electropolymerization an attractive MIP
synthesis route '?°. With the evolution of the MIP technology, molecular imprinting has used
conducting polymers like those discussed above to avoid undesirable effects such as
irreproducibility in film thickness. The electrochemically fabricated MIP films can be prepared
as compact films or grains with sizes ranging from a few tens to a few hundreds of nanometers.
Therefore, such MIPs can be considered nanomaterials. The film thickness can also be
precisely controlled by fixing the charge passed through the system. Furthermore, these
polymers are sparingly soluble and highly structurally rigid, which helps preserve the imprinted
cavity's integrity after template removal "2, For the current project, MIPS were prepared by
anodic electropolymerization because the ultimate goal was to obtain MIP films deposited on
electrode surfaces that could be applied for selective electrosynthesis.

124.126 {5 the most common electrochemical method used to prepare MIPs

Anodic oxidation
using conducting polymers, although some examples of cathodic deposition '"'?% have also
been shown. The formation of a polymer film and counter ions doping in the film through
oxidation coincide. The monomer oxidation potential leading to polymerization is generally

higher than the potential of oxidation of oligomeric intermediates or the polymer. In this
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method, the template, as well as functional and cross-linking monomers, are dissolved in an
electrolyte solution, and the film is formed by potentiodynamic or potentiostatic
electrodeposition. The technique is quite facile and does not require additional chemicals as

initiators, surfactants, or terminators.
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Scheme 1.8. Thiophene electropolymerization mechanism (adapted from '%%).

A simplified mechanism postulated for the electropolymerization of a thiophene
electroactive monomer (Em) involves alternate electrode (E) and chemical (C) reaction
steps 9712 During the potentiodynamic electropolymerization of Em (Scheme 1.8), a radical
cation (F) is formed in the first electrode step, E of thiophene electro-oxidation indicated by an
anodic peak at ~1.60 V vs. Ag/AgCl. The second step is a chemical step, C, in which F reacts
with Em forming a protonated dimer form of radical cation G. Subsequently, G is electro-
oxidized to the doubly charged o-dimer H at the electrode. When the two protons are
eliminated from H, a neutral dimer | is formed, which is then oxidized in the next electrode
step resulting in the formation of the radical cation J. Afterward, J reacts with Em in the
chemical step. The steps follow the ECE'C'E"C"E"'C" mechanism to form the trimer, M. The
dimer I has a lower oxidation potential of ~1.10 V vs. Ag/AgCl than the monomer Em, which

results in a more efficient and faster polymerization at lower potentials. The oxidation potential
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of the trimer is even lower. Therefore, thiophene dimers and trimers are generally more
preferred than monomers. Polythiophenes are highly chemically and mechanically stable,
thereby maintaining the structural integrity of the imprinted cavities even if the template is

extracted under harsh conditions.

1.3.5 Crucial factors affecting electrochemical MIP preparation
The MIP preparation depends on the target compound and its application. The functional

monomer, cross-linking monomer, and solvent must be carefully chosen to obtain successful
MIPs. Additionally, electrolyte choice is essential for successful electropolymerization.

As a stable template-functional monomer complex is crucial for preparing MIPs, the
interaction between the template and the functional monomers is a vital factor determining
the MIP systems' efficiency. So, it is essential to screen functional monomers, study their
interactions with the template using simulations or experimental titrations, and determine the
stoichiometric ratio of the template to functional monomers that will result in the strongest
interactions %1%, Moreover, the interactions should be dependent on the nature of the template
and monomers to yield selectivity to these molecular interactions. Furthermore, the functional
monomer should be soluble and stable in the electrolyte solution. Multi-point interaction
between the template and functional monomers is vital to achieving superior MIPs . The
monomers are also chosen based on their application, as for large-scale synthetic applications,
cheap monomers are preferred to maintain the cost of the system low.

The second essential component is the cross-linking monomers. The cross-linking
monomer defines the durability, morphology, and rigidity of the MIP °’. The morphological
features are important for MIPs as they directly affect MIPs' binding capacities. The rigidity
of the MIP is crucial for maintaining the integrity of the cavities after template extraction.
Several cross-linking monomers are used if porous materials are desired 2. Moreover, the
binding capacity of a MIP is observed to increase with the increase of the cross-linking
monomer amount to a certain value, after which no further effect or adverse effect on binding

capacity is observed *°,

However, too low cross-linking monomer amount can result in
inhomogeneous MIPs with an excess of binding sites, consequently leading to unsuccessful
template removal and non-specific interactions. Therefore, it is important to optimize the
cross-linking monomer amount. Additionally, the functional monomer and the solvent used

will affect the cross-linking monomer selection.
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Another critical factor is the solvent used for the polymerization, as it acts as the medium
where the template and the monomer molecular interact. The solvent must be able to dissolve
the template and monomers and stay inert during the polymerization. Moreover, if the solvent
has a high solvation value, it would protect the cavities and prevent strong interactions with the
template, thereby decreasing the recognition capacity of the MIPs *°. The water presence can
also affect the hydrogen-bonding interactions; therefore, organic solvents are preferred 31, The
solvent polarity plays a significant role in the MIP system. Solvents of low polarity are better
as they do not interfere much with the molecular interactions between the template and the
monomer. However, the low solubility of polymers in low polar solvents can result in fast
precipitation of MIPs 132, Additionally, the electrolyte is a significant factor. The size of the
electrolyte ions, conductivity, and stability in the potential range of electropolymerization is to
be accounted for when selecting the electrolyte. The electrolyte ions affect the morphological
homogeneity of MIPs 13, Electrochemical potential control is a significant parameter affecting

the MIP films' morphology.

1.3.6 Catalysis and selective electrosynthesis by molecularly imprinted
polymers (MIPs)

Although molecular imprinting affords molecular recognition ability, it does not automatically

lead to the catalytic ability of the resulting MIP 8, Therefore, research has primarily focused
on understanding the underlying mechanism in enzyme catalysis to achieve selective catalytic
activity. Selective catalysis requires a specified arrangement of functional groups around the
template to yield suitable binding sites complementary to the substrate's chemical structure. A
successful ~ example of  substrate  binding  provides the  hydrolysis  of

L-phenylalaninamide by chymotrypsin enzymes 13413,

Such binding of the substrate and
enzyme induces significant changes in the three-dimensional orientation of the amino acid
residues and the peptide chain present in the active sites. When the FMSs are correctly oriented
around the substrate, catalysis in such a cavity results in a firmly bound reaction's transition
state as the active sites more precisely accommodate this state. This preferential binding of the
transition state in the cavities lowers the reaction activation energy, thereby increasing the
reaction rate and demonstrating high catalytic ability. Therefore, the active sites' shape and the
functional groups' arrangement in the MIP cavities should complement the transition state's
chemical structure. The transition state should precisely fit the MIP cavity to yield a catalytic

ability similar to enzymes. MIPs have been used as catalytic microreactors to obtain

regioselectivity and stereoselectivity °°. In that case, the MIP is imprinted with one of the
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products of the reaction. The similarity between the product and the imprinted site decreases
the free energy change accompanying that reaction pathway, resulting in the desired product
formation. Enantioselective C—C bond formation inside a chiral cavity using optically active
amino acids '*7 and regioselective 1,3-dipolar cycloaddition '*® has been achieved using the
product templating approach. Imprinting the intermediate transition state may also yield

enzyme-like properties, decreasing the reaction activation energy '%.

However, as the
transition states of a reaction are usually unstable, stable template analogs have been explored
for catalytic applications of MIPs. Selective MIP catalysts with transition state analog
imprinting have been developed for the ester and carbonates hydrolysis and several other
synthetic transformations 40141,

One of the earliest works on catalytic carbon-carbon bond formation using the MIPs
reports cobalt(Il) containing artificial class II aldolase MIP particles, successfully applied for
aldol condensation of benzaldehyde and acetophenone to produce chalcone with an eight times

higher product formation under harsh conditions using dimethyl fluoride at 100 °C for several

weeks (Scheme 1.9) 142,
A { o o }

Scheme 1.9. (A) Aldol condensation of acetophenone (2) with benzaldehyde (3) to produce
chalcone (4) and the reactive intermediate analog dibenzoyl methane (1) used for MIP
preparation. (B) MIP-mediated catalytic aldol condensation of acetophenone (2) and
benzaldehyde (3) to produce chalcone (4) '*.
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Enantioselective MIPs mimicking class II aldolase for the catalysis of C—C bond formation
resulted in a 55-fold enhancement in the reaction rate of camphor with benzaldehyde than the

homogeneous uncatalyzed reaction 43

. Catechol imprinted catalysts derived from palladium
(Il)-phosphine complexes exhibited performance superior to those prepared using
conventional polymeric ligands owing to their semi-rigid ligand geometry in the carbon-carbon
coupling reaction ', After several catalytic cycles, the imprinted metalloenzyme effectively
retained the palladium and catalyst efficiency. Moreover, a polymer imprinted with a
palladium complex functionalized with a crown ether receptor near the metallic site has been
successfully used to enhance the catalytic activity of the reactive site in the Suzuki coupling
reaction '**. Defined imprinting assemblies lead to higher synergism between the recognition
unit and the metal. A recent account of imprinted catalysts for coupling reactions reports high
selectivity towards the C—C bond formation in the Suzuki cross-coupling reaction. However,
the product yield significantly varied based on the substrate steric volume and shape '%°.
Notably, metal-free shape-selective catalyst materials have not been widely studied for
catalytic C—C bond formation using MIPs.

Organic MIP catalysts are mostly insoluble. Therefore, they can be filtered off after a
reaction and placed in a flow reactor. However, the MIP catalysts prepared so far largely
depend on understanding enzyme catalysis > 147, There are several demerits in this technology,
one of which is selectivity. The MIPs cannot outperform even catalytic antibodies, let alone
enzymes. The lack of a generic protocol for preparing MIP catalysts has resulted in limited
growth in this field. Ergo, significant strides are required to advance the MIP catalyst
technology to a practically viable scale. A strong focus on improving the stability and

selectivity of the imprinted catalysts is essential to create possibilities for practical applications

of these enzyme mimics.

1.3.7 Biphenols as candidates for selective electrosynthesis using molecularly
imprinted polymers (MIPs)
The 2,2'-biphenols are widespread structural motifs in natural products and pharmaceutical

compounds 48147

. They also form the backbones of some highly potent ligand systems in
transition metal-based catalysis %53, A particularly representative compound of this group
is the TMBh. Some examples of applying the 2,2'-biphenol motifs used as ligand backbones
include phosphite or phosphoramidite ligands containing copper '** or rhodium 1*° that catalyze
the asymmetric addition of alkyl radicals resulting in the formation of double bonds. Moreover,

these motifs are found in the ligands containing palladium applied for catalyzing the Heck
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alkylation 3¢ and the allylic alkylation '3’. TMBh is a significant ligand building block for the

158159 " one of the largest fields in homogeneous industrial

catalysts used in hydroformylation
catalysis. Therefore, TMBh can be considered a crucial chemical for industrial catalysis.
TMBh is primarily synthesized through the oxidative homocoupling of DMPh (Scheme 1.10).
Conventionally, chemical methods using stoichiometric or over-stoichiometric amounts of

160-161 * Several transition metal catalysts, including

oxidants are applied for this homocoupling
cobalt, iron, rhodium, and ruthenium, have also been tested '621%*, However, the yield and
selectivity of these methods toward TMBh are low, extensive preparation methods are applied,
and they also produce large quantities of waste. Moreover, the catalysts or oxidants used for
this homocoupling are generally expensive and toxic. Therefore, the conventional chemical
methods developed for TMBh synthesis are inefficient and require hazardous chemicals.
Hence, developing alternative synthesis routes for the oxidative homocoupling reaction is

crucial.
T

@)
Oxidation
: 1 + ()
HO
O

.

Scheme 1.10. A general oxidation route of DMPh homocoupling leading to TMBh.

Electrosynthesis can be a prospective alternative pathway of TMBh synthesis, as it well
aligns with the green chemistry strategy '%°. As electric current activates electrosynthesis, toxic
oxidants and catalysts are not required, and consequently, waste generation can be minimized.
Moreover, electrosynthesis is considered more atom-economical as the number of synthetic
steps is decreased *2. The electrochemical reactions often occur under mild conditions, and
there is a possibility to stop the reaction by simply switching off the power supply in case of
an emergency. Furthermore, renewable sources can be used to run electrochemical processes,
which can make electrosynthesis eco-friendlier. All these advantages make electrochemistry
an attractive, sustainable alternative for organic chemical syntheses '®°. Nilsson et al. in 1973
167 first proposed the TMBh electrosynthesis by direct electro-oxidative homocoupling of
DMPh, wherein a lead oxide anode and aqueous sulfuric acid solution were used to reach a
yield of ~30%. Electrosynthetic homocoupling of DMPh was much advanced in the past few
decades, particularly by the Waldvogel group '%*'7°, DMPh is prone to side reactions that
yield  structurally = diverse  polycyclic  products under most  conditions

(Scheme 1.11) 1,
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Moreover, the phenols' oxidation leads to over-oxidation as the reaction products undergo
further oxidation resulting in electrode passivation 2. A boron-templated anodic process was
developed, resulting in a high yield of TMBh even in a large-scale synthesis 1’2, This process,
however, was multi-step, generating wastewater containing borate. Several other approaches
of direct TMBh electrosynthesis with moderate yields have also been reported 314 The
TMBh vyield was increased up to 60% using a graphite anode and a 1,1,1,3,3,3-
hexafluoropropan-2-ol-based solution. The increase in the local concentration of the substrate
at the electrode surface facilitated electron transfer from the substrate to the electrode, thereby

increasing the process efficiency 17°.

Scheme 1.11. Structural formulae of some possible products of the DMPh anodic oxidation
occurring under different synthesis conditions. 1 - DMPh, 2 - TMBh, 3 - Pummerer's ketone,
4 - phenolic ethers, 5 - quinols, 6 - quinol ethers, 7-9 - polycyclic structures ',

Furthermore, the solution's low viscosity positively affected mass transfer during the
electrosynthesis resulting in a dynamic process 1’®. The main challenge in synthesizing TMBh
is side reactions producing several side products, depending on the reaction conditions. The
TMBh overoxidation also leads to the formation of oligomers and polymers 1. Moreover, it
is crucial to establish large-scale setups for TMBh synthesis for industrial applicability.

Therefore, it is essential to advance the TMBh synthesis method further to yield the desired
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product selectively without using toxic solvents, excess electrolytes, or additional chemicals.
Ergo, developing a MIP-based catalyst for greener electrosynthesis could be a prospective route

for oxidative homocoupling reactions.

1.4 Green nanomaterials for catalysis
Green nanochemistry has become popular in the past decades. It refers to both green syntheses

of nanocatalysts and applying nanomaterials as green catalysts enabling eco-friendlier
conditions of catalysis of industrially important reactions }”’. Green synthesis of nanocatalysts
involves the preparation of nanocatalysts under green conditions like low synthesis
temperature, green solvents, and natural reducing/capping agents. Alternatively, green
nanocatalysis involves performing the catalytic reaction in green solvents, preferably using
green synthesized nanocatalysts. We will now explore these nanomaterials and their synthesis

and catalytic applications.
1.4.1 What are nanomaterials?

Atom Molecule Virus Bacteria Cell Period Tennis ball

B % Ly ¢

100 nm 0,001 mm 0,01 mm 1 mm 10 cm

I_v—l

Nanomaterials

Scheme 1.12. A brief outlook of the nanoscale 178.

Nanoscience involves the study of structures with at least one dimension in the nanometer (nm)

range that is a billionth of a meter (1 nanometer is 10~° meter) (Scheme 1.12). Although the
"nanotechnology” and "nanoscience” terms have gained popularity in the past decades,
nanostructures have been known for a long time 1°. In 1959, Richard Feynman brought the
concept of nanotechnology into the limelight in his lecture, wherein he is quoted saying,
"There's plenty of room at the bottom" 8%, After that, research on miniaturization opened a
new area and has found numerous applications in every field of science and technology.
Miniaturization of materials has increased their surface-to-volume ratio, transforming their

chemical and physical properties enormously 8, yielding higher reactivity and efficiency of
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nanomaterials than their bulk counterparts. Nanomaterials' properties are size-dependent.
Hence, these properties can be tuned depending on the requirements. Nanotechnology has
made great strides in disease-targeting fluorescent labels, high-resolution displays,
optoelectronic devices, sensors, and solar cells 182, Nanostructured materials have also been
promising candidates in catalysis *°, cosmetics 8%, medicine 84, and photonics 8. Metal-based
NPs of different sizes have been fabricated using biological and chemical methods depending
on the application.

1.4.2 Synthetic approaches to nanomaterials
Nanomaterial synthesis is generally classified into two categories, namely, top-down and

bottom-up. Nanoscale structures are engraved onto a substrate in a top-down approach using
electron beams followed by etching and deposition 8. Physical methods like evaporation-
condensation and laser ablation are also commonly used top-down approaches. The
evaporation-condensation method involving evaporating the bulk source metals in an inert
environment and then cooling the evaporated vapor rapidly using a steep temperature gradient
near the heater surface yielded high concentrations of stable NPs 8. Laser ablation involves
striking a metallic source kept in a solution using a laser to prepare structures like silver
nanospheroids . The inability to accurately control the surface structure in a top-down
approach adversely affects metallic NPs' physical properties and surface chemistry because
their high aspect ratio cannot be properly maintained.

Nanomaterial components are formed using their precursors' building blocks by chemical
or physical methods in the bottom-up approach . Chemical reduction using organic and
inorganic reducing agents is more extensively developed because of its ease of preparation.
Reducing agents, including elemental hydrogen, sodium borohydride (NaBHa), and sodium
citrate, have been applied for reducing metal ions in solutions, followed by aggregation of
metallic colloidal particles . In this chemical approach, stabilizers, like surfactants and
polymers with acid, alcohol, amine, and thiol functional groups, have to be used to terminate

the NPs' agglomeration and protect their surface properties.

1.4.3 Green synthesis of nanomaterials
The green route for synthesizing NPs is a bottom-up approach that has gained attention in the

past decade as a sustainable alternative. This method can minimize the use of hazardous

chemicals and solvents, lower energy inputs, and lower the amount of waste produced .
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When biological sources are used to synthesize nanomaterials, the approach is termed green
synthesis %2, The biological sources that are interesting for green synthesis applications
include microbes (like algae, bacteria, or fungi), plant extracts, food, agriculture, and wood
industry wastes (Scheme 1.13) 1%, These biological sources contain chemicals like amino
acids, carbohydrates, flavonoids, polyphenols, and proteins or enzymes that can effectively
reduce metal ions and stabilize the NPs 1% 194 However, this method often leads to non-
uniform distribution of particles and nanocomposites, which require additional agents to

improve the materials' uniformity.

Biological sources for

nanoparticle synthesis

Scheme 1.13. Biological substrates utilized for nanomaterial syntheses.

Several metal-based NPs, including Ag, Au, Cu, Fe, and Zn NPs, have been prepared using
wastes 193 1% Platinum and palladium NPs have been synthesized using lignin, banana peel,
tea, and coffee extracts 1*. NPs of metal oxides, such as copper oxide synthesized using brown

alga extract, have also been reported . Banana peel extract constituents like cellulose,
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hemicellulose, lignin, and pectin synthesized and stabilized Mn3O4 NPs with super-capacitive
properties 1%, Polyphenols in the Terminalia arjuna fruit 1% and S-allyl-cysteine in the Allium
sativum extract 2°° were responsible for tuning the size of gold NPs. The size and shape of the
Ag NPs prepared using a seed extract of cashew apple fruit were tuned using a temperature-
dependent method. The chicken eggshell membrane contains glycoproteins like collagen and
amino acids like alanine, glycine, and uronic acid that are effective NP synthesis agents 202,
Another interesting example is the synthesis of Ag NPs using the peel of the tropical fruit
Annona squamosa, commonly called custard apple, in which the water-soluble ketone and
hydroxy! groups were proposed to be involved in the reduction and stabilization of the NPs 20%-
203 Grape stalk waste extract has been used to produce Ag NPs with application in
screen-printed electrode 2%4. The silver ions reduction to obtain Ag NPs has been explored
using wastes such as orange peel, mango peel, and pineapple extract *%. Furthermore, tansy
fruit extracts have been used to produce gold and silver nanospheres 2°. The orange peel
aqueous extract of Citrus Clementina was successfully used in the one-pot green synthesis of
stable, highly antimicrobial, and anti-cancerous Ag NPs 1%°. Moreover, chicken feathers, cotton
fibers, milk, rice bran, and watermelon rind are efficient chemical sources of metal NP

synthesis 2°°. Green synthesis is an easier method to obtain bioactive and eco-friendly NPs.

1.4.4 Brewery wastes as prospective precursors for green synthesis of silver-
containing nanomaterials

Globally, the brewing industry is a significant source of waste effluents. This waste

management is increasingly problematic because of the increased annual production rate 27,
Brewery industry wastes have not been widely explored as materials for synthesis and
particularly not in terms of NP synthesis. However, brewery waste analysis has been
performed to determine its constituents. Amino acids, phosphates, polyphenols, proteins, and
sugars have been determined and quantified 2%, Brewery waste remediation and valorization
research have shown potential in different application fields. Brewery waste has been used as
the carbon source for the Bacillus subtilis N3-1P bacterium to synthesize biosurfactants 2%,
Brewery waste has been extracted to obtain bioactive compounds in food, pharmaceutical,
agricultural, cosmetic, and chemical industries 292, Nevertheless, there is still much
potential in brewery waste valorization.

The malt beer is produced in a 10-step process, leading to brewery wastes at various
production stages (Scheme 1.14) 2!2, Malt is a sprouted and dried cereal grain, in this case,
barley. Malting comes down to steeping the cleaned grain and maintaining its moisture for a
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sufficiently long time. Steeping, which lasts from three to four days, aims to wake the embryos
from sleep and initiate germination. This process is accompanied by the secretion of enzymes
in the grain that break down excess protein and sugars. Amylase helps break down barley
starch into simple sugars and disaccharides (primarily maltose). Breaking down as many spare
materials into simple sugars and amino acids in malting is vital. The malt is then milled, mixed
with water, and mashed to dissolve the starch and protein, releasing sugar and tannin.

Hops, sugar and flavours
L]
2200 o, Yeast

STAGE 4 STAGE 7

Malting
~ -~

STAGE 9

STAGE 2

il
STAGE 5 &

v
k4 -~
=]

BW 3 BW 5—|

Scheme 1.14. Schematic of the brewing process indicating the nine stages and the wastes
produced during those stages.

STAGE 8

The sweet malt extract, wort, is separated from the solid substances called Brewer's spent
grains (BSG) at the third stage and is the first type of waste, BW3. In the following stage, the
wort is boiled after adding the bitter, aromatic hops and sometimes sugar. The tannin and part
of proteins are separated during boiling. The wort is clarified in a whirlpool, tapping out the
clear wort. The undissolved hop particles and proteins are collected at the whirlpool center,
forming the second type of waste, BW5, called wort precipitate. The clear wort is then cooled
and fermented by adding yeast. Absorbed nutrients not used by the embryo are the substrate
of the alcoholic fermentation carried out by yeast in the brewery while brewing beer. The yeast
filtered out after fermentation, called Brewer's spent yeast (BSY), at the seventh stage forms
the third type of waste, BW7. After maturing, the fermented beer is filtered using diatomaceous
earth before going into the production line and yielding the final product, beer. The waste,
including diatomaceous earth, separated at this ninth stage, forms the fourth type of waste,
BWoO.
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Roughly 15% of the hops constituents are retrieved in the beer, and the rest (85%) becomes
spent hop material (BW5) 213, The BWS5 waste obtained after the wort boiling includes majorly
insoluble hop materials, condensation products of hop polyphenols, wort proteins, and
isomerized hop acids adsorbed on the solid surface 24?'°, The spent hops cannot be used as
feed supplements as they contain 2-methyl-3-buten-2-ol, the product of bitter acid degradation
with hypnotic—sedative properties. Therefore, spent hops have been used as fertilizers and soil
conditioners, as their nitrogen content is high. Moreover, spent hops are mixed with spent
grain and used as animal fodder 23, However, several valuable compounds can be recovered
from spent hops, such as flavors, saccharides, and organic hop acids.

BSY (BW?7) is the second major by-product of the brewing industry that has a significant
environmental impact as this waste contains a large amount of biomass (1 hl of beer generates
~2 — 4 kg of BSY) 216 and water, which makes their management quite difficult for the brewing
industry. The BW?7 waste is rich in carbohydrates, proteins, amino acids, ash, and vitamins.
BSY is also rich in minerals such as calcium, chromium, copper, iron, magnesium, manganese,
phosphorus, potassium, selenium, and zinc 23, Yeast's mineral content is approximately
5-10% of the cell dry weight 24, Therefore, these brewery industry wastes are rich sources of
several essential compounds that can be recycled efficiently for various applications. However,
they are usually mixed with spent grains and supplied as animal fodder or used for laboratory
alcohol synthesis.

The third by-product, BW9, has not previously been explored in the literature as it is a
filtration waste; therefore, its recycling potential is unknown. Presumably, this waste contains
similar compounds as BW7 and the product beer as it is the brewing process's final stage waste.
The diatomaceous earth used for filtration can also be expected in this BW9 waste. BW9
contains ~8 tons of dense sludge, including the diatomaceous earth and sediments, and
~40 - 56 tons of wastewater are generated monthly in the medium-sized brewing industry. The
sludge is recycled as soil fertilizers, but a huge amount of wastewater is discarded into sewage.
Although a limited number of recent research has reported the synthesis of Ag NPs using beer
yeast 27 the unprocessed brewery wastes still have remained unexplored in recycling

applications despite being so rich in several valuable compounds.

1.4.5 Silver-containing nanomaterials for catalytic application
Advantageously, nanomaterials have large surface areas. Therefore, nano-sized catalysts are

popular because the elevated surface area significantly increases the number of available active
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sites for the catalytic activity compared to bulk catalysts, thereby increasing the catalysis
efficiency and yield 28, Moreover, these catalysts are generally insoluble, facilitating easy

separation and reuse of catalysts. As seen in Section 1.4.3, these nanomaterials can be prepared

by cost-effective methods that are easily scalable.
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Scheme 1.15. Different types of silver nanomaterials and their potential applications in
catalysis 28,

In the case of Ag-based nanomaterials, their chemical, electric, and optical properties are
size- and shape-dependent. Therefore, research has focused on altering their structure to suit
the application. Several catalytic applications such as CO2RR 21°22! electrocatalysis 222225,
HER 2227 OER 22%-22% organic pollutants degradation 2323 and ORR %2 have
successfully used Ag-based nanomaterials including silver metal, silver oxides, silver halides,
multi-metallic composites, and supported silver materials (Scheme 1.15). Mainly, nanosilver
is interesting for catalytic applications because of its unique electronic and optical properties
238-239  Therefore, it has found application in several organic transformations for synthesizing
fine chemicals 2%°. Silver (Ag) NPs have been widely studied for reducing functional molecules
like carbonyl compounds and nitroaromatics 24%-241, Several powerful heterogeneous catalysts

made of nanosilver have been applied to oxidize alcohols, silanes, and related oxidative
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transformations 24°. Silver has been used for centuries for its outstanding properties, including
antimicrobial activity and environmental friendliness 242, Moreover, Ag is attractive for
heterogeneous industrial catalysis as it is relatively cheaper than highly catalytic metals like
gold (Au), platinum (Pt), and palladium (Pd). The current project was focused on OER and
ORR by silver composite nanomaterials. Therefore, these two reactions have been discussed

further in detail.

1.4.5.a Oxygen evolution reaction (OER)
Progress in renewable energy storage systems is a significant step toward the practical

utilization of sustainable energies, including solar and wind. Therefore, processes such as
water electrolysis for hydrogen production are crucial for successfully developing these energy
storage technologies. The origin of the electrochemical splitting of water can be traced back
to the 19th century, wherein it was discovered that water could be decomposed into hydrogen
and oxygen using electricity 2*3. However, the OER which occurs at the anode is still an
enigmatic topic. There are challenges in developing the ideal highly active and stable yet
inexpensive catalyst 2%, Understanding the electrochemical mechanism is the key to

developing efficient catalysts.
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Scheme 1.16. Pictorial drawing of water electrolysis represented by using electricity from
renewable sources like wind and solar or photoelectrolysis. OEC- oxygen evolution catalyst,
HEC- hydrogen evolution catalyst 2%,

The overall water splitting process involves the formation of molecular hydrogen and

oxygen at the cathode and anode, respectively. Various energy sources can be used for this
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water-splitting reaction, making it highly attractive for energy conversion technology
(Scheme 1.16). The electrochemical water splitting devices, called water electrolyzers, can be
coupled with wind turbines or photovoltaics in renewable energy grids, in which the
electrolyzer can act as a local storage system 24247 Alternatively, solar energy can be
harvested through light-driven water splitting wherein semiconductors incorporated as
electrode materials harvest the solar energy directly 2. However, regardless of the application,
these technologies' viability depends on oxygen's electrochemistry, as hydrogen production is
sustainable. Molecular oxygen generation at the anode is very energy-intensive 24°.

The conventional OER and HER mechanisms in alkaline solution are described as follows.

40H" > 0, + 2H,0 + 4e~ (Eanoge = 1.23 V vs. RHE) Equation 1.2

4H,0 + 4e~ — 2H, + 40H™ (Ecathode = 0.00 V vs. RHE) Equation 1.3

The OER and HER mechanisms in acidic solution are described as follows.
2H,0 - 0, + 2H* + 4e~ (Eapoge = 1.23 V vs.RHE) Equation 1.4

AH* + 4e~ - 2H, (Ecathode = 0.00 V vs. RHE) Equation 1.5

Eanode - equilibrium potential for the OER, Ecathode - equilibrium potential for the HER, RHE -
reversible hydrogen electrode.

The HER occurs at potentials comparable to the equilibrium potential, but the OER
requires a significant overpotential. Therefore, no electrolysis device has been able to approach
the minimum operating voltage of 1.23 V vs. RHE 2°. Moreover, the slow OER kinetics
adversely affects the photoelectrolysis devices. In light-driven water splitting, the
semiconductor band-gap must be sufficiently large to overcome the OER overpotential for
obtaining reasonable efficiencies 2!. Therefore, over the past decades, devising the oxygen-
evolution anode materials has focused on efficient OER 2% with the lowest possible
overpotentials. Pure metal catalysts suffer from instabilities and oxide formations on surfaces
252-253  Metal oxides have evolved as popular OER catalysts as they are quite stable under the
oxygen evolution conditions 2°42%°, The RuO2- and IrO2-based anodes reveal the lowest OER
overpotentials at reasonable current densities. However, these materials are not abundant and
consequently quite expensive, which limits their commercialization 24, Therefore, various
transition metal oxides are studied as their corrosion resistance in alkaline media is long, and
these oxides are relatively less expensive . The metal oxide composition and surface

morphology significantly influence their catalytic activities. Moreover, several OER
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mechanisms at metal catalytic sites have been proposed yet the process has to be fully
understood. Therefore, there is still much scope for developing the OER process.

AgsPO4 exhibits a bandgap of about 2.43 eV, and the valence band maximum of this
compound is ~2.67 V vs. standard hydrogen electrode (SHE), which is more positive than that
of the O2/H20 couple (~1.23 V vs. SHE) ?*’. Therefore, the AgsPOs energy band structure is
favorable for photocatalytic OER. However, charge recombination and photocorrosion of
AgsPO4 have been a significant challenge, and composite structures of AgsPOs have been

researched to overcome this corrosion problem and mediate charge transfer efficiently 258-25°,
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Scheme 1.17. (&) Structure of the g-CsNa/AgsPOas/polyacrylonitrile composite,
(b) photocurrents for OER, and () photocatalytic mechanism for

g-C3Na/AgsPOa/polyacrylonitrile 2,

Several interesting composite structures with AgsPO4 exhibiting high photocatalytic
activity have been reported, including MoS2/Ag dots/AgsPOs 2?8, graphene-supported
AgsPO4/Ag/AgBr 261, and g-CsNa/AgsPOa/polyacrylonitrile (Scheme 1.17) 2°, Hence, a
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composite structure containing different silver forms could be interesting for catalytic

applications by overcoming these challenges of AgsPOa.

1.4.5.b Oxygen reduction reaction (ORR)
The ORR is one of the most crucial reactions in life processes, like biological respiration, and

in energy conversion systems, like fuel cells 22, In an aqueous solution, the ORR mainly
occurs via two routes. One involves a direct 4-electron reduction pathway from oxygen (O2)
directly to water (H20), and the other is a 2-electron reduction pathway from O: via the
hydrogen peroxide (H202) intermediate and then to water. Alkaline and aprotic solvent
solutions can also give rise to the one-electron reduction pathway from O2 to superoxide (O27)
263264 The electrochemical ORR mechanism is very complex. It involves several
intermediates formed, depending on the catalyst, electrode material, and electrolyte nature.

The following reaction equations describe the direct four-electron pathway.

0, + 4H" + 4e~ - 2H,0 in acidic media Equation 1.6

0, + 2H,0 + 4e~ = 40H" in alkaline media Equation 1.7

The flowing reaction equations present the two-electron pathway with an intermediate

formation.
0, + 2H* + 2e~ - H,0, in acidic media Equation 1.8
0, + H,0 + 2e™ —» HO3 + OH™ in alkaline media Equation 1.9

The unstable peroxide formed in acidic media is either reduced to water or disproportionates

to water and oxygen.

H,0, + 2H" + 2e”~ - 2H,0 Equation 1.10

2H,0, - 2H,0 + 0, Equation 1.11
The ORR is the slowest reaction in fuel cell operations because the bond energy of the
oxygen molecule is very high 2. Therefore, a higher current density is required to overcome
the activation barrier at the cathode. As the entropy change accompanying the O2 molecule

dissociation (ASreaction) IS positive due to the increased randomness of this system, the

dissociation should be more favorable according to the Gibbs free energy change equation.
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AGreaction = AHreaction — Ts ASreaction Equation 1.12

wherein AGreaction 1S the Gibbs free energy change of the reaction that is a measure of the
spontaneity of the reaction, AHreaction iS the enthalpy change, and T is the system temperature.

However, the overall ASreaction OF the reaction is negative as the reactant oxygen molecule
is in gaseous form, and the reaction results in the formation of the H20 molecules in the liquid
state. Therefore, increasing the temperature will only decrease the efficiency of the overall
reaction. Ergo, at room temperature, the cathode potential can be lowered, or an electrocatalyst
can be used to lower the activation energy barrier of the ORR 2%, Several mechanisms can
govern the electrocatalytic ORR. Below, two major mechanisms are outlined. The complete
reduction can occur on the catalyst surface without intermediates desorbing from the

surface 267,

05 = Oz45 % 2H,0,45 — 2,040 Equation 1.13
The ads subscript indicates that the species is adsorbed on the catalyst surface and the sol
subscript indicates that the species is in the solution.

The electron acceptance can also occur in two distinct steps wherein H20:2 is the
intermediate formed. This reaction route is called the peroxide pathway 26° 257, The peroxide

is either desorbed into the solution or is further reduced to water.

2H 42~ _
O2 - OZ,ads —_— H202,ads - H202,501 Equatlon 1.14
2Ht+2e~ 2Ht +2e~ .
0, = 0ga4s — H0; 24— H30 395 = Hy0 40 Equation 1.15

As catalyzed ORR is a multi-step reaction, the rate-determining step plays a significant
role in determining the reaction efficiency. According to the Sabatier principle 2%, the
interactions between the catalyst and substrate significantly determine the reaction flow. If the
interactions are too strong, dissociating the substrate, intermediates, and products from the
catalyst surface is very slow, thus limiting the catalyst availability for the reaction. Conversely,
if the interactions are too weak, no bond will be formed between the catalyst and the substrate,
and consequently, no reaction will occur. Therefore, the choice of the catalyst is very
significant.

Very large overpotentials must be applied in both directions to oxidize H20 to Oz and

reduce Oz to H20 28, Optimal catalysis of the ORR depends on the intermediate's compromise
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in the adsorption energy. Therefore, no electrode catalyst can drive the ORR reaction
reversibly at ambient conditions. The ORR catalysts should be highly catalytically active
toward ORR, highly chemically and electrochemically stable, and reveal high electrical
conductivity, insolubility in acidic and basic aqueous solutions or methanolic solutions,
optimum structural composition and morphology, high specific surface area, high porosity,
uniform distribution of catalyst particles over the support and strong interaction between the
catalyst and support which will affect the catalytic stability of the system 2%°. In recent years,
the preparation of various metal-based NPs for catalytic applications has gained much
attention. Platinum has been the most common inert metal for cathodes and anodes in fuel
cells as it exceptionally well adsorbs and aids the dissociation of gasses 2’°. Platinum is one of
the best ORR catalysts. However, platinum is rare and, hence, costly. Moreover, its methanol
tolerance is low, and it suffers from carbon monoxide poisoning 2. Therefore, research has
been focused on finding alternative materials for ORR. Although several successful
alternatives for anodes have been developed for commercial applications, commercially viable
alternative material design for the cathode is still a challenge as still considerable improvements
are required.

The Ag nanomaterials are popular electrocatalysts for ORR in fuel cells as they are
thermodynamically and electrochemically stable even in strong acid solutions and are
appreciably catalytically active toward ORR in alkaline media 2*. The Ag nanoalloys with
Au, cobalt (Co), copper (Cu), and Pd have been demonstrated to enhance the catalytic
performance of Ag for obtaining a highly efficient four-electron pathway of ORR 272,
Moreover, silver compounds, including silver chloride (AgCl) and silver orthophosphate
(AgsPQ4), are catalytically active toward ORR in composite structures 23, AgCl effectively
catalyzes the ORR photocatalytically and electrocatalytically, but its electrical conductivity is
low 274275 Therefore, a composite Ag structure could be beneficial for ORR, as shown in the
research on AgCI-Ag@AgCl nanowires, containing a structure that reveals appreciable
electrical conductivity because of the Ag core and high ORR catalytic activity because of AgCl
(Scheme 1.18) 274,
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Scheme 1.18. Structure and catalytic activity mechanism of AgCI-Ag@AgCl nanowires
(adapted from 274).
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1.5 Thesis aims and scope
The project goal was to enable greener routes in catalysis. For this, MIPs were prepared

electrochemically using conducting organic polymers. The electro-oxidation of DMPh was
chosen as the model reaction candidate to test the efficiency of MIPs in comparison with NIP-
coated and bare electrodes for the selective electrosynthesis of TMBh. Electrosynthesis is a
relatively greener process that was used for the preparation of MIPs via electro-oxidation.
Therefore, we aimed to develop greener catalysts that mimic the shape-selective catalytic
activity of enzymes to catalyze the C—C coupling reaction selectively. Furthermore, valorizing
the brewing industry wastes developed a greener method for catalytic Ag NPs synthesis. These
nanomaterials were characterized for applications in catalysis.

The experimental section in Chapter 2 describes the experimental procedure of the project
in two sub-parts. The first includes the theoretical background of major techniques and
instruments used in this project. The second part reports on the chemicals, synthesis, and
characterization techniques applied to develop and apply the catalytic materials. Further, two
chapters discuss the results obtained for MIPs and Ag nanomaterials verbosely. Chapter 3
reports on the synthesis and characterization of MIP films and their application in selective
electrosynthesis of the TMBh chemical compound. Moreover, this chapter unravels the aging
mechanism of the pre-polymerization MIP solution and provides routes to control the aging
process. Chapter 4 focuses on the characterization of the biological precursor, brewery waste
used for nanomaterial synthesis, and the preparation and extensive characterization of the
nanocomposites. Subsequently, the nanomaterials have been characterized toward their
possible application in catalysis. Finally, Chapter 5 provides a grasp of the overall work and

some of its future prospects.
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Experimental techniques
and methods

2.1 Theoretical background
This section gives a brief outlook of the theoretical basis of the techniques and methods used

in this work.

2.1.1 Experimental techniques

2.1.1.a Theoretical simulations
Non-covalent interactions, including hydrogen bonds, ion-pair interactions, and London

dispersion forces, are significant for molecules binding, thus yielding complexes with unique
properties. Therefore, understanding and controlling these non-covalent interactions play a
significant role in supramolecular chemistry involving host-guest interactions and molecular
recognition in a defined environment 276,

In computational chemistry, attempts are being made to solve the non-relativistic
Schrédinger equation using relativistic corrections for atoms and nuclei in molecules. It should
be possible to solve the time-dependent or time-independent form of the Schrédinger equation
in principle for every system. But in practice, it is only possible for very small molecular
systems 2’7, Therefore, approximate methods have been extensively developed to optimize
computational techniques that balance computational accuracy and costs. Ab-initio, semi-

empirical, and molecular mechanics (MM) are now superior computational techniques.
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Ab-initio is a Latin word for "from scratch,” which includes calculations of molecular
structures using only the atomic numbers, physical constants, and the Schrédinger equation 277,
This computationally expensive technique based on quantum physics includes extensive
approximations for calculating molecules' transition and excited states in small systems of a
few tens of atoms. Semi-empirical techniques are also based on quantum physics and use
experimental (empirical) data-based approximations as inputs for mathematical models 278
These methods also apply several approximations but are less computationally demanding than
ab-initio methods and, therefore, can be applied for a system with a few hundred atoms.
Contrastingly, molecular mechanics is based on classical physics, which utilizes empirical or
semi-empirical force fields to compute the behavior of atoms or molecules 27°. It is
computationally least demanding and can be applied for very large systems of thousands of
atoms; however, it cannot provide information on the electronic properties of the systems.

It has been demonstrated that a state's energy depends on electron density distribution.
The information about the correlation of electron movement can be derived from the electron
distribution. This proof gave rise to density functional methods, wherein only electron density
was considered to determine the system's energy instead of electron movement, resulting in
lower computing requirements 27:2’°, Hohenberg and Kohn were the first to establish the exact
energy functional of the electron density. Density functional theory (DFT) describes orbitals
and electron states less accurately than an ab-initio method. Nevertheless, it is an exact theory
based on the concept that calculates the total electronic energy of a system and all other
components using electron density as the fundamental quantity being quite precise for most
applications at a low computational cost. Subsequently, Kohn and Sham expanded the basis
set to circumvent the difficulties in calculating the kinetic energy of the electrons as a function
of electron density. Their KS-DFT framework described a fictitious system of noninteracting
electrons with the same density as the real, interacting counterparts using orbitals 2. All the
differences between the two systems are combined into the unknown exchange-correlation (xc)
functional. The KS-DFT is based on the mathematical object exact exchange-correlation
functional returning a number (xc energy) when the electron density of the system [p(r) three-
dimensional function] is given as input 2%, The exact exchange enforces the Pauli principle,
stating that two electrons with the same spin cannot occupy the same quantum state.

However, the primary issue is that the exact method of deriving energy of a system of
electrons from their density distribution is unknown. Therefore, the functionals that split the
system'’s energy into several parts were created. Some functionals, such as the electron-nucleus

interaction energy, can precisely be defined. Disparately, some functionals, such as the energy

45

http://rcin.org.pl



of electron-electron interaction, cannot be determined precisely. Therefore, local density
approximation (LDA) using the functional for electron gas has been applied for approximating
these functionals. However, the density functionals do not accurately predict the long-range
dispersion interactions.

The hybrid B3LYP functional has been derived and applied to understand a broad range
of systems in chemistry to study the structures and energies of interacting molecules 281, The
B3LYP functional incorporates the exact exchange and generalized gradient approximation
(GGA) of the electron gradient in the LDA electron-electron and electron-nuclei energy. B3
is Becke's three-parameter exchange-correlation functional. It uses three parameters to account
for the exact Hartree-Fock exchange correlation, and LYP is the Lee, Yang, and Parr
correlation functional that recovers DFT dynamic electron correlation. The B3LYP is popular
as it was used in one of the first DFT methods, significantly improving the Hartree-Fock
method. Moreover, the B3LYP is generally faster than most wave-function theory-based Post-
Hartree-Fock methods yielding comparable results. Furthermore, it is quite robust for a DFT
method. However, B3LYP can only capture short-range interactions as it fails to define long-
range interactions accurately. The basis set is an approximate representation of the atomic
orbitals (AOs). Numerous basis sets have been developed for various purposes, e.g., the split
valence 6-31G(d) basis set. DFT has been a popular choice among chemists and physicists. It
reasonably compromises the accuracy and computing costs, allowing the routine treatment of

molecules containing several hundred atoms 282,

2.1.1.b Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
Cyclic voltammetry (CV) is one of the most widespread electroanalytical techniques for easy

determination of the energy levels of the electroactive species, the thermodynamics of
heterogeneous redox processes, and the electron-transfer reactions kinetics 22, In CV, the
current response of a redox-active compound in solution is measured versus a linearly swept
potential, cycled between set values. The potential is linearly scanned forward from E: to Ez,
then backward from Ez to Ez, yielding a potential triangular cycle (Figure 2.1a) 22, During this
cycle, the electroactive compounds either lose an electron (oxidation) or gain an electron
(reduction) depending on the potential ramping direction. In linear sweep voltammetry (LSV),
the potential is scanned only from Ei to E2; no backward scan is performed (Figure 2.1a).

The scan rate is the change in potential with time.
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The current generated through electron transfer between the redox species and the
electrode is passed through the solution primarily by diffusion of ions because ion migration is
suppressed by excess supporting electrolyte added. That forms an electric double layer (EDL)
at the electrode-solution interface. The EDL (Figure 2.1b) consists of ions and orientated

solvent electric dipoles that counterbalance the charge on the electrode surface.
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Figure 2.1. (@) The linear sweep voltammetry (LSV) and cyclic voltammetry (CV) potential
waveforms obtained by switching the potential from the initial Ex to the final E2 value (adapted
from %), (b) schematic view of the electric double layer (EDL) at the electrode-solution
interface, and (c) cyclic voltammogram. Epc and Epa - cathodic and anodic peak potential,
respectively; Ipc and Ipa - cathodic and anodic peak current, respectively (adapted from 283). (d)
Cyclic voltammograms for reversible, quasi-reversible, and irreversible electron transfers
(adapted from 284),
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A current measured against the potential scanned is the 'voltammogram." The
voltammogram is produced if a redox reaction occurs, as shown in Figure 2.1c for a CV
reversible redox reaction. When the onset of oxidation is reached, the current exponentially
increases as the electroactive species is oxidized at the working electrode surface. Then the
anodic current reaches a maximum (lpa) at the anodic peak potential (Epa). For reversible
processes, the current is limited by the rate of the mass transport of the electroactive species
from the solution bulk to the electrode surface at all potentials. That is, this transport rate is
lower than the charge transfer rate at all potentials. As the diffusion layer thickness increases
with the scanning time, the current decreases proportionally to the reciprocal square root of
time (lv oc t /) at potentials exceeding the Epa value. Then a steady-state capacity background
current is reached. Further potential increase beyond this point no longer affects the current.
The electroactive species thus oxidized is reduced during the backward scan to negative
potentials (reductive scan) until the cathodic (reduction) peak potential (Epc) and the cathodic
peak current (Ipc) is reached. For irreversible processes, the mass transport rate limits the
current at potentials exceeding the peak potential 2%, Before the Ep is reached, the current is
limited by the charge transfer rate for this process. The electrode process reversibility depends
on the voltammetric experiment timescale (Figure 2.1d). The diffusional transport at a high
potential scan rate is faster than the charge transfer. So, the rate of the latter limits the whole
process, i.e., the process is irreversible. The process is quasi-reversible if the transport rate is
comparable to the charge transfer rate.

The shape and position of the voltammogram are sensitive to factors including but not
limited to electrode material and geometry, potential scan rate, the electrolyte nature, and the
presence of other chemical species in solution. Therefore, several interesting details regarding
the electrochemically active surface area, electron transfer mechanism and kinetics, mass
transport, and system reversibility can be determined using LSV and CV. Itis crucial to choose
chemically and electrochemically stable electrolytes in the potential range of analysis. Both
techniques use three-electrode systems with the working, counter, and reference electrode.
The LSV technique is beneficial for irreversible systems to calculate voltammogram
parameters that readily yield practical information.
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2.1.1.c Differential pulse voltammetry (DPV)
Differential pulse voltammetry (DPV) is a sensitive voltammetric technique capable of

achieving detection limits of redox species of the order of 107 M 2%, In DPV, the potential
waveform comprises pulses superimposed on a staircase potential transient (Figure 2.2a). The
current I1 just before the pulse is applied (i.e., at point 1 in Figure 2.2a) and the current I2 just
before the end of the pulse (i.e., at point 2 in Figure 2.2a) are measured. Then, the current
difference, Alv = l2 — I1, is plotted against the staircase potential applied, yielding the peak-
shaped profile (Figure 2.2b). Faradaic processes are the electron transfers at the electrode-
electrolyte interface between the electrode and target chemical species in the electrolyte
solution. Non-Faradaic processes include adsorption and desorption at the electrode surface,
charging current produced due to electrode polarization, and electrode-electrolyte interactions,
which can cause significant background current. DPV markedly decreases the contribution of
these non-Faradaic processes, mainly capacitive current contributions, to the recorded signal

288 These unwanted contributions are canceled out by subtracting 11 from I2.
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Figure 2.2. Differential pulse voltammetry (DPV) (a) potential waveform (adapted from 27)
and (b) output signal (adapted from 2%8),

DPV can be applied to monitor the "gate effect” in MIPs 2! before and after template
extraction (Figure 2.3). Initially, unrestricted diffusion of the redox probe from solution bulk
to the electrode surface is recorded, giving rise to high current intensity. If the electrode is
coated with a MIP or control NIP film, this diffusion is severely restricted, and therefore DPV
currents are negligible. Following template extraction from the MIP film, the signal of the
redox probe increases as the empty cavities allow for some redox probe diffusion through the

film. This increase in current after template extraction is not observed at the control NIP film-
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coated electrode as cavities are not formed in NIP films. Therefore, DPV serves as an indirect

proof of template extraction from the MIP film.
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Figure 2.3. The "gate effect” monitoring of molecularly imprinted polymers (MIPs) operation
using differential pulse voltammetry (DPV).

2.1.1.d Bulk electrolysis

Different types of bulk electrolysis methods can be defined by the parameter controlled in the

experiment and by the process carried out or quantities measured. Potentiostatic experiments
are based on the controlled potential (Ev) of the working electrode, and galvanostatic
experiments involve a controlled current (Iv) (Figure 2.4). The potential is instantaneously
stepped from E:1 to E2 in potentiostatic electrolysis, and a large current decaying over time with
the depletion of the reactant species in the electrode vicinity is obtained as output (Figure 2.4a
and 2.4b). The working electrode potential is maintained constant against a reference electrode
in controlled-potential techniques. In galvanostatic electrolysis with a constant current Iy
applied, the output potential change depends on the reactant concentration close to the electrode
surface (Figure 2.4c and 2.4d). Initially, the potential increases reaching a plateau where the
reactant is continuously oxidized. Further rise in potential occurs when all the reactant species

near the electrode are depleted.
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Figure 2.4. The potentiostatic electrolysis (a) potential waveform generated by switching the
potential from the initial Ex to the final E2 value and (b) output current transient. The
galvanostatic electrolysis (c) current waveform generated by applying constant current Iv and
(d) output potential transient.

As, generally, the working electrode potential precisely controls the degree of completion
of an electrode process, the controlled-potential techniques are the most desirable for bulk
electrolysis. However, the equipment necessary for constant current electrolysis is simpler
than that needed for constant potential electrolysis. Significantly, when performing preparative
electrosynthesis with constant current techniques, the working electrode’s potential should not

shift into a region where undesirable side reactions, e.g., electrolyte oxidation, occur 282 289,

2.1.1.e Photoelectrochemistry
Photoelectrochemistry deals with studying the light irradiation influence on electrochemical

systems. The photoeffect involves photoexciting either the electrode material or molecular
species in the electrolyte in these systems. The electrode material will be affected differently
depending on whether it is made of a metal or semiconductor. If a metal is used as the working

electrode material, the electrons ejected from the metal will travel into the electrolyte to form
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species that can interact with electron scavengers. When irradiated, the semiconductor
electrode material can absorb photons if the incident energy of the photons matches the
semiconductor bandgap energy (Eg) or exceeds this value. Semiconductors contain valence
and conduction bands that are analogous to molecules' energy levels. The highest occupied
molecular orbital (HOMO) correlates to the valence band, and the lowest unoccupied molecular
orbital (LUMO) to the conduction band. Therefore, Eg is analogous to the HOMO-LUMO
energy gap. These bands are partially filled in metals, making them conductive when the
electric field is applied. In semiconductors, the valence and conduction bands are separated by
Eg, in the 0.1 eV to 3.5 eV range 2%,

External electronic
circuitry

(7 & e

Semiconductor Metal
working electrode counter electrode

A

e‘g B
A Solution ) L&
B

Photon
absorption

Figure 2.5. The working principle of the photoelectrochemical setup for an n-type
semiconductor material used as the working electrode 2.

Electron-hole pairs are created in semiconductors when the incoming radiation energy, Av,
becomes equal to Eg. The minority carriers (electrons for p-type and holes for n-type
semiconductors) reach the semiconductor and the electrolyte interface, resulting in respective
photo-oxidation and photo-reduction reactions. A general photoelectrochemistry working
principle involving an n-type semiconductor can be seen in Figure 2.5. In agueous systems,
photo-oxidation of adsorbed water molecules or hydroxide ions by an n-type semiconductor
generates dioxygen 2%. The electrons reduce the protons in the electrolyte at the counter
electrode. This process is called the water photosplitting into dioxygen and dihydrogen.
Photoelectrochemistry is a prospective route to convert and store solar energy in chemical

bonds.
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2.1.1.f Rotating ring-disk electrode system for electrocatalytic oxygen reduction
reaction (ORR) studies

Ton migration can be neglected in solutions with the supporting electrolyte excess. Therefore,

diffusion and convection are the only two major processes to be accounted for in the
electroactive species mass transport to the electrode surface. In the convection absence, the
thickness of the diffusion layer near the electrode surface increases with increasing the
electrode reaction time, resulting in transient currents that do not reach a steady state. However,
if there is strong solution convection, such as solution agitation or electrode rotation, this layer
thickness will be fixed, and the current will reach its steady-state limiting value. Therefore, by
including convection in the system, the thickness of the diffusion layer can be controlled
precisely, and then the diffusion rate controls the transport rate of the reactants through the
diffusion layer. By accurately controlling the rotation rate of the electrode using the rotating
ring-disk electrode (RRDE) device, quantitative control of the thickness of the diffusion layer
is possible, enabling quantitative analysis of the electrode reaction rate kinetics. The reactants
in the solution are transported by convection at the same transport rate. The LSV at the RRDE
is a powerful technique for detecting electrode reaction intermediates, e.g., peroxides produced
during the ORR. The RRDE comprises two working electrodes, i.e., the disk and ring electrode
(Figure 2.6). The disk electrode is located axially, and the ring electrode surrounds the disk
electrode. There is a thin insulating gap between the two electrodes. The disk and ring
electrodes rotate at the same rate. Consequently, the rotating RRDE draws the electrolyte to
its surface, and then centrifugal force expels the solution radially outward from the center.
A solution laminar flow perpendicular to the RRDE surface replenishes the reactant 2%,

The solution's convective speed increases as the electrode's rotation rate increases;
consequently, the diffusion layer becomes thinner. The diffusion and convection rate of the
reactant can be regulated by controlling the electrode rotation rate. Due to the defined
hydrodynamic conditions, the diffusion and convection near the ring/disk electrode surface can
be calculated using the data measured. That would yield information on the electrode reaction
kinetics as a function of the applied potential even with the mass transport limitation.
The hydrodynamic equations of an RRDE system can be solved for steady-state conditions.
Therefore, this hydrodynamic electrode system provides a controllable, reproducible, and
uniform mass transport of the electrochemically active species to or from the electrode surface
that can be quantified. Moreover, the steady-state conditions can be attained quickly for such

systems, and thus measurements can be made with high precision.
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Figure 2.6. Schematic of a rotating ring-disk electrode (RRDE) comprising the glassy carbon
(GC) disk and platinum (Pt) ring electrodes (adapted from 2%2),

Suppose we consider the following electrode reaction:
Ox+ne” S Rd Equation 2.1

where Ox is the oxidized species, Rd is the reduced species, and n is the number of electrons
transferred during the reaction. Under laminar flow conditions, the diffusion-convection
limited current density at the disk electrode of the RRDE induced by the forward direction of

the above reaction can be described by the Levich equation 2%
jao = 0.201nFDZ v Y w/2¢§ Equation 2.2

where jao is the diffusion-convection limited current density of the reduction reaction
(A cm™). Do is the diffusion coefficient of the oxidized species (cm? s™), F is the Faraday's
constant (96,487 C mol™), v is the kinematic solution viscosity (cm? s™),  is the angular
rotation rate of the RRDE (rad s™), and CJ is the oxidized species bulk concentration
(mol cm™). Suppose the electron transfer kinetics of the reduction in the reaction described by
Equation 2.1 is fast, and the reaction becomes diffusion-convection rate limited. In that case,
the surface concentration of the oxidized species reaches zero quite quickly, and the Levich
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plot of jao against w2 will be a straight line according to Equation 2.2. The slope of the
straight line can yield values of one of the n, Do, w, or C3 parameters if the other parameters
are known. However, if the reduction is electron transfer rate limited, the concentration of the
oxidized species is not wholly exhausted near the electrode surface unless a very large
overpotential is reached. Under these conditions, the Levich plot is not a straight line as it
gradually tapers with the w*?value increase. In these cases, for a smooth planar disk electrode,

the Koutecky-Levich equation holds 22

1 1 (1—-a)nF(E,—E€9) w12
_—= _0 ex < R.T Y + 2/3 —1/6 0
J gl 0.201nFDgy "v ~'"Co

Tao Equation 2.3
where j° stands for the exchange current density of the reaction in Equation 2.1 (A cm™), Ev is
the electrode potential (V), E®*® is the equilibrium electrode potential, « is the charge transfer
coefficient in the rate-determining step, Ry represents the universal gas constant
(8314 Jmol* K1), and Tk stands for absolute temperature  (K).

(1—-a)nF(E,—E®9)
RgTx

The j%xp ( ) term is called the electron transfer rate limited current density,

jko. If the Koutecky-Levich plots of 1/ju,0 against =2 are constructed for different electrode

potentials (Figure 2.7), the slope and intercepts can be used to calculate n and jko, respectively
292
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Figure 2.7. The current density inverse (1/ja,0) against the square root of rotation rate inverse
(w™*2) plotted to obtain the Koutecky-Levich lines (adapted from 2%).
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2.1.2 Characterization techniques

2.1.2.a Nuclear magnetic resonance (NMR) spectroscopy
Magnetic resonance monitors the energy transition between the spin states of nuclei and

electrons in a molecule. Nuclear magnetic resonance (NMR) spectroscopy focuses on nuclear
spin transitions. It is a widely used spectroscopic technique for studying molecular structure
and dynamics. Nuclei "spin" is its fixed intrinsic property 2%4. This spin creates a magnetic
moment in the nucleus, behaving like a small bar magnet. For nuclei spin Y, there are two spin
states, +%2 and —%, in the external magnetic field of the Bex: intensity (Figure 2.8a). The low-
energy +Y2-state magnetic moment aligns with the external magnetic field, while the high-
energy —%-spin magnetic moment is opposite to the external magnetic field ®. The difference
in the energies between the two spin states depends on the strength of the external magnetic
field. These two spin states' energies are the same if the external field is zero but diverge as
the field increases.

Magnetic field Magnetic field a
- spin-1/2
- spin +1/2
b Sample tube Nuclear Magnetic Resonance (NMR) Spectroscopy
i RF
[ transmitter
— Detecter
o _] Printer
Absorption &
4
— =8,
Magnetic field

Figure 2.8. (@) Principle of operation and (b) instrumentation for nuclear magnetic resonance
(NMR) spectroscopy (adapted from 2%).
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At the Bo field intensity, resonant radiation absorption occurs if the energy separation of the

levels matches the energy of the photons.
AE = yhB, Equation 2.4

where y is the gyromagnetic ratio (its value depends on the identity of the nucleus, which is
determined empirically); 7 is the reduced Plank's constant; Bo is the intensity of the magnetic
field applied 2%, The corresponding electromagnetic radiation frequency required for transition

between the spin states is given by the Bohr frequency condition, AE = hv

hv = yhByorv = % Equation 2.5

where h is the Plank’s constant.

NMR spectroscopy measures transitions between nuclear spin energy levels based on
resonance phenomena. Resonance is the strong coupling of oscillators of the same frequency.
The most common nuclei in NMR spectroscopic studies are *H and *C. The increase in the
magnetic field results in the excitation of the nucleus from the lower to the higher energy level.
This excitation is recorded as the induced voltage resulting from energy absorption from the
high-frequency magnetic field. Free induction decay in the time domain results in an
equivalent frequency domain signal in the Fourier transform 2°°, The peak area is proportional
to the number of excited nuclei, and the molecule's structure can be postulated by measuring
the strength of the field where protons absorb energy.

The heart of the NMR spectrometer (Figure 2.8b) is the magnet into which the sample is
inserted. Modern NMR spectrometers use superconducting magnets to generate magnetic
fields exceeding 12 T 2%, These magnets produce stable magnetic fields over time and do not
require electrical energy to maintain these fields. With currently available magnets, all NMR
frequencies are in the radiofrequency range. The data output is given as a function of chemical
shifts, which indicates the resonance frequency of a nucleus relative to a standard (typically
tetramethylsilane) 2%,

2.1.2.b UV-vis spectroscopy
The UV-vis absorption spectroscopy utilizes the 190 to 800 nm electromagnetic radiation

region divided into the ultraviolet (190 — 400 nm) and visible (400 — 800 nm) sub-regions 2%,
Valence electrons of organic molecules and polyatomic ions (e.g., CO3?) occupy quantized

sigma, pi, and unbound no MOs. The unoccupied sigma antibonding (6*) and pi-antibonding
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(m*) MOs energies are slightly higher 2°. The electron energy difference between the occupied
MO with the highest energy and the unoccupied MO with the lowest energy corresponds to
ultraviolet and visible light radiations; therefore, photons can be absorbed. The excitation of
electrons from low-energy AOs to high-energy orbitals occurs after the absorption of photons.
Most of the UV-vis spectra of molecules are made up of four types of transitions between

quantized energy levels (Table 2.1).

Table 2.1. Common electron transitions in UV-vis spectroscopy 2.

Transition Wavelength range, nm Bond examples
c—c* <200 C-C,CH
No—ac* 160 - 260 H20, CH3OH, CHsCl
n—m* 200 - 500 C=C, C=0, C=N, C=C
No—7* 250 - 600 C=0, C=N, N=N, N=0O

The most important transitions that occur at accessible wavelengths are n — n* and
n — ©* as they represent functional groups critical to many molecules. This spectroscopy
follows the principles of Beer-Lambert's law, which states that the radiation absorption by a
sample material is directly proportional to the sample concentration and the optical path length

29 This proportionality is expressed by Equation 2.6.
A =log (170) = &,Cl Equation 2.6

where A is the absorbance, lo is the incident light intensity, | is the transmitted light intensity,
Cs is the sample molar concentration, | is optical path length (cm), and & is the molar absorption
coefficient.

The major components of the UV-vis spectrometer include the radiation source,
monochromator, beam chopper, mirrors, sample and reference cells, detector, and recorder
(Figure 2.9). The UV-vis absorption spectroscopy can also be applied for studies of
nanomaterials yielding information about bandgap, defects, as well as size and shape of the
NPs. In the case of metallic NPs (e.g., silver) 2% 3% the strong interaction of metallic NPs
with radiation of specific wavelengths occurs because the conduction electrons on the metal

undergo collective oscillations 2°*. Those are surface plasmon resonances (SPRS).
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Figure 2.9. A block diagram of the UV-vis spectroscopy setup (adapted from 2%),

2.1.2.c Infrared spectroscopy
I nfrared radiation causes changes in the vibrational energy of molecules or polyatomic ions,

but it is not sufficiently strong to cause changes in their electronic energy (Figure 2.10) 2%,

Energy

E, 2 Vo
UV-vis Infrared
trangitions  transitions

Figure 2.10. Possible electronic and vibrational transitions in the UV-vis and IR spectroscopy,
respectively.

The vibration energy level is quantized; therefore, a molecule can only have specific discrete
vibrational energies. The following equation describes the energy of the permissible vibration

mode, E.,

E,=(vq+ %)Uo Equation 2.7
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where v is the vibrational qguantum number with values of 0, 1, 2, ...., vo is the fundamental
vibrational frequency of the bond 2%, That is the harmonic approximation. The vo value is
determined by the strength of the bond and the mass at both ends of the bond. For example,
a carbon-carbon single bond (C-C) absorbs infrared light with less energy than a carbon-carbon
double bond (C=C) 2. That is because single bonds are weaker than double bonds. Generally,
molecules are at room temperature in the vibrational ground state (v = 0). The transition from
the ground state to the first excited vibrational state (v = 1) requires the absorption of photons
with an energy of hvo. The transition where Avg is +1 leads to the fundamental line of
absorption. Weak absorption lines result from transitions where Avo is 2 or %3, called
overtones. Generally, the potential curve is inharmonic. Therefore, the distance between the
IR levels is not equal for real systems. This anharmonicity leads to the possibility of observing
the overtones. The number of possible normal vibration modes for linear molecules is 3N - 5,
and for those non-linear, it is 3N — 6; N is the number of atoms in the molecule 2°°. Therefore,
the IR spectrum often has a significant number of absorption bands. The main parts of the IR
spectrometer include the radiation source, sample cells, monochromators, detectors, and

readout system.

Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy has been developed to overcome the limitation of low scanning rates in
dispersive instruments. An interferometer was invented to measure all IR frequencies
simultaneously. In an FT-IR spectrophotometer, the monochromator is replaced by an

interferometer (Figure 2.11) 2%,
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Figure 2.11. Instrumentation for Fourier-transform infrared (FT-IR) spectroscopy (adapted
from 32),
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The interferometer produces a unique signal in which all IR frequencies are "encoded.” The
signal is measured within seconds, decreasing the time factor per sample. Most interferometers
use a beam splitter that receives an incoming IR beam and splits it into two. Either of the
beams is reflected by a flat mirror that is fixed. The other beam is reflected by a flat mirror
with a mechanism that allows this mirror to move a very short distance (usually a few
millimeters) from the beam splitter. The signal exiting the interferometer results from an
"interference™ between these two beams as one beam travels a fixed length and the path length
of the other beam constantly changes with the moving mirror. The signal resulting from

interference of the two split beams is called an interferogram 3%,

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy

One approach to obtaining the infrared spectrum from a small amount of material is using
attenuated total reflectance rather than transmission (Figure 2.12). Attenuated total reflectance
(ATR) cells are made of high refractive index materials such as diamond, germanium, or ZnSe
sandwiched between a low index substrate and an even lower index sample. IR radiation from
the source enters the ATR crystal, where it undergoes a series of total internal reflections before
leaving the crystal as the incidence angle at the interface between the crystal and the sample is
greater than the critical angle 2°. Each time it reflects, the radiation penetrates the sample to a
few micrometers creating evanescent waves 3%, As a result, radiation at the wavelengths

absorbed by the sample is selectively attenuated.

¥

IR beam t ATR crystal To detector

Figure 2.12. The operation principle of multiple-reflection attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy.

Grazing-angle FTIR (GA-FTIR) spectroscopy

The FT-IR analysis sensitivity is greatly improved using the grazing angle of incidence (~65°).
The large incidence angle increases the pathway of the IR radiation in the layer. In particular,

spectra of samples of a few nanometers' thicknesses can reliably be measured. Thus, this
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technique allows for examining thin films of organic or inorganic materials deposited on flat

surfaces of conducting substrates (e.g., metals) 3%,

Polarization-modulated infrared reflection-absorption (PM-IRRAS) spectroscopy

The IRRAS technique provides sensitive IR spectra of thin films on metal substrates using
p-polarized light parallel to the plane of incidence. Parallel polarized radiation means that the
electric vector of the electromagnetic field is in the plane of incidence. The electric vector of
s-polarized light is perpendicular to the plane of incidence. The phase shift of the perpendicular
's' component shows no significant dependence on changes in the angle of incidence
(Figure 2.13). The phase shift of this 's' component is approximately 180° at all angles of
incidence, so the net amplitude of IR radiation in the direction parallel to the surface of the
substrate is zero. In contrast, the parallel 'p' component phase shift strongly depends on the
incidence angle. The p-polarized light creates an electric field with steady vibration leading to
increased sensitivity of the measurements 3%, That makes it possible to measure layers with
thickness at the angstrom level. The intensities of IRRAS absorption bands are usually very
low, so often, the bands require a long acquisition time. Therefore, the H20 and CO: absorption
from the atmosphere can significantly affect the spectrum. Moreover, the reference and sample

bands need to be measured.
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Figure 2.13. Light polarization in infrared reflection-absorption spectroscopy (IRRAS)
(adapted from 3%),
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PM-IRRAS provides a solution to the above deficiencies. It uses a photoelastic modulator
(PEM) to determine the difference in the reflectivity between the s-polarized and p-polarized
light perpendicular or parallel to the plane of incidence (AR = Rp — Rs) 37, The s-polarized
light does not generate an electric field with a stable vibration. Hence, it is absorbed much less
than p-polarized light. Furthermore, the sum of the 's' and 'p' polarized signals (¥R = Rp + Rs)
is used as the reference for PM-IRRAS, thereby eliminating the need for reference. Therefore,
the effects of atmospheric H20 and CO: absorption are diminished significantly.
Consequently, the PM-IRRAS detects very small changes in absorption signals, yielding higher
sensitivity using an FT-IR interferometer and PEM double modulation spectroscopy.

PM-IRRAS depends on the optical constants of the thin film and the substrate, the angle
of incidence, and the polarization of the incident IR radiation. The PEMs alternate between
linear states of polarized light. The incident and reflected electrical vectors of the p and s
components of radiation can be seen in Figure 2.13. The p-polarized light component passes
the maximum value at ~88° 3%, The net amplitude of the total p-polarized radiation is
approximately twice that of the incident radiation at this grazing incidence angle. This feature
is applied for obtaining the differential reflectance spectra of the adsorbed surface species

expressed by Equation 2.8.

AR R, — R,

— = Equation 2.8
Ry R, + R quiat

Rp and Rs are the reflectivities of the p- and s-polarized radiation components, respectively, and
R is the total reflectance 30307,

Only the p- component of the radiation interacts with the sample surface. Therefore, the
active vibration that PM-IRRAS can detect requires a component of a polarized dynamic dipole
perpendicular to the sample surface, which is one of the surface selection rules of PM-IRRAS.
These rules determine the molecular orientation of thin films deposited on dielectric or metal
substrates. In the instrument, IR light from an FT-IR spectrometer passes through the polarizer
that selects the p-polarized component and focuses the sample at a grazing incidence angle of
80° (Figure 2.14). The IR beam reflected by the sample is focused on the detector. The PEM
is placed at an angle of 45° to the incident p-polarized light in the incident optical path just
before the sample cell window 3%, That allows the incident light to be modulated between

p- and s-polarized light.
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Figure 2.14. A block diagram of the polarization-modulation infrared reflection-absorption
spectrometer (PM-IRRAS).

2.1.2.d Dynamic light scattering (DLS) analysis
When a monochromatic light beam hits a solution containing macromolecules, the light is

scattered in all directions. Light scattering depends upon particles' size and shape. The static
light scattering analyzer records the intensity of scattered light as a function of time. This
scattering provides useful information about molecular weights and gyration radii of
macromolecules. The analysis of variation of the intensity of scattered light caused by the
Brownian motion of particles in solution provides the diffusion coefficient (D) associated with
the hydrodynamic size of the particles. Dynamic light scattering (DLS) primarily measures the
Brownian motion of particles in a solution caused by the bombardment of the particles with
solvent molecules and correlates this motion with the particle size. This movement of
macromolecules depends on the size of the macromolecule, the temperature, and the viscosity
of the solvent 3%, Therefore, knowing the exact temperature and solvent viscosity is essential
for DLS measurements. Suppose the movement of the particles is monitored for some time.
In that case, the larger particles will diffuse slowly and occupy similar positions at different
times, unlike smaller particles, giving information about the particles’ size. Smaller particles
will diffuse faster and therefore do not occupy a specific position.

When the laser light hits the particles in a DLS device, the incident light is scattered in all
directions, and the detector records the scattering intensity. Monochromatic incident light is
affected by a phenomenon known as Doppler broadening due to the continuous movement of
particles in solution 3, Light scattering can lead to mutually destructive phases that cancel

out or mutually constructive phases that combine to produce a detectable signal. The digital
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autocorrelator then correlates the intensity variation of the scattered light over time to
determine how fast the intensity associated with the diffusion of the particles fluctuates. DLS
measures the velocity of particles subjected to Brownian motion. The rate of Brownian motion
is affected by the particle size, sample viscosity, and temperature, of which viscosity is a critical
parameter. The temperature should be constant during the measurement. Experimentally, the
intensity fluctuations are characterized by computing the intensity correlation function, gz(t),
and the analysis of this function provides the value of D. This value can be converted to the

particle size using the Stokes-Einstein equation 31°,

_ kTx
~ 3nmyD

H Equation 2.9

du is the hydrodynamic particle diameter (m), k is the Boltzmann constant (1.38x107%
N m K1), Tk is the absolute temperature (K), # is the solution dynamic viscosity (N s m=2), and
D is the diffusion coefficient (m? s™). The value of mq is 3.14159. Three factors primarily
control the diffusion of the molecules:

1. Temperature — the temperature elevation increases particle motion.

2. Solvent viscosity — the particles move slower in more viscous solvents.

3. Particle size — the motion of the particles is inversely related to particle size.
The block diagram of the DLS instrumentation is shown in Figure 2.15. It is possible to
conduct experiments with a wide range of buffers, concentrations, and temperatures. DLS is a
non-invasive technique that requires a relatively small sample amount and provides a reliable
particle size assessment in a short time.

Focus lens Sample

Laser source

=

Autocorrelator

Output

Figure 2.15. A block diagram of dynamic light scattering (DLS) instrument setup.
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2.1.2.e Atomic force microscopy (AFM)
In atomic force microscopy (AFM), a sharp tip attached to a cantilever scans the sample's

surface. The force exerted by the surface and all the molecules attached to it pulls and pushes
the AFM tip, thereby deflecting the cantilever (Figure 2.16a). A laser beam monitors this
deflection. The AFM can measure ultra-small forces (< 1 nN) between the AFM tip and the
sample surface 3. As no current flows between the sample and the AFM probe, this technique
can be used on non-conductive surfaces or to investigate solid-liquid interfaces. Two modes
of operation of AFM have commonly been used: the contact and non-contact mode. The force
between the chip and the surface is kept constant in the contact mode or constant force mode,
and the AFM probe comes into contact with the sample surface. This operation mode can
damage fragile structures on the sample's surface. In the non-contact mode, the tip bounces
over the surface at a specific frequency without touching it 2%, The tip vibration amplitude
changes depending on the morphological features on the surface. The material and force
constants of the AFM tip play an essential role in AFM imaging and analysis. A schematic of

the commercial AFM components can be seen in Figure 2.16b.
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Figure 2.16. (a) Operation principle 32 and (b) instrumentation *!* of atomic force microscopy

(AFM).
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2.1.2.f High-performance liquid chromatography (HPLC)
The HPLC separation principle is based on the sample distribution between the mobile phase

(eluent) and the stationary phase (column filler). Depending on the chemical structure of the
sample components, the molecules get retained as they travel through the stationary phase.
Intramolecular interactions between sample molecules and fillers define their retention time in
column 313, Therefore, different sample components are eluted at different times, thereby
separating the sample components. The detection unit analyzes the sample component after it
leaves the column. The signal is converted and processed by a data management system and
represented as a chromatogram (i.e., the detector signal vs. time or an eluent volume). After
passing through the detector, the mobile phase can be fed to other systems like the fraction
collection unit. Generally, HPLC systems include modules for solvent reservoirs, pumps,
injection valves, columns, detectors, and data processing units (Figure 2.17) 314, The eluent is
pumped into the system at high pressure and at a constant rate. A constant, pulseless flow is
vital to minimize the detector signal noise and drift. The sample is added to the eluent via an
infusion valve. An HPLC system is an isocratic elution system if the mobile phase composition
remains constant during the separation. If the mobile phase composition changes during
separation, the HPLC system is called a gradient elution system 4. The column is crucial for
all HPLC systems, responsible for properly separating sample components. Separation

performance correlates with column inner diameter, length, filler type, and particle size.

Pump Autosampler

1

Precolumn

E ﬁgj

- Injection
Mixer :
Solvents valve -
' Analytical |
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Detector

=

\

Output system
Fraction collector

Figure 2.17. A block diagram of high-performance liquid chromatography (HPLC)
instrumental setup (adapted from 31°),
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2.1.2.g X-ray diffraction (XRD)
X-ray diffraction (XRD) is valuable for studying crystal structures and interatomic plane

distances. It is based on constructive interference between monochromatic X-rays and
crystalline samples 316, These X-rays are generated in the cathode ray tube by heating the
filament to generate electrons. The electrons are then accelerated towards a target by applying
high voltage and bombarding the target. If the generated electrons have sufficient energy, they
displace the electrons in the target material's atom's inner shell; consequently, a characteristic
X-ray spectrum is generated when an electron from an outer shell fills this vacancy. These
spectra are composed of several components, the most common of which are K, and Kg. The
wavelengths are characteristic of the target material (Cu, Fe, Mo). The resulting X-rays are
filtered to give monochromatic radiation collimated, concentrated, and directed to the sample.
The interaction between the incident ray and sample causes constructive interference if the

interference condition satisfies Bragg's law:
nydy = 2dy sinfy Equation 2.10

This law associates the wavelength of electromagnetic radiation (1x) with the diffraction angle
(6x) and lattice spacing (dx) of a crystal sample 3'7. The diffraction order, which correlates the
path length difference between X-rays diffracted from two different atomic layers to the
number of wavelengths, is given by nx and is an integer 3!8, The diffracted X-rays are then
detected and processed. By scanning the sample in the entire 26 angle range, all possible
diffraction directions of the grating can be achieved for randomly oriented powder materials.
The construction of the X-ray diffractometer in the #-0 configuration is such that the sample is
stationary in the horizontal position, whereas the X-ray tube and the detector move
simultaneously over the angular range theta (Figure 2.18). The device used to maintain the
angle and rotate the sample is called a goniometer 3¢, Converting the diffraction peak to
d-spacing allows for identifying the materials as each mineral has its own set of d-spacing
values. The material is identified by comparing the d-spacing obtained with standard reference
patterns in XRD databases, such as the Crystallography Open Database (COD) and
International Center for Diffraction Data (ICDD).
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Figure 2.18. Principle of operation of the X-ray diffractometer (adapted from 319).

The diffraction pattern maxima of sufficiently small crystallites in a powdered sample are
broadened. This broadening amount is inversely proportional to the crystallite size. Therefore,
the following formula can be used to calculate the crystallite size:

KxAx Equation 2.11

by cos Ox

Px =

where px is the crystallite size, bx is the line broadening (in radians) given by the full width at
half maximum, and Kx is the Scherrer constant defined as the shape factor with its value

dependent on the shape of the crystallites 3%°.

2.1.2.h Energy-dispersive X-ray fluorescence spectroscopy (EDXRF)
X-ray fluorescence (XRF) spectroscopy is useful for determining the elemental composition

of materials in a non-destructive method. The primary X-rays produced by the X-ray tube hit
the atom's inner shell electrons (usually K and L) and eject electrons from this shell. The
vacancy is then filled with electrons from the outer shell, and subsequently, characteristic
secondary fluorescence is emitted to compensate for the decrease in the binding energy of the
inner electron orbital compared to the outer electron orbital 2. The emitted fluorescence
energy is equal to the energy difference between the two orbitals. Therefore, this radiation

energy is characteristic of the atoms and indicates atoms of which elements are present in the
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sample. The sample contains several different atoms, so it emits X-rays with different energies.
There are two types of XRF measurements, namely, energy-dispersive and wavelength-
dispersive. In the energy-dispersive XRF (EDXRF) instrument, fluorescent radiation is
collected by a semiconductor detector equipped with a multi-channel analyzer to sort the
energies of the photons 32!, In practical applications, most commercial instruments cannot
accurately measure the abundance of elements with atomic number Z < 11. The main
transitions observed in EDXRF are the L — K transition (K«), the M — K transition (Kg), and
the M — L transition (L) (Figure 2.19) 322, These transitions result in a fluorescent photon

with characteristic energy equal to the energy difference between the initial and final orbitals.

Ejected K-shell electron

M-shell electron Incident radiation
fills vacancy \

K X-ray emitted

L-shell electron

Shells (orbits) all
s vacancy

K, X-ray emitted

Figure 2.19. Principle of operation of energy dispersive X-ray fluorescence (EDXRF)
(adapted from 323),

This fluorescence emission's wavelength (L) can be calculated from Planck's law
(Equation 2.12) 324,

A=2 Equation 2.12

_El

hc represents the product of the Planck constant (h) and speed of light (c), and E; is the radiation
energy.

The essential components of all EDXRF spectrometers include an X-ray source, sample
cell, and detector (Figure 2.20).

70

http://rcin.org.pl



X-ray Source

X-rays

Detector

Computer

Spectrometer

Sample

Figure 2.20. A block diagram of the instrument setup for measuring energy dispersive X-ray
fluorescence (EDXRF) 22,

2.1.2.i Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDXS)

Scanning electron microscopy (SEM) is high-magnification microscopy that uses a focused

electron beam to yield sample topography images. The effective SEM resolution is ~1 nm.

The primary electron beam interacts with the sample's surface in several ways (Figure 2.21)
325-326

(i)  Primary electrons generate secondary electrons with low energy that emphasize the
sample's topography. The interaction between the primary electrons from the incident
electron beam and the loosely bound electrons in the sample's atoms under observation
results in the formation of secondary electrons. The energy of secondary electrons

generated near the sample surface is 10 to 50 eV.

(i) Primary electrons may also be backscattered, producing images with a high degree of
atomic number (Z) contrast. Backscattered electrons can be produced either by single
large-angle or multiple small-angle scattering, and their proportion depends on the
atomic numbers of the elements. The backscattered electrons originate from layers
below the surface up to 0.1 — 1 um. Phases and particles with a higher average atomic
number appear brighter as more primary electrons are backscattered. Therefore,
backscattered electron imaging can differentiate between phases and particles having

different atomic numbers.
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(iii) Relaxation of ionized atoms results in electron shell-to-shell transitions, which can
cause X-ray emission and Auger electron ejection. The EDXS detector measures the
emitted X-rays that are characteristic of the elements in the top few layers of the

sample.

Electron beam

Auger e[ectrons Secondary e[ectrons
(.. 1 nm ~100 YIWI

Backscattered e[ectrons
(~ 500 nm)
Continuous X-rays
(j (~1- 4 um)

Characteristic X-rays
(~1-3pm)
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(~5em) N
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Diffracted

Transmitted
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electrons

Figure 2.21. Possible scanning electron microscopy (SEM) incident electron beam
interactions with the sample surface at various depths (adapted from 327).

The operating principle of EDXS is based on a high-energy electron beam's ability to eject
an atom's core electrons. This principle, known as Moseley's law, determines the direct
correlation between the frequency of electromagnetic radiation (v) released and the atomic

number (Z) of the atom, as follows 38,
Vv = ay(Z — by) Equation 2.13

where as and bs are the shielding constants. The primary electron beam has energy sufficient
to knock out electrons from atoms and produce characteristic X-rays. The X-rays generated
from the sample can be used for (i) determining the sample chemistry using either EDXS or
wavelength dispersive spectroscopy (WDXS), (ii) creating an X-ray dot image or elemental
map that exhibits the elemental distribution in the sample, or (iii) generating line scans across

72

http://rcin.org.pl



the samples to determine elemental variations along with the interfaces and phase
boundaries 2°.

In SEM, an electron beam is generated by heating a tungsten filament, a lanthanum
hexaboride (LaBs) crystal, or a field-emission source, and electromagnetic lenses focus this
beam to form the image 3%. A typical SEM instrument consists of the electron column,
including the e-beam gun and condenser lenses to focus and collimate the beam, sample
chamber, vacuum system, EDXS detector, imaging system, electronics console, and visual
display monitors (Figure 2.22).

High voltage
cable

Filament
Anode

Electron beam

Condenser lens Spray

apertures

Scanning coils Adjustable
aperture
Objective lens
Backscattered
electron

EDS detector detectors

Secondary
electron
detector Sample Infrared
chamber camera

Figure 2.22. A sketch of the scanning electron microscopy (SEM) instrument with the energy-
dispersive X-ray spectroscopy (EDXS) detector attached 32°,

2.1.2.j Brunauer-Emmett-Teller (BET) analysis
Adsorption can be described as the adhesion of an atom or molecule to a solid surface. The

amount of gas adsorbed depends on not only the exposed surface but also the temperature,
pressure, and strength of the interaction of the gas with the surface *. The Brunauer-Emmett-
Teller (BET) theory behind the surface area determination extends the Langmuir theory
(Figure 2.23). Langmuir's theory correlates the monolayer adsorption of gas molecules on a

solid surface to the gas pressure of the medium above the surface at a fixed temperature.
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__aLp
1+anp

Equation 2.14

where @ is the fraction of surface coverage, p is the gas pressure, and av is the surface

association/binding constant.

Langmuir model

ya - &
ADSORBATE BET model

N

Sample surface b

Figure 2.23. Models of gas atoms or molecules adsorption on a solid sample surface assumed
in the approach of (a) Langmuir (monolayer adsorption) and (b) BET (multilayer adsorption).

Langmuir's theory assumes the following simplifications 33,

(i)  The area on the sample where the molecule can be adsorbed is called the surface site.
Each surface site interacts with the adsorbate atom or molecule with the same energy.

The gas adsorbate is usually argon, krypton, or, more frequently, nitrogen.
(i) Adsorption at one site is independent of adsorption at adjacent sites.
(iii) The adsorbate activity is directly proportional to its concentration.
(iv) The adsorbate forms a monolayer.
(v) Each surface site can be occupied by only one atom or molecule.
(vi) Atoms or molecules adsorbed do not move on the surface and do not interact with

each other.

Langmuir's theory has drawbacks that the BET theory addresses. The BET theory extends
Langmuir's theory to include multi-layer adsorption (Figure 2.23) with three additional
assumptions %31,

(i)  Gas molecules are physically and infinitely adsorbed in layers over the solid surface.

(if)  The various adsorption layers do not interact.

(iii) The BET theory can be applied to any layer.

74

http://rcin.org.pl



The setup of the BET instrument can be seen in Figure 2.24a. Liquid nitrogen in a Dewar
is used to cool the sample and keep its temperature constant. The gas (usually nitrogen,
krypton, or argon) is then physically adsorbed on the sample's surface at cryogenic
temperatures so that the gas molecule or atom's interaction with the surface is sufficiently
strong to generate measurable adsorption (Figure 2.24b). After the adsorption layer is formed,
the sample is removed from the nitrogen atmosphere and heated to release and quantify the
nitrogen adsorbed on the sample.
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g
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Figure 2.24. (a) The instrument set up and (b) principle of the Brunauer-Emmett-Teller (BET)
adsorption model (adapted from 332),

The data collected is displayed as a BET isotherm, i.e., the amount of gas adsorbed as a function
of relative pressure 32, The International Union of Pure and Applied Chemistry (IUPAC)
describes six types of adsorption isotherms depending on the type of adsorbent and pores
(Figure 2.25) 330:33% The BET equation uses information from the isotherms' linear low relative
pressure regions to determine the sample's specific surface area.

1 1 Cc-1(p )
x[(%O)_l] " XmC + XmC (?0) Equation 2.15

Symbol X stands for the adsorbed gas weight at a specific relative pressure (p/po), and Xm is the
adsorption capacity or volume of the gas adsorbed at standard temperature and pressure STP
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(273 K and 1 bar). The C symbol is the BET constant, which can be calculated from the

intercept and slope of the graph. It is related to the adsorption energy in the first adsorbed layer
331, 333
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Figure 2.25. The different isotherms described by IUPAC based on the adsorbent type and
pores (adapted from 3343%),

2.1.2.k Thermogravimetric analysis (TGA)
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Figure 2.26. A block diagram of the instrument setup for thermogravimetric analysis (TGA)
(adapted from 3%),

Balance controller
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Thermogravimetric analysis (TGA) measures material weight changes with temperature in a

controlled atmosphere, yielding information about the material's thermal stability, moisture
and/or solvent contents, sample components, and polymer filler levels for polymer analysis **¢.
The autosampler loads the sample into the microbalance (Figure 2.26). The thermocouple is
placed directly above the sample and measures changes in temperature. TGA analysis is
performed by gradually increasing the temperature of the sample in the oven and
simultaneously weighing the sample by finding the deflection of the beam with an analytical
balance placed outside the oven. In TGA, mass is lost when the loss of volatile components
accompanies the thermal event. Chemical reactions like combustion are associated with mass
loss, but no physical changes like melting. The sample weight is plotted against temperature

or time to show the thermal transition of the material and material decomposition 3%.

2.1.2.1 Electron spin resonance (ESR) spectroscopy
Electron spin resonance (ESR) spectroscopy is based on the characteristic magnetic properties

of atoms, ions, molecules, or molecular fragments with an odd number of electrons. The
electron's spin is its intrinsic property, and there is a magnetic moment due to this spin. When
the sample is placed in an external magnetic field of the Bex: intensity, the electrons with
unpaired spins absorb electromagnetic radiation, and a transition from low to high energy levels
is recorded (Figure 2.27a).

1 Klystron Detector
A E I
Maglletlcl , :  High energy a - b
moments M.=+1/2 ‘ Sample cavity
| 1
d . i ;
T = \ o I e consi
il : AE= hv= gﬂBo g g Phase sensitive
K ! AAA & E detector
Unpaired Vo e % ®
electrons Mo=-1/2
: Low energy
Magnetic field Magnetic field
OFF ON
Input modulator

Figure 2.27. (a) Principle of operation (adapted from %) and (b) a block diagram of an
electron spin resonance (ESR) X-band spectrometer setup (adapted from 33).

In principle, ESR spectroscopy is similar to NMR spectroscopy, where nucleus energy
transitions between two energy levels are observed. In ESR spectroscopy, these energies differ

mainly due to electron magnetic moment interacting with the external magnetic field. The
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unpaired electrons act like tiny bar magnets due to the magnetic moment in the presence of this
field. The electrons have the lowest energy if their magnetic moment is aligned with the
external magnetic field vector and the highest if aligned opposite this vector. This phenomenon
is commonly known as the Zeeman effect 2%4. Since the electrons are spin % particles, the low-
and high-energy states can be called Ms = -¥2 and Ms = +%4, respectively. The energy of the
unpaired electron, Ee, in the external magnetic field is defined as follows 33°:

Ee = gBM;Bey: = i%.g.BBext Equation 2.16
AE = gBBeyt = Ay Bext Equation 2.17

where AE is the energy difference between the two states, dimensionless parameter g is called
a g-factor or g-value, g is Bohr magneton being a unit of magnetic moment, y = gf/A is the
gyromagnetic ratio, and 7 is the reduced Planck's constant. When Bo is the external magnetic

field intensity, AE becomes equivalent to the radiation energy Av and can be written as
hv = gBB, Equation 2.18

where v is the frequency of electromagnetic excitation in hertz, usually in the radiofrequency
(RF) range. The splitting of energy states linearly depends on Bext 3°. The energy levels
degenerate at Bext = 0, implying that the two states have the same energy without an external
magnetic field. Electromagnetic radiation is absorbed when Equation 2.18 is satisfied in the
presence of an external magnetic field. To fulfill this condition, the radiation frequency, v, or
the external magnetic field, must be adjusted by keeping the other constant. The unpaired
electron absorbs RF radiation at a low energy level, thus jumping to a high level if resonating.
These excited electrons relax to a lower energy state by emitting excess energy. The ESR
spectroscopy records the transition between low and high energy levels. Since the unpaired
electrons are exposed to the surroundings, a nucleus with a magnetic moment near the unpaired
electrons can affect the local magnetic field of the unpaired electrons, and further splitting of
the spectrum, called hyperfine splitting, can occur. The schematic of the ESR spectrometer is
shown in Figure 2.27b. The radiation source (Klystron) is made of vacuum tubes containing
stable high-power microwave sources with low-noise characteristics, yielding high sensitivity
to the instrument. The microwaves enter the sample resonant cavity through an iris. The
sample cavity is positioned at the center of the electromagnet to amplify the weak signals from
the sample. Furthermore, several components, including an attenuator, field modulator, and

amplifier, enhance the instrument performance 34°.

78

http://rcin.org.pl



The g-factor of an ESR sample determines the position in the magnetic field (at a given
microwave frequency) where an ESR transition will occur. Therefore, it is a characteristic of
an electron in a specific environment. With Equation 2.19, the g-value can be calculated after
applying the values of h and g, thereby giving the following equation:

_ 71.4484 v(GHz)

Bo(mT) Equation 2.19

Although the g-value (ge) of a free-electron equals 2.00232 in a vacuum, when the electron is
in a complex chemical environment, e.g., of a transition metal ion complex, a second magnetic
field is produced by the nuclei, thereby changing the effective field by AB, which strongly
influences the electron. The g-factor value is affected not only by the electronic environment
but also by its anisotropy 4. Due to the spin-orbit coupling, the g-value deviates from 2 for
electrons in atoms. When these atoms are placed in an electrostatic field from other atoms,
their orbital energy level will change, and the g-factor will become anisotropic. This anisotropy
leads to line broadening in otherwise isotropic ESR spectra. Anisotropy is an essential

parameter for free electrons in non-symmetric p and d orbitals 3.
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2.2 Experimental part

This section includes the materials and methods used in this work and is divided into two sub-

sections: Section 2.2.1 for MIPs and Section 2.2.2 for silver nanocomposites.

2.2.1 Molecularly imprinted polymers (MIPs)

2.2.1.a Materials and chemicals

Table 2.2. List of chemicals.

Name Acronym Structural formula Application Source
Reactant for Merck
2,4-Dimethylphenol DMPh \/@/ electro-
HO A KGaA
oxidation
The desired
L
o product of
3,3',5,5'-Tetramethyl- electro- Strem
2,2'-biphenol TMBh oxidation. Chemicals
o Template for
MIPs
" Q) .
. igma-
2,2'-Biphenol BP O TMBh analog Aldrich
OH
= > = 1
Dipehylamine-2- DACA - Z@ Functional Sigma-
carboxylic acid FM-1 monomer for Aldrich
MIP-1
Synthesized
at the
p-Bis(2,2';5',2"-terthien- Functional University
5'-yl)methylbenzoic FM-2 monomer for of North
acid MIP-2 Texas, TX,
USA
Synthesized
2,4,5,2'4'5'- Cross-linking Unﬁt/g;zit
Hexa(thiophen-2-yl)- CM-1 monomer for y
TN of Insubria,
3,3"-bithiophene MIP-1
Como, Italy

342

80

http://rcin.org.pl



Name Acronym Structural formula  Application Source
Synthesized
2,2"-Bis(2,2'- Cross-linking at the
bithiophene-5-yl)-3,3'- CM-2 monomer for  University
bithianaphthene MIP-2 of Insubria,
Como, Italy
343
CHs3 .

. . Deprotonating . ]
Triethylamine, TEA HsCAN) agent for FMs Sigma
purity > 99.5% k in MIP Aldrich

CHs in S
HsC
Tetrabutylammonium
perchlorate, for A~ Sigma-
electrochemistry, TBA(CIO) OHSC/ Cs - Electrolyte Aldrich
purity >99.0% i
/ S0 on
le) 3
:. Sigma-
Ferrocene, p.a. Fe Redox probe Aldrich
<=
. L Sigma-
Acetonitrile, anhydrous ACN HyC—=— Solvent Aldrich
(|:I Sigma
Dichloromethane DCM C|/CH2 Solvent Aldrich

Other chemicals used.

© o k& w Do

Acetic acid, p.a. (POCH S.A)).
Acetone (Linegal Chemicals, Sp. z 0.0.).
Acetonitrile HPLC grade (Carl Roth).

Doubly distilled deionized water (resistivity 15 MQ.cm).
Methanol, purity 99.8% (Linegal Chemicals, Sp. 0.0.).

Millipore water with a resistivity of 18.2 MQ c¢m (at 25 °C) and a total organic

carbon (TOC) value below 5 ppb.
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2.2.1.b Experimental techniques and methods

2.2.1.b1 Theoretical simulations
The simulation workstation containing four Intel dual-core processors was used for molecular

structure optimization, energy changes, and bond vibrations calculations with Gaussian 09
software (Gaussian, Inc., CT, USA) **. The B3LYP functional and the 6-31G(d) basis set
were applied to simulate the structure of the pre-polymerization complex of the TMBh
template and FM. Calculations were performed for molecules in a vacuum at room
temperature (298.15 K). Avogadro software helped prepare input files 34534, The optimized
three-dimensional molecules' structures were used to calculate the standard Gibbs free energy
change values due to complex formation, AGY,,.4.

For illustrating the selective electrosynthesis by MIPs, preliminary quantum chemistry
calculations were performed to optimize structures of the molecular components and to
determine the changes of standard Gibbs free energy joined with the formation of the pre-
polymerization complexes using hybrid-DFT with B3LYP functional, and the split-valence
6-31G(d) basis set implemented in Gaussian 09 software 344, All calculations were estimated
using the data computed in a vacuum at room temperature (298.15 K) and 1 atm. Input files
were prepared by using GaussView v.5 software 347,

In the next step, the cavity in the MIP film was simulated. Initially, three-dimensional
molecular structures of TMBh acting as the template, the DMPh substrate, the deprotonated
form of functional monomer (FM-2), and the cross-linking monomer (CM-2) were constructed
using Discovery Studio 2020 visual interface BIOVIA 348, All structures were optimized using
the DFT method with the B3LYP/6-311G (d,p) hybrid functional implemented in Gaussian 16
software 34°. All computations were accounted for by the electric permittivity (¢) value of the
ACN : DCM (9 : 1, v/v) mixed solvents at 298.15 K (& = 34.64 rij)) 3, in agreement with the
experimental procedure. The ¢ value was calculated using the ratios of the solvents used.
Charges were set as 0 on TMBh, DMPh, and CM-2, whereas as —1 on monomer FM-2. The
electrostatic potentials, derived for atomic partial charges on the atoms, were computed using
the Breneman model 32, reproducing the molecular electrostatic potential. These components
were used to construct the cavity in the MIP film. The optimizations of created systems were
run one by one using the CHARMmM force field 32 implemented in the Discovery Studio 2020
module. In the beginning, the system was relaxed through energy minimization (steepest
descend algorithm followed by the conjugate gradient algorithm introducing 3000 steps each).

The design of the cavity in the MIP was accomplished in two steps to get a closer insight into
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the synthetic steps of biphenols. The structure of the pre-polymerization complex was
constructed with the molar ratio of template TMBh to monomer FM-2 of 1 : 2 based on the
molar ratio used in the synthesis. Preliminary, eight molecules of FM-2 surrounded one
molecule of TMBh. The FM-2 molecules were placed randomly around TMBh, and energy
was minimized. Next, the 1 : 2 pre-polymerization complex was generated by removing six
monomers. The main criteria of the monomer selection were the strong hydrogen bond and
n-m interactions of TMBh with FM-2. Then, the structure of the 1 : 2 complex was optimized
once more. For the behavior of the internal geometry, an auxiliary potential restraining was
applied to the FM-2 molecules. A force constant of 83.74 kJ mol~ A? was sufficient for the
calculations. Then, ten molecules of cross-linking monomer CM-2 were added to the system
at random positions.

After optimization, five molecules of CM-2 were chosen in the same way as above to
complete the formation of the pre-polymerization complex system. The structure of the
generated 1:2:5 complex was optimized again. Finally, a theoretical model of the
recognizing cavity was generated by simulating the electropolymerization. Based on previous
observations in simulating molecular electropolymerization for similar systems 3%, it can be
said that the C2 positions in thiophene rings of neighboring molecules of FM-2 and cross-
linking CM-2 monomers have been joined by covalent bonds. The resulting structure of the
cavity was optimized, and then molecular dynamics (MD) was used to get the final structure.
The systems in MD computations were heated from 0 K to 298.15 K within 50 ps (1 fs per
step) before equilibrating thermally for 100 ps (1 fs per step) to reach the equilibration state.
The equilibrated system was taken as the starting structure for 5 ns production runs with the
canonical ensemble (NVT, 298.15 K) using a Berendsen thermostat ***. The leapfrog Verlet
algorithm and Langevin temperature coupling method were applied during the simulation.
The constraints were set on heavy atoms with a force constant of 418.68 kJ mol* A? to
immobilize the 3D structure of the cavity during MD calculations. In the end, the template was
removed from the system, and the obtained cavity was considered the theoretical model of the
site where the synthesis of biphenols takes place.

In the next step, the combined quantum mechanical/molecular mechanical (QM/MM)
methods were used in the simulations of the electro-oxidation of DMPh to the C-C coupled
product TMBh in the molecular cavity and outside the cavity. QM/MM calculations were
performed via a two-layer ONIOM scheme in the Gaussian 16 software package. The ONIOM
method is a hybrid quantum chemical approach developed by Morokuma and his co-workers

35-356 where different levels of theory are applied to different parts of molecular systems. The
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most crucial elements of the systems are computed on a high-level method (e.g., QM), which
can describe chemical bond breaking and formation, whereas the rest of the system is computed
on a low-layer computational method (often MM). The environmental effects of the molecular
surroundings on the tested system are well described using this methodology. In this study,
the high-level method was the functional B3LYP *"*°°, and the low-level method adopted the
Amber force field *®°. The feasibility of the ONIOM (B3LYP : Amber) method has previously
been demonstrated for several enzymatic systems **. The QM regions comprised the product
(TMBh) and radical cation substrates (DMPh **). Two hydrogen ions were employed to
saturate the reaction. The 6-311G basis set was used for geometries optimizations. The rest
of the system, i.e., the molecular cavity (MM region), was treated by the Amber force field.
For the QM cluster calculations, calculations adopting the SCRF-SMD solvation model with a
dielectric constant ¢ = 34.64, simulating the reaction environment, were used. During the
ONIOM calculations, the electrostatic embedding method, implemented in Gaussian 16, was
employed to evaluate the Coulomb interactions between MM and QM regions in all

calculations 362,

OH

TMBh
neutral

DMPh DMPh
Radical cations

AG? AGS
AGHing 298K) = AGp — AG]

HO

OH ‘

S 5
. -
OH OH

DMPh DMPh TMBh
Radical cations neutral

0 _ 0 0 0 0
AGbind (298K) — Z(AGTMBh (neutral) +2X AGH"') - Z(AGDMPh (radical cation) + AGDMPh (radical cation))

Scheme 2.1. The electro-oxidation of DMPh to the C-C coupled product TMBh in the
molecular cavity and outside the cavity, and the equation describing the standard Gibbs free
energy change associated with these reactions.
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Two molecules of DMPh and their radical cations DMPh **, the molecule of product TMBh
together with 2H* were consecutively inserted into the cavity again and, after MD treatment,
were selected as starting systems for QM/MM simulations. The standard Gibbs free energy
changes due to complexation in the polymer matrix were accounted for and used in the

calculations of the standard Gibbs free energy associated with these reactions (Scheme 2.1).

2.2.1.b2 Preparation of Pt and Au electrodes
Platinum electrodes of different sizes were used. Soft glass shrouded Pt disk electrodes

(diameter of 0.75 mm and area of 0.44 mm?) were used for preliminary optimization of MIP
preparation and electrosynthesis. The 22 x 5 mm? Pt plates (2.74 cm? area) were used for large-
scale electrosyntheses. The active surface area in electrosynthesis was 1.90 cm?.  Before
depositing MIP films, the Pt electrodes were roughened with sandpaper (PP 2500) and then
cleaned with acetone under ultrasonication in an ultrasonic bath (Power 160 W, model 1S-3R
of InterSonic, Olsztyn, Poland) for 15 min. The electrodes were roughened to enable stronger
adhesion of films to their surface. The 22 x 7 mm? glass slides with a 100-nm thick gold layer
evaporated over a 10-nm thick titanium underlayer (Institute of Electronic Materials
Technology, Warsaw, Poland) were used to characterize the MIP and NIP films using AFM
and PM-IRRAS techniques. These slides were rinsed with deionized water followed by

acetone under ultrasonication for 15 min before polymer film coating.

2.2.1.b3 Electrochemical setup

Working
electrode

Reference
electrode

Figure 2.28. The cross-sectional view of the three-electrode V-shaped electrochemical glass
minicell designed at the Institute of Physical Chemistry, PAS (Warsaw, Poland) and custom-
manufactured by Labit Sp. z 0.0. (Stare Babice, Poland).
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Although electrochemical techniques require only two electrodes in principle, a three-electrode

potentiostat-aided system (Figure 2.28) is often used. Then, a separate reference electrode
controlling the potential applied to the working electrode is added, and the ohmic potential loss
in the solution is eliminated 2%°. Our setup included a three-electrode system containing the
working, counter, and reference electrode. The Pt disk or plate and Au-layered glass slides
were used as working electrodes. The working electrode potential is varied, while the reference
electrode potential is kept constant. The generally used Ag/AgCl reference electrode contains
each electrode reaction component, i.e., a saturated solution of silver and chloride ions at a
constant concentration in saturated sodium chloride solution and a silver chloride film-coated
silver wire to keep the potential constant.

In our case, a quasi-reference electrode as the silver wire was used, and ferrocene was used
as an internal reference of potentials to calibrate the silver wire potential. The current passing
through the working electrode is equal but opposite in sign to the current passing through the
counter electrode, whose surface area is much larger. No current flows through the reference
electrode. We used a Pt wire or a 4-mm diameter graphite rod with 45-mm length as the counter
electrodes depending on the working electrode surface area. An excess (TBA)CIO4
electroinactive salt was added to the test solution to maintain high ionic strength for minimizing
electroactive ions migration. This high ionic strength makes the EDL thin, and, consequently,
the applied potential abruptly decreases to a negligible level within nanometers from the
working electrode surface. That results in a well-defined current response at the electrode

surface. This setup was used for all electrochemical experiments related to MIPs.

2.2.1.b4 Preparation of films of molecularly imprinted polymer (MIP) and non-imprinted
polymer (NIP) control

Two different MIP films were prepared for the TMBh template. Moreover, control NIP films

were prepared to understand the effect of imprinting on electrosynthesis.

(@) MIP-1 with commercial functional monomer FM-1

Several TMBh : FM-1 : CM-1 molar ratios and TEA concentrations were tested to optimize
the MIP film preparation. For MIP-1 film electrosynthesis, the exemplary solution of a pre-
polymerization complex was 100 uM TMBh (template), 200 uM DACA (FM-1), 500 uM
2,4,5,2' 4' 5'-hexa(thiophen-2-yl)-3,3'-bithiophene (CM-1), 1000 uM TEA, and 100 mM
(TBA)CIO4 (supporting electrolyte) in ACN. Next, electrodes were immersed in the pre-

polymerization complex solution, and then polymer film was deposited on a working electrode
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under potentiodynamic conditions with five potential cycles over the potential range of 0.00 to
1.40 V vs. Ag quasi-reference electrode at a potential scan rate of 50 mV s?. The BioLogic
SP-300 (Bio-Logic SAS, Seissinet-Pariset, France) potentiostat driven by EC-Lab v.10.37
software of the same manufacturer was used for this polymerization.

After the electropolymerization, the TMBh template was extracted from the MIP-1 film.
For that, the MIP-1 film-coated electrode was immersed in the extraction (acetic acid) :
methanol (1 : 1, v/v) solution for up to 400 min at room temperature, 25 (1) °C. Acetic acid
was used for extracting the TMBh template from the MIP because it more strongly interacts
with the TMBh template than the FM and, therefore, can remove the template from the MIP.
DPV measurements were performed on the MIP-1 film-coated electrodes in 1 mM redox probe
ferrocene and 100 mM (TBA)CIO4 in ACN to confirm successful template extraction. The
potential was swept between 0.00 and 0.80 V vs. Ag quasi-reference electrode with a potential
step of 5 mV, the amplitude of 100-ms pulses of 2.5 mV. The CV and DPV experiments were
performed using a three-electrode V-shaped glass minicell (Figure 2.28) using the Bio-Logic
SP-300 potentiostat.

Synthesis of the control NIP-1 film was performed similarly to the MIP-1 film but in the
absence of the TMBh template. Then the extraction process was also applied to the NIP-1

films to maintain conditions similar to those used for template extraction from the MIP-1 films.

(b) MIP-2 with newly synthesized functional monomer FM-2

The MIP-2 preparation is presented in Scheme 2.2. Several concentrations of the TMBh
template, FM-2, CM-2, and TEA were tested. MIPs were prepared with and without TEA.
For MIP-2a film electrosynthesis, the optimized composition of a pre-polymerization complex
solution involved 200 pM TMBh (template), 400 uM p-bis(2,2';5',2"-terthien-5'-
yl)methylbenzoic acid (FM-2), 1000 uM 2,2'-bis(2,2'-bithiophene-5-yl)-3,3'-bithianaphthene
(CM-2), 1000 pM TEA and 100 mM (TBA)CIO4 (supporting electrolyte) in the ACN : DCM
(9: 1, viv) mixed solvents. Based on the calculated standard Gibbs free energy gain due to
complexation, the TMBh : FM-2 molar ratio of 1 : 2 was selected. The CM-2 was used in
excess at a concentration five times higher than that of the template to ensure the MIP's uniform
distribution of imprinted cavities. The pre-polymerization complex was prepared, then
ultrasonicated for 15 min. Next, the Pt or Au electrodes were dipped into the pre-
polymerization complex solution, and deposition was carried out under potentiodynamic
conditions with five potential cycles over the potential range of 0.00 to 1.40 V vs. Ag quasi-
reference electrode at a scan rate of 50 mV s also using the BioLogic SP-300 potentiostat.
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Another set of thinner MIP-2 film, denoted as MIP-2b, was prepared using a ten times diluted
solution of the above pre-polymerization complex in the ACN : DCM (9 : 1, v/v) mixed
solvents. The control NIP-2a and NIP-2b films were synthesized similarly to MIPs but without
the TMBh template. DCM (10 vol.%) enhanced the solubility of FM-2. The FM-2 is
electropolymerized at a potential lower than the TMBh template, which is significant for
maintaining the template integrity. TEA was used for deprotonating the FM-2 to enable
stronger electrostatic interactions between the TMBh template and FM-2. The CM-2 provided
rigidity to the MIP-2 film because it polymerizes in three dimensions, yielding a three-

dimensional networked rigid film.

—

Template extraction
from MIP

MIP-2
TMBh-templated TMBh-extracted

MIP-2

Molecularly self-assembled
pre-polymerization
complex

Scheme 2.2. The flowchart of MIP-2 film preparation for selective TMBh electrosynthesis.

The pre-polymerization complex for MIP-2 preparation revealed aging. The mechanism
of this aging is discussed in Section 3.5 of Chapter 3. The conditions were optimized to slow
down aging. Toward that, solution storage at room temperature, 25 (1) °C, and protection
with an aluminum foil from light illumination, significantly deterred the aging. Moreover, the
pre-polymerization complex solution was ultrasonicated for 15 min before the

electropolymerization.
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After electropolymerization, the template was extracted from the MIP-2 film. To this end,
the MIP-2 film-coated electrode was immersed in the (acetic acid) : methanol (1 : 1, v/v)
extraction solution for up to 180 min at room temperature, 25 (1) °C. DPV measurements
were performed with the MIP-2 film-coated electrodes in the 1 mM ferrocene solution of 100
mM (TBA)CIO4 in ACN : DCM (9 : 1, v/v) mixed solvents to confirm successful template
extraction. Here, the potential was also swept between 0.00 and 0.80 V vs. Ag quasi-reference
electrode with a potential step of 5 mV, the amplitude of 100-ms pulses of 2.5 mV. CV and
DPV experiments were performed using the three-electrode V-shaped glass minicell exhibited
in Figure 2.28 using the Bio-Logic SP-300 potentiostat.

2.2.1.b5 Electrosynthesis
The potentiodynamic characterization of DMPh was performed in ACN containing the

(TBA)CIOa4 electrolyte at the bare Pt electrode. The TMBh electrosynthesis was carried out
at room temperature, 25 (£1) °C, through electro-oxidation of DMPh under potentiostatic or
galvanostatic conditions in 100 mM (TBA)CIO4 in 3 mL ACN : DCM (9 : 1, v/v). The MIP
film thickness, electrosynthesis potential or current and time, and DMPh concentrations'
effects on the reactant conversion and product yield were studied. Kinetic plots were obtained
for electrosynthesis at bare, MIP-2, and NIP-2 film-coated electrodes to elucidate the
performance of MIPs towards the selective electrosynthesis of TMBh. The experiments were
performed using the three-electrode V-shaped glass minicell (Figure 2.28) using the Bio-Logic
SP-300 potentiostat. Pt disk electrodes (diameter of 0.75 mm and area of 0.44 mm?) were used
for preliminary optimization of electrosynthesis, and the 22 x 5 mm? Pt plates (2.74 cm? area)
were used for large-scale electrosyntheses wherein the active surface area for electrosynthesis
was 1.90 cm?. An Ag wire was used as the quasi-reference electrode with ferrocene as the
internal reference. A Pt wire or a 4-mm diameter 45-mm long graphite rod were used as the
counter electrodes depending on the working electrode surface area. The solution was not
stirred during the electrosynthesis. Notably, the polymer films were conditioned by cycling
the potential ten times between 0.00 and 2.00 V vs. Ag quasi-reference electrode in the
100 mM (TBA)CIO4 in the ACN : DCM (9 : 1, v/v) solution before electrosynthesis.
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2.2.1.c Characterization techniques

2.2.1.c1 Proton nuclear magnetic resonance (*H NMR) spectroscopy
'H NMR spectroscopy was used to study the aging mechanism of the pre-polymerization

complex of MIP-2a in ACN : DCM (9 : 1, v/v) with a Bruker AVANCE Il 300 MHz
spectrometer. Solutions of the pre-polymerization complex for MIP-2a preparation and
individual components of the solution were analyzed on the day the solutions were freshly

prepared and then under refrigeration at ~4 (+1) °C after 1 and 10 days to monitor aging.

2.2.1.c2 UV-vis spectroscopy
The UV-vis spectroscopy analysis was used in titration experiments to investigate the effect

of TMBh and FM binding on the absorbance of TMBh and FM. Mixed solutions of BP
(TMBh analog) and FM-1 were prepared at different molar ratios in ACN in the MIP-1
system, and that of TMBh and FM-2 were prepared at different molar ratios in ACN : DCM
(9 : 1, v/v) in the MIP-2 system with and without TEA. The spectra were acquired in the 190
to 800 nm region for solutions in quartz cuvettes with a path length of 1 cm. Moreover, the
UV-vis spectroscopy analysis was performed for the BP, TMBh, FM, and TEA individual
components as references for the peaks detected for the pre-polymerization complex. The
Shimadzu UV-2501PC spectrophotometer with 0.5 nm resolution was used for recording the
UV-vis spectra. Quartz cuvettes were used as the analysis was also performed in the UV
region. Simulated spectra were calculated by the addition of the spectra of individual
components. This analysis was performed for the MIP-1 and MIP-2 systems.

Moreover, the effect of aging on the pre-polymerization complex of the MIP-2 system
was studied using this technique. The pre-polymerization complex solution of MIP-2a was
analyzed immediately after preparation in ACN : DCM (9 : 1, v/v) and after one day of aging
at4 (£1) °C.

2.2.1.c3 Infrared spectroscopy
In all cases, the Vertex 80v (Bruker, Germany) FT-IR spectrophotometer was used for

analysis, and the OPUS v. 7.2 software of Bruker was used to analyze the IR spectra recorded.

(&) Fourier transform infrared spectroscopy (FTIR)
The transmission FT-IR spectroscopy was used to understand the binding nature in the pre-
polymerization complex with and without 1 mM TEA. The transmission FT-IR spectroscopy

90

http://rcin.org.pl



measurements were performed on ZnSe windows coated with the pre-polymerization complex
solution of MIP-1 or MIP-2, and the solutions of their components with the pressure in the
sample compartment decreased below 6 hPa. The ZnSe windows were drop-coated with the
solutions, then dried under atmospheric conditions. The pre-polymerization complex solution
and solutions of individual components of MIP-1 were prepared in ACN and that of MIP-2 in
ACN : DCM (9: 1, viv).

(b) Grazing angle reflectance Fourier-transform infrared (GA-FTIR) spectroscopy
GA-FTIR spectroscopy was used to characterize the MIP-2a films. The films were deposited
on Au-layered glass slides under potentiodynamic conditions, the same as those used for Pt
electrodes, because the gold surface has excellent reflection properties in the IR spectral region.
The GA-FTIR spectroscopy measurements were performed at the 70° angle with pressure
decreased to 6 hPa in the sample compartment.

(c) Polarization-modulated infrared reflection-absorption spectroscopy (PM-IRRAS)
The PM-IRRAS spectra of the MIP-2 and NIP-2 films deposited on Au-layered glass slides
before and after exposure to (acetic acid)-methanol extraction solution were recorded using
polarization-modulation. The spectrophotometer was equipped with a PMA5S0 PM-IRRAS
module. The nitrogen-cooled MCT (Hg-Cd-Te) detector was used for a reasonably high signal-
to-noise ratio. The PM-IRRAS measurements of the polymer films were performed at an 86°
incidence angle in the atmosphere of dry nitrogen (evaporated from liquid N2) under decreased
pressure. The films on Au-layered glass slides were prepared according to the procedure
reported for the MIP-2 and NIP-2 films' preparation on Pt electrodes.

2.2.1.c4 Dynamic light scattering (DLS) analysis
The DLS analysis was used to monitor the changes related to the aging of the pre-

polymerization complex solution. The DLS instrumentation used was ZetaSizer from Malvern
Instruments Ltd. (UK), and the analysis was performed at room temperature, 20 (+1) °C. The
pre-polymerization complex solution of MIP-2a in ACN : DCM (9 : 1, v/v) was analyzed

immediately after preparation and then after aging for 7 days.

2.2.1.c5 Atomic force microscopy (AFM)
A p-doped Si cantilever and tip (RTESP Bruker) with a 43.3 N m™ force constant was used to

image the polymer films deposited on Au-layered glass electrodes. The films were AFM
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imaged using the Tapping™ and PeakForce quantitative nanomechanical (PQNM™) modes
with a MultiMode 8 AFM microscope of Bruker controlled by a Nanoscope V controller and
driven by Multimode v.8.15 software. Simultaneously, film topography and nanomechanical
properties were measured. Further, the AFM analysis, which included the determination of
film roughness, thickness, and phase changes within the film, was performed using NanoScope
Analysis v.1.2 software of Bruker. The Derjaguin, Muller, and Toporov model was used to
calculate Young modulus 3% and unravel the nanomechanical properties.

AFM was used to characterize the solution aging wherein MIP-2a films, prepared using a
fresh solution and the solution aged for one day, were imaged and analyzed. Furthermore,
AFM was applied to observe differences between thick (MIP-2a, NIP-2a) and thin (MIP-2b,
NIP-2b) films before and after exposure to (acetic acid) : methanol (1 : 1, v/v) extraction

solution.

2.2.1.c6 High-performance liquid chromatography (HPLC)
The electrosynthesis was followed by an HPLC analysis on a Shimadzu Corp. (Kyoto, Japan)

HPLC setup. This setup comprised a DGU-20A degassing unit, a liquid chromatography (LC)
LC-20AT unit with controlled gradient mobile-phase elution, and an SPD-M20A UV-vis diode
array detector. The compounds were separated using a Luna® 5 um C18(2) 100 A reversed-
phase LC column (dimension 250 x 4.6 mm? from Torrance, CA, USA). Gradient elution was
performed with ACN (Solvent B) and Millipore water with a resistivity of 18.2 MQ cm (at 25
°C) (Solvent A) mobile phase. A linear gradient was accomplished with the Solvent A to
Solvent B volume ratio from the initial 50 : 50 to the final 5 : 95 value during 20 min. The
compounds were separated at 30 (+0.5) °C. Reference standards of the DMPh reactant and
the TMBh desired product dissolved with 100 mM (TBA)CIO4 in the ACN : DCM (9 : 1, v/v)
solution were used for identification and calibration plots preparation. The HPLC system was

controlled with LabSolutions software provided by the Shimadzu company.
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2.2.2 Silver nanocomposites

2.2.2.a Materials and chemicals

The materials and chemicals used for the Silver nanocomposites project are as follows.
Silver nitrate, AgNQs, purity 99.9% (POCH S.A.).

Brewery wastes from Jabtonowo brewery (Wolka Kosowska, Poland).

Doubly distilled deionized water (resistivity 15 MQ cm).
N,N'-Dimethylformamide, anhydrous, 99.8% purity (Sigma-Aldrich).
Potassium ferrocyanide, Ks[Fe(CN)s]-3H20, p.a. (Chempur).

Potassium nitrate, KNOgs, p.a. (POCH S.A)).

Sodium hydroxide, NaOH, purity 98.8% (POCH S.A.).

di-Sodium hydrogen phosphate, Na2HPQO4, anhydrous, p.a. (Chempur).

Sodium dihydrogen phosphate monohydrate, NaH2PO4 H20, p.a. (POCH S.A)).

© © N o g s~ w e

2.2.2.b Experimental techniques and methods

2.2.2.b1 Brewery wastes analysis methods
The total nitrogen, polyphenols, carbohydrates, sugars (fructose, glucose, maltose and sucrose,

maltotriose, sulfate (SO4°7), and TOC in brewery wastes were quantified. The elemental
content of most elements was determined by a conventional combustion method. Chlorine was
determined by argentometric titration with the AgNOs standard solution %4, The total nitrogen
content was determined using the Kjeldahl titration (PN-A-04018:1975) 3%, The total
polyphenols content was determined using the spectrophotometric method (PN-A-79093-
13:2000) %%, The total carbohydrate content was determined using the spectrophotometric
method according to Analytica EBC, 2.7.3 MEBAK (2013) *’. The total sugar content was
determined using HPLC with refractometric detection (HPLC-RID); external standards were
used according to 9.27, 8.7 Analytica EBC, 2.7.2 MEBAK (2013) %8, The sulfate content was
determined using HPLC with conductometric detection (HPLC-CD) and an external standard
according to 2.22.1 MEBAK (2013) **°. The TOC was quantified using the spectrometric
method according to CLA/SR/26/2012 37°. The pH of the brewery wastes was measured using
an MP220 (Mettler-Toledo, USA) pH meter.

2.2.2.b2 Preparation of silver nanocomposites
Brewery wastes-mediated nanocomposite synthesis was a simple one-pot reaction

(Scheme 2.3). The BW5, BW7, and BW9 unprocessed filtered brewery wastes were directly
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used for NPs synthesis without any preliminary chemical processing. For the project's
duration, the bulk brewery wastes were stored at 4 (1) °C. All of the brewery wastes were
filtered using 150 mm Whatman filter paper (11 um) before using them for synthesis.

BW5 or BW7, or BW9S
brewery waste

é
)
(XY
i
P
4 :
0] (0]

Silver salt Capped silver nanocomposites

Scheme 2.3. Valorization of brewery wastes for nanoparticle (NP) synthesis.

A measured volume (50 mL) of the filtered brewery waste (BW5, BW7, or BW9) was heated
under magnetic stirring at a constant rate of 100 revolutions per minute (rpm) until the desired
temperature (25 or 50, or 80 °C) was attained. Subsequently, silver nitrate was added to the
filtered waste to reach its final concentration of 100 mM. The syntheses were performed at
various times (10, 30, or 120 min) at 80 (+1) °C, as well as for 120 min at different
temperatures, 25 (+1) and 50 (1) °C. After the synthesis, the solution was cooled for up to 10
min to ~35 °C. Then, the solution was centrifuged at 10,000 rpm in a centrifuge model MPW
351R (MPW MED. INSTRUMENTS, Warsaw, Poland) for 40 min. The centrifugation
temperature was maintained at 20 °C. The supernatant was discarded, following which doubly
distilled deionized water was used to wash the NPs twice, sufficient to obtain pure
nanocomposites. Each washing was followed by centrifugation at 10,000 rpm for 20 min.
Finally, the NPs were kept for drying for 24 h at ~40 (+2) °C in an oven (model SLN53 STD
INOC/G, POL-EKO-APARATURA SP.J., Wodzistaw Slaski, Poland) under natural airflow
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conditions. Afterward, NPs in the ground powder form were directly used or dispersed in a

solvent for further analyses.

2.2.2.b3 Preparation of silver nanocomposites' coatings
For photoelectrochemical characterization, fluorine-doped tin oxide (FTO) coated glass slides

of 15 x 35 mm? dimensions were rinsed with deionized water, then washed in methanol under
ultrasonication for 15 min. Next, the nanocomposites were dispersed in N,N'-
dimethylformamide (DMF) using a probe ultrasonicator (amplitude 40%, model VCX 130 of
SONICS Vibra-Cell, Newtown, CT, USA) in the pulse mode for 30 min to yield a
concentration of 9 mg mL™t. The pulse mode was used to prevent the solution from over-
heating. Then a 100-uL sample of the nanocomposite suspension was drop-cast on the FTO
glass slide and dried at 50 (£2) °C for 2 h in an air oven (model SLN53 STD INOC/G, POL-
EKO-APARATURA SP.J., Wodzistaw Slaski, Poland).

For the electrochemical ORR, 4 mg of the nanocomposites were dispersed in 1 mL of
DMF using the probe ultrasonicator in the pulse mode for 30 min to 1.5 h, depending on the
dispersibility of the nanocomposites. The RRDE [Pt ring / glassy carbon (GC) disk] electrode
consisted of the GC disk of 4-mm diameter and Pt ring of 7-mm outer and 5-mm inner diameter
with a 1-mm Teflon spacer. This electrode was first roughened using PP 2500 sandpaper to
enhance coatings' adhesion. The GC disk was drop-coated with a 10-pL sample of the
suspension and then allowed to dry for 30 min. The process was repeated thrice to reach
optimum coverage. Finally, the RRDE was kept in the air for 15 min to dry the film entirely
before electrochemical measurements. Noticeably, DMF was used because of high viscosity
and hydrophobicity to enable stable coatings in aqueous solutions yet evaporated reasonably
quickly. As DMF is not a green solvent, finding alternative ways to form stable nanocomposite

coatings is imperative.

2.2.2.b4 Photoelectrochemistry
The nanocomposites were photoelectrochemically characterized using a three-electrode Teflon

cell with a quartz window of 0.28 cm? surface area. The 15 x 35 mm? FTO glass slides were
used as working electrodes, a palladium sheet as the counter electrode, and an Ag/AgCl
(3.0 M KCI) as the reference electrode. Sodium phosphate buffer solution (pH = 7.2) was used
in all experiments to maintain the integrity of the nanocomposite structure. A 150 W Oriel
AML1 Solar Simulator was used to provide illumination to activate the material with the light
intensity of 100 mW cm=. A CHI Mod. 660E potentiostat (CH Instruments Inc., Austin, TX,
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USA) was used to perform LSV experiments with a scan rate of 10 mV s between 0.50 and
1.00 V vs. Ag/AgCl. The mechanical chopper was used to chop the light beam illuminating
the electrode.

2.2.2.b5 Electrocatalytic oxygen reduction reaction (ORR)
The ORR was tested at an RRDE (model RRDE-3A of ALS Co. Ltd., Japan). The 100 mL

electrochemical cell was made of glass with a Teflon cap containing ports for the three
electrodes and inlets for pumping gas. Rubber gaskets were used to seal the cell. A 4-mm
diameter 45-mm long graphite rod was used as the counter electrode and an Ag wire as the
quasi-reference electrode. The potassium ferrocyanide redox probe formal potential was
determined vs. the Ag quasi-reference electrode to standardize the measurements. The
potential of 1 mM potassium ferrocyanide (0.165 V) vs. Ag quasi-reference electrode in the
0.1 M KNOs solution was shifted by ~55 mV in the negative direction compared to potassium
ferrocyanide potential vs. Ag/AgCI. The reported formal potential of potassium ferrocyanide
is ~0.22 V vs. Ag/AgCl in an aqueous solution of KCI or KNOz *"*32, Notably, this potassium
ferrocyanide formal potential vs. Ag/AgCl is pH dependent.

The ORR experiments were performed in Oz saturated 0.1 M KNOs or 0.1 M NaOH
aqueous solutions at different rotation rates (0, 400, 800, 1000, 1200, 1600, and 2000 rpm).
KNOswas chosen as the electrolyte because it ensured nanomaterials' stability. The pH effect
on the electrocatalytic oxygen reduction by the nanocomposites was tested using NaOH.
Oxygen was purged for 10 minutes before the experiment and 2 minutes before each
measurement. The potential was swept between 0.00 and —-1.00 V vs. Ag quasi-reference
electrode. The experiments in a deaerated environment were performed by purging Ar gas into
the cell for 15 minutes before starting and performing the experiments under Ar flow.

2.2.2.c Characterization techniques

2.2.2.cl Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
The composition of the surface organic coating of nanocomposites can be understood through

the FT-IR spectroscopy characteristic bands of functional groups that form a part of this
capping on the Ag nanocomposite surface. Single-reflection Platinum ATR (Bruker) accessory
was used for experiments with powder nanocomposites at decreased pressure (below 5 hPa).
The FT-IR spectroscopy measurements for brewery waste solutions were carried out under dry
nitrogen at decreased pressure (below 5 hPa) with the multi-reflection attenuated total
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reflectance accessory A537-A/Q Overhead ATR unit (Bruker) involving multi-ATR and
deuterated triglycine sulfate (DTGS) detector using Vertex 80V FT-IR spectrophotometer
(Bruker Inc., Billerica, MA, USA). The spectra were recorded with 2 cm™ resolution using
1024 scans.

2.2.2.c2 Ultraviolet-visible (UV-vis) spectroscopy
The Shimadzu UV-2501PC spectrophotometer recorded the UV-vis spectra of

nanocomposites dispersed in deionized water between 190 and 800 nm with 0.5 nm resolution.
The cuvettes were made of quartz, and the path length of the cuvettes was 1 cm. The
nanocomposites were dispersed using a 35 kHz bath ultrasonicator (model RK52H,
BANDELIN electronic GmbH & Co. KG, Berlin, Germany) for 20 min.

2.2.2.c3 X-ray diffraction (XRD)
The Empyrean D8 X-ray diffractometer (Bruker Inc., Billerica, MA, USA) was used to record

polycrystalline nanomaterials' powder XRD (PXRD) patterns. This apparatus was equipped
with Bragg-Brentano geometry, an X-ray tube (Cu K. radiation) with Kg filters, and a
goniometer in a 6-6 vertical system. The slits used were %4° fixed divergence slit with anti-
scatter slit and 1/8° anti-scatter slit. The measurements were performed with spinning at the
40-kV voltage and 40 mA current settings. The chemical compounds and their phases in the
NPs were identified using X'PertHighscore Plus software *%. The phase composition was
determined from the most intense PXRD reflexes representing each phase, i.e., (012) at
260 = 33.3° for AgsPOs, (002) at 20 = 32.3° for AgCl and (111) at 26 = 38.1° for Ag metal
(Agmet). The method applying the reference intensity ratio (RIR) values to corundum was
applied to calculate the phase content 34, The Scherrer equation (Equation 2.11), using a
constant of 0.94 and accounting for the reflexes of each phase in the 26 range of
20°- 60° was applied to evaluate the average values of crystallite size and the respective

standard deviations when considering more than one reflex.

2.2.2.c4 Energy-dispersive X-ray fluorescence spectroscopy (EDXRF)
A MiniPal 4 PW4025/00 EDXRF spectrometer (PANanalytical Inc., Malvern, UK) with a

rhodium lamp operating at a maximum voltage of 30 kV and a Si—-PIN semiconductor detector
was used to analyze the elemental composition of nanomaterials. The nanocomposite powders
were placed in a plastic sample holder with a transparent bottom prepared using 4 pm

Prolene 4™ film. The samples were irradiated for 120 s with X-rays produced by the rhodium
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lamp under spinning. Filters inside the spectrometer blocked the bremsstrahlung backscatter
radiation, thereby improving the signal-to-noise ratio. The PANalytical MiniPal software
package was used to deconvolute the spectra and identify the peaks using the library of
characteristic element lines. The quantification was performed automatically by the algorithms

embedded in the package.

2.2.2.c5 Scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy
(EDXS)

The Nova NanoSEM 450 (FEI, Hillsboro, OR, USA) recorded images of the nanocomposites

synthesized at 25 (+1) and 80 (+1) °C during 120 min at 10 kV accelerating voltage and 5 mm
working distance in immersion imaging mode, including charge neutralization for
nanocomposites with low electrical conductivity. The EDXS attachment was connected to the
SEM instrument for surface elemental mapping of the silver nanocomposites at 10 kV.
A 512 x 512 matrix was recorded in 16 frames with a dwell time of 200 s. The powdered
nanocomposites were deposited on 12-mm wide double-coated carbon-filled acrylic adhesive
(Ted Pella, Inc., USA) and attached to the sample holder.

2.2.2.c6 Brunauer-Emmett-Teller (BET) analysis
The BET analysis of nanocomposites was performed using the Surface Area & Porosity

Analyzer (model ASAP 2020, MJ Micrometrics, Norcross, GA, USA). First, ~100 — 400 mg
nanocomposite powders were degassed at 100 °C for ~7 h. Then, the analysis was performed.
For the evacuation step of degassing, the temperature was set at 50 °C with a ramp rate of
10 °C min™! while the pressure was decreased to 10 mm Hg. Next, the heating phase occurred
at 100 °C with the same ramp rate for 6 hours. Liquid nitrogen Dewars were used for the

degassing and analysis.

2.2.2.c7 Thermogravimetric analysis (TGA)
The TGA data were acquired using a Mettler Toledo TGA/differential scanning calorimetry

(DSC) 3+ apparatus in the temperature ranging from room temperature, 25 (+1) °C to 800 °C

under nitrogen flow at 10 °C min™* heating rate.
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2.2.2.c8 Electron spin resonance (ESR) spectroscopy
Bruker EMXplus X-band continuous wave spectrometer operating at 100 kHz field modulation

and equipped with Teslameter, an ESR 4131VT temperature controller, and nitrogen cryostat
was used for the ESR analysis. The ESR analysis parameters were 0.1 mT modulation
amplitude, 1.28 ms time constant, 22.25 ms conversion time, 40 s sweep time for 30 mT field
sweep, 500 mT sweep width, power 1 mW, spectra resolution 4000 points, and modulation
frequency 100 kHz. The ESR spectroscopy analysis of nanocomposites was performed at room
temperature, 25 (£1) °C. Gamma irradiation of 10 kGy at a dose rate of 1.87 kGy h™ was also
applied to the samples in the gamma chamber 5000 (BRIT, India) to examine the effect of
irradiation on the exemplary nanocomposites synthesized at 80 (+1) °C during 120 min. The
absorbed dose was controlled with an alanine dosimeter according to ISO/ASTM
51607:2013(E) 3. Cobalt 60 was used as the source for gamma radiation. Temperature-
dependent measurements on y-irradiated samples were accomplished starting from 100 K to

room temperature with a step of 30 — 70 K.
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Molecularly imprinted polymers
(MIPs) for selective electrosyntheses

' The image contains handprints sourced from www.freepik.com and footprints from www.stock.adobe.com.
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3.1 Synopsis
The project aimed to develop MIPs for the selective electrosyntheses of 2,2'-biphenols,

widespread motifs in natural products, catalysts, and pharmaceuticals. Our research focused
on increasing the selectivity and yield of the electrosynthesis of these important chemicals. As
a representative candidate, the electro-oxidation of DMPh to TMBh was chosen because this
reaction's current yield and selectivity are quite low. The template for MIP preparation was

our desired product, TMBh. The steps involved in this project are explained in Scheme 3.1.

* Density functional theory simulations to pre-screen functional
monomers suitable for binding 3,3',5,5'-tetramethyl-2,2'-biphenol
1 (TMBh).

* Spectroscopic studies to confirm the functional monomers (FMs) and
TMBh template binding.

N
* Preparation and optimization of MIPs capable of binding the TMBh
template.
J
)
¢ Characterization of MIP and control non-imprinted polymer (NIP)
films to study the differences in the films.
J
)
* Experimental studies to characterize the electro-oxidation of the
2,4-dimethylphenol (DMPh) reactant.
J
N
* Selectivity and yield studies at MIP film-coated electrodes in
comparison with NIP film-coated and bare electrodes for the electro-
oxidation of DMPh to TMBh.
J

Scheme 3.1. The project workflow for MIPs in selective electrosynthesis of TMBh.
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The major steps involved were DFT simulations to prescreen FMs that can bind the TMBh
template, presented in Section 3.2. Further, Section 3.3 describes experimental studies
performed to confirm the binding of the TMBh template and FM. After confirming the
binding, the MIPs were prepared, as Section 3.4 reveals. Then, Section 3.5 focuses on a
phenomenon called 'solution aging' responsible for the irreproducibility of MIP film formation.
Afterward, the optimized MIP and NIP films were characterized in Section 3.6 to reveal their
morphological characteristics and understand the extraction process's effect on the polymer
films. Subsequently, these optimized films were applied for electro-oxidation of DMPh, and
the products were identified using HPLC, as Section 3.7 depicts. This section also elucidates
a possible mechanism of selective electrosynthesis by MIPs. Finally, Section 3.8 amasses the
conclusions of the project.

3.2 Density functional theory simulations to prescreen functional
monomers (FMSs)

The DFT calculations at the B3LYP/6-31g(d) basis set level were performed for compounds

in a vacuum at room temperature (298.15 K) to screen FMs from the library based on
non-covalent interactions. Interactions of several monomers containing various functional
groups with the TMBh template were studied by comparing their standard Gibbs free energy
change (AGY,,,4) accompanying the formation of pre-polymerization complexes (Table 3.1).
The FMs containing nitrogen functional groups (-NH2 and -NO2) did not interact significantly
with the TMBh yielding positive AGp;,4 Values. Furthermore, boron-based FMs were tested.
The monomer with the protected boron atom reported here did not interact with the TMBh
template, whereas the monomers containing unprotected boron-based functional group
[-B(OH)2] very weakly interacted if the TMBh to FM molar ratio of 1 : 2 was used.

Finally, the .COOH functional groups appeared most effective in binding the TMBh as
their interactions resulted in high negative Gibbs free energy gain, especially in their
carboxylate (-COQ") form. The carboxylated form of the DACA commercial monomer
(FM-1) most strongly interacted with the TMBh template revealing the AGP;,4 Value as high
as —182 kI mol at the TMBh : FM-1 molar ratio of 1 : 2. The AGY;,q Value of the interaction
of the newly synthesized monomer p-bis(2,2';5',2"-terthien-5"-yl)methylbenzoic acid
(FM-2) with TMBh was about —68 kJ mol at the TMBh : FM-2 molar ratio of 1 : 2. If the
carboxylate forms were used, the Na* ions were added for charge neutralization.
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Table 3.1. Standard Gibbs free energy change (AGp;,4) accompanying the interaction of the
functional monomer (FM) with the TMBh template, calculated using DFT for compounds in
vacuum at 298.15 K, at the B3LYP/6-31g(d) basis set level.

Template Functional monomer Complex AGping
h EM stoichiometry .
TMB TMBh : FM kJ mol
1:1 +21
S =
p-Bis(2,2'-bithien-5-yl)methylaniline
1:1 +15
S —
p-Bis(2,2'-bithien-5-
yl)methylnitrobenzene
HsC CHs
HO i
OH
@ 1:1 +26

TMBh

S —
p-Bis(2,2'-bithien-5-
yl)methylphenylboronic acid
neopentylglycol ester

OH

S I
PN
C/)\(\j% 1:1 +2

2,2'-Bithiophene-5-boronic acid

HOL-OH

S\& 1:2 -1
p-Bis(2,2'-bithien-5-
yl)methylphenylboronic acid
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Complex

- 0
Tir:/lpéite Functlonlil:\/lmonomer stoichiometry knginI{ 1
TMBh : FM mo
oH 1:1 +6

The carboxylate form interacts
with Na* for charge neutralization

[;I*o
1:2 +29
NH

Diphenylamine-2-carboxylic 1:1 -85
acid :
(FM-1) 1:2 v -182

HO I
i OH

TMBh

1:2 -9

The carboxylate form interacts
with Na* for charge neutralization

1:1 : —63
p-Bis(2,2";5',2"-terthien-5'- 1:2 M 68
yl)methylbenzoic acid
(FM-2)

The TMBh template with FM interaction plays a significant role in successfully preparing
MIP films. Therefore, the two FMs, namely, diphenylamine-2-carboxylic acid, DACA
(FM-1) and p-bis(2,2";5',2"-terthien-5"-yl)methylbenzoic acid (FM-2) with the carboxyl
functional group were chosen based on their optimal interaction with the template at the
TMBh : FM molar ratio of 1 : 2 (Scheme 3.2). The structural orientation of the DFT optimized
structures is also shown in Scheme 3.2. Deprotonation of FM was crucial for strong
interactions occurring. The FM-1 is commercially available. Therefore, it is a preferred
candidate for MIP preparation for electrosynthesis applications. However, FM-2 is based on
thiophene polymerization units known for effective electropolymerization and efficient

conductive film formation 376,
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TMBh

Scheme 3.2. (a, ¢) The structural formulae and (b, d) structure of the DFT B3LYP/6-31g(d)
optimized pre-polymerization complex of the TMBh template with carboxylated forms of
FM-1 or FM-2 at the molar ratio of 1 : 2 in a vacuum, including Na* ions for charge
neutralization.
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3.3 TMBh template and functional monomers (FMs) binding
3.3.1 Ultraviolet-visible (UV-vis) spectroscopy titration
The UV-vis spectroscopic titrations were performed, and the resulting spectra were compared

to those obtained by adding the spectra of pure components for the same complex
stoichiometry. In these titrations, the complexation effects were relatively subtle, not
producing clear isosbestic points. Moreover, the observed subtle shifts and other changes in
the spectra were overlapped by the high-intensity bands of the components. UV-vis
spectroscopy titrations (Figure 3.1 and 3.2) reveal the subtle effect of molecular interactions
between the 2,2'-biphenol (BP) / TMBh template and FMs on the electronic transitions of
molecules.

The BP with FM-1 complexation has been studied in the absence (Figure 3.1a) and the
presence of TEA (Figure 3.1b). BP was used as a TMBh template analog for preliminary
studies as it is a cheaper, structurally similar alternative for TMBh. TEA was used as a strong
base capable of deprotonating the carboxyl group of FM-1. In the absence of TEA, changes
in the UV-vis spectra of the complex of BP with FM-1 were insignificant up to the
BP : FM-1 molar ratio of 1 :10, except for changes due to the superposition of the components'
spectra (Figure 3.1a). However, there were some changes between the experimental spectrum
for the BP : FM-1 at the 1 : 10 molar ratio and the spectrum obtained by adding the components'
spectra at the same ratio (Figure 3.1c). The bands at ~285 and ~350 nm were slightly shifted
against those predicted theoretically. These shifts suggest weak interactions between the BP
and FM-1, influencing the electronic structure of the aromatic system.

When TEA was added to the pre-polymerization complex solution, there were some
visible changes in the spectrum of FM-1 (Figure 3.1b). Notably, the band at ~285 nm was
shifted to a higher wavelength (~290 nm), and the band at ~350 nm was shifted to a lower
wavelength after TEA addition. Similar shifts can also be observed in the spectrum of BP.
These shifts indicate some TEA interaction with the aromatic system of both components.
Mixing both components led to a slight shift of the band at ~290 nm back to lower wavelengths.
The broad band in the 325 — 400 nm region in the spectra of the pre-polymerization complex
is asymmetric, consisting of superimposed bands. Moreover, the band maximum is shifted
towards higher wavelengths when the components are mixed. This shift indicates more
pronounced interactions between the BP and FM-1 in the TEA presence. It also suggests the
formation of two different forms of the complex. The band shape and position of its maximum

changed with the BP : FM-1 molar ratio increase from 1 : 1 to 1 : 10, indicating the formation
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of the pre-polymerization complex. The comparison of the calculated and experimental spectra
for the BP : FM-1 molar ratio of 1 : 10 in the presence of TEA (Figure 3.1d) clearly shows the
band shifts and band intensity differences, supporting the conclusion of stronger interactions
between the BP and FM-1 in the TEA presence.
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Figure 3.1. Experimental UV-vis spectra for complexation of BP and FM-1 at different molar
ratios compared with the spectra of BP and FM-1 alone (a) in the TEA absence and (b) in
1 mM TEA. Comparison of experimental and simulated UV-vis spectra of BP and FM-1
complexation at the BP : FM-1 molar ratio of 1 : 1 (c) in the TEA absence and (d) in 1 mM
TEA.

The complexation of the TMBh template and FM-2 has also been studied in the TEA
absence (Figure 3.2a) and presence (Figure 3.2b). The n-w transition bands of FM-2 were very
intense between 300 and 400 nm, overlapping the subtle changes due to the complexation of
the TMBh template and FM-2 (Figure 3.2a and 3.2b). Therefore, the subtle changes between
experimental and simulated spectra in the TEA presence and absence could only be observed
in the region below 300 nm (Figure 3.2c and 3.2d). In the region below 230 nm, there was a

subtle difference between the simulated and experimental spectra at the TMBh : FM-2 molar
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ratioof 1 : 1 and 1 : 2, both in the TEA absence and presence. The differences were slightly
more pronounced for the TMBh : FM-2 complex of the 1 : 2 molar ratio indicating weak
binding that affected the electronic transitions of the -COOH and —OH groups in the FM-2 and
TMBNh, respectively. However, the changes below 215 nm were inconclusive because of the
limits of optical resolution. In the region below 230 nm, the overall absorbance intensity of
the FM-2 and the complex also increased upon TEA addition, supporting the inference that
absorption is linked with the electronic transitions of the —-C=0O group.
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Figure 3.2. Experimental UV-vis spectra of complexation of TMBh and FM-2 at different
molar ratios compared with the spectra of TMBh and FM-2 alone (a) in the TEA absence and
(b) in 1 mM TEA. Comparison of experimental and simulated UV-vis spectra of TMBh and
FM-2 complexation at the TMBh : FM-2 molar ratiosof 1 : 1 and 1: 2, (c) in the TEA absence
and (d) in 1 mM TEA.
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3.3.2 Fourier transform infrared (FT-IR) spectroscopic studies of monomer-
template interactions
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Figure 3.3. Experimental FT-IR spectra of complexation of TMBh and FM-1, in ACN, at
different molar ratios compared with the spectra of TMBh and FM-1 alone (a, b) without TEA
and (c, d) in 1 mM TEA.
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The FT-IR transmission spectroscopy titration was performed by drop-casting a

pre-polymerization complex prepared in solution at different TMBh-to-FM molar ratios on
ZnSe crystals. Strong and broad bands between 3200 and 3600 cm™, assigned to
intermolecular-bonded OH stretching vibration of FM-1, were affected by the addition of the
TMBh template (Figure 3.3a). Moreover, these bands' frequencies shifted to higher
wavenumbers upon TEA addition (Figure 3.3c). Their intensities decreased relative to the
alkene C—H stretching vibration band, indicating partial deprotonation of the FM-1 carboxyl
group. After the TMBh addition, the broad band at 1650 cm™, ascribed to vibrations of the
carboxyl group of the FM-1 monomer, shifted to higher frequencies by ~25 cm™
(Figure 3.3b). Notably, this band also shifted to higher wavenumbers in the presence of TEA
(Figure 3.3d). The TMBh addition, in this case, led to a further shift of this band to higher
wavenumbers by ~10 cm™ and a significant decrease in the relative band intensity.
Furthermore, relative intensities of the characteristic doublet at ~1570 cm™ representing the
carboxyl C—O group vibration coupled to aromatic skeleton vibrations in FM-1 changed after
complexation with TMBh (Figure 3.3b and 3.3d). These changes were more pronounced for
complexation in the TEA presence (Figure 3.3d). The spectra below 1400 cm™ differed
negligibly; therefore, they were not considered.

The TMBh and FM-2 complexation slightly changed the bands representing the
—OH and —COOH stretching vibrations (Figure 3.4). The broad stretching vibration bands
between 3600 and 3200 cm™2, representative of the —OH group, were slightly shifted to higher
wavelengths for the TMBh : FM-2 complex of the 1 : 1 and 1 : 2 stoichiometry compared to
the FM-2 (Figure 3.4a). The differences in the band positions were more pronounced in the
TEA presence (Figure 3.4c). Furthermore, the characteristic C=0 vibration at ~1700 cm™ was
also affected, revealing the influence of binding on the molecular vibrations (Figure 3.4b). This
band is a doublet of components at 1716 and 1696 cm™. The relative intensities of this two-
component band decreased after TMBh addition. Moreover, the band's intensity at
1696 cm increased compared to other bands present in the spectrum. Noticeably, the band at
higher wavenumber (1716 cm™) increased after the interaction of FM-2 with TEA (Figure
3.4d). Then, the TMBh addition led to further change in these two bands' relative intensities.

These differences in the UV-vis and FT-IR spectra of the pre-polymerization complex
components (FM-1 and FM-2, and BP / TMBh) and the (BP / TMBh) : FM-1 and TMBh :
FM-2 complexes suggest that TMBh and FM-1 / FM-2 bind indeed, thereby confirming the
predictions from DFT simulations. Although the observed changes are relatively small, they
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indicate the presence of the binding, albeit not very strong, especially in the case of FM-2.

Notably, the FT-IR bands' assignment was based on performed DFT simulations.
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Figure 3.4. Experimental FT-IR spectra of complexation of TMBh with FM-2 at different
molar ratios compared with the spectra of TMBh and FM-2 alone (a, b) without TEA and
(c,d)in1mMTEAIn ACN:DCM (9:1, vv).
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3.4 Preparation of molecularly imprinted polymer (MIP) and control
non-imprinted polymer (NIP) films
3.4.1 MIP-1 films preparation

OH
o o
HO NH
! OH @
TMBh FM-1 CM-1

Scheme 3.3. Polymerization solution components, namely, 3,3',5,5'-tetramethyl-2,2'-biphenol
- TMBh (template), diphenylamine-2-carboxylic acid, DACA - FM-1, and 2,4,5,2',4'5'"-
hexa(thiophen-2-yl)-3,3-bithiophene - CM-1, for MIP-1 films preparation.

The MIP-1 film was prepared using the diphenylamine-2-carboxylic acid (DACA) FM-1,

imprinted with the TMBh template. The advantage of using FM-1 is that it is commercially
available and, therefore, is beneficial for large-scale electrosyntheses. Following the results
from experimental titrations confirming the formation of the pre-polymerization complex, MIP
films were deposited on 0.75-mm diameter platinum disk electrodes in a three-electrode
electrochemical cell. The complex was prepared by mixing the TMBh template,
FM-1 and CM-1 at the molar ratioof 1 : 2: 5in ACN (Scheme 3.3). The electrolyte used was
0.1 M (TBA)CIO4. The polymerization was carried out under potentiodynamic conditions with
the potential cycled between 0.00 and 1.40 V vs. Ag quasi-reference electrode. These potential
limits were imposed to prevent oxidation of the template, which is electro-oxidized at ~1.50 V
vs. Ag quasi-reference electrode. The MIP-1 films, prepared in both the absence (Figure 3.5a)
and presence (Figure 3.5¢) of TEA, were conductive, as indicated by the current increase with
each cycle.

Interestingly, deposited polymer oxidation currents were observed at slightly lower
potentials in the TEA presence than in the TEA absence. This effect indicates the formation
of polymers with longer conjugation in the TEA presence. The template was extracted from
the prepared MIP-1 films with an (acetic acid)-methanol (1 : 1 v/v) solution. The extraction
involved placing the electrode in the solution under stirring for a predetermined time.
According to the "gate effect” principle explained in detail in Section 2.1.1.c of Chapter 2, an
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increase in the DPV peak of the redox probe would indicate successful template extraction,
leaving vacated molecular cavities in the MIP, which would result in easier transport of the
redox probe through the film to the electrode surface. The MIP-1 films, however, showed
almost no change in the DPV peak initially up to 60-min extraction time and then a decrease
in DPV peak currents of the redox probe (Figure 3.5b) after every extraction step up to 400
min. This behavior indicates that cavities are not formed, or the redox probe diffusion through
the film is blocked because of either charge repulsion at the polymer surface or film swelling,

leading to the blocking of available pores and cavities in the film.
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Figure 3.5. Multi-cyclic current-potential curves for potentiodynamic electropolymerization
of the MIP-1 film with five consecutive potential cycles at 50 mV s scan rate in the ACN
solution of 100 uM TMBh, 200 uM FM-1, 500 uM CM-1, and 100 mM (TBA)CIO4
(a) without and (c) with 1 mM TEA. DPV curves of 1 mM ferrocene redox probe at the
MIP-1 film-coated electrodes prepared (b) without TEA and (d) with TEA in 100 mM
(TBA)CIO4 in ACN before and after TMBh template extraction with (acetic acid) : methanol
(1:1, viv) for up to 400 min.
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On the other hand, the MIP-1 films prepared in the presence of TEA (Figure 3.5c), added
to deprotonate the FM-1, showed an increasing trend in the DPV peak of the redox probe
(Figure 3.5d), which could be indicative of molecular cavity formation. This increase was
observed up to 60 min of extraction. Then the DPV signal dropped and raised again, indicating
a quite complex behavior, including at least partially destroying the polymer film. Notably,
the DPV peak for the as-deposited MIP-1 film prepared in the TEA absence was approximately
four times higher (Figure 3.5b) than the DPV peak for the film deposited in the TEA presence
(Figure 3.5d). This lower intensity peak indicates the formation of a more compact film in the
presence of TEA. Several different TMBh : FM-1 : CM-1 ratios were tested, and the
exemplary results are presented in Figure 3.5.
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Figure 3.6. (a) Multi-cyclic current-potential curves for NIP-1 film deposition by
potentiodynamic electropolymerization with five consecutive potential cycles at 50 mV s
using the ACN solution of 200 uM FM-1, 500 uM CM-1, 1 mM TEA, and 100 mM
(TBA)CIOa. (b) DPV curves for 1 mM ferrocene redox probe in 100 mM (TBA)CIOg, in ACN,
at the NIP-1 film-coated electrodes before and after exposure to the (acetic acid) : methanol
(1: 1, viv) extraction solution for up to 400 min.

Moreover, NIP-1 films were deposited similarly to MIP-1 films. Then the films were
exposed to the same (acetic acid) : methanol (1: 1, v/v) extraction solution (Figure 3.6a).
Furthermore, a conductive polymer film was deposited in this case, similar to the MIP-1 film.
Unfortunately, the DPV studies of the template extraction from the NIP-1 films prepared in the
TEA presence showed a peak for the as-prepared NIP-1 film similar to that for the MIP-1 film
prepared in the TEA presence. Furthermore, the decrease in the DPV peak after template
extraction (Figure 3.6b) was seen up to 120 min of the extraction time. Then the peak
increased. The evolution of the DPV peaks for MIP-1 and NIP-1 films indicates complex film

changes during the extractions, suggesting possible films' decomposition.
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Furthermore, the FM-1 electropolymerization ability was low (Figure 3.7). The well-
polymerizing CM-1 was added to prepare films using electrochemically initiated
polymerization of the FM-1. However, this approach may lead to a small number of imprinted
cavities as the dominant component of the polymer formed is the CM-1. Besides, the
intramolecular H-bonding of the FM-1 could be sufficiently strong to affect the intermolecular
H-bonding with the TMBh template adversely. Given these issues, we decided to change the

polymerization system.
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Figure 3.7. Multi-cyclic current-potential curves  for  the potentiodynamic
electropolymerization of 1 mM diphenylamine-2-carboxylic acid (DACA) FM-1, recorded at
a Pt bare electrode at a scan rate of 100 mV s in 100 mM (TBA)CIO4, in ACN.

3.4.2 MIP-2 films preparation

The new pre-polymerization complex for MIP-2 deposition contained the TMBh template,
newly synthesized [p-bis(2,2";5',2"-terthien-5"-yl)methylbenzoic acid] FM-2 and
[2,2'-bis(2,2'-bithiophene-5-yl)-3,3'-bithianaphthene] CM-2 (Scheme 3.4). The calculated
FM-2 binding of the TMBh template was weaker, but it was easier to polymerize. The
MIP-2 films were also deposited under potentiodynamic conditions by oxidative

electropolymerization.
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TMBh

Scheme 3.4. Structural formulae of polymerization solution components, namely, the TMBh
template as well as the functional [p-bis(2,2";5',2"-terthien-5"-yl)methylbenzoic acid] FM-2 and
cross-linking [2,2'-bis(2,2'-bithiophene-5-yl)-3,3'-bithianaphthene] CM-2 monomers for the
preparation of MIP-2 films.

The films were deposited within five consecutive cycles between 0.00 and 1.40 V vs. Ag quasi-
reference electrode from 0.1 M (TBA)CIO4 in ACN : DCM (9 : 1, v/v). The TMBh : FM-2 :
CM-2 starting ratio was 1 : 2 : 10 (Figure 3.8a). An anodic peak starting at ~1.20 V vs. Ag
quasi-reference electrode appeared during the electro-oxidation. It represented radical cation
formation due to the electro-oxidation of the terthiophene and bithiophene units of FM-2 and
CM-2, respectively. In subsequent cycles, the anodic current between 0.80 and 1.10 V vs. Ag
quasi-reference electrode grew, indicating the formation of polythiophene chains, oxidized at
lower potentials more readily than bithiophene and terthiophene units 7. The current increase
with each consecutive cycle indicated conductive film deposition.

The TMBh template was then removed from the MIP-2 film by extracting with the
(acetic acid) : methanol (1 : 1, v/v) solution. Acetic acid was used for this extraction as it
interacts with the template more strongly than the FM-2. Therefore, it can remove the template
from the MIP film. This extraction was monitored via the same "gate effect” with DPV
measurements using the ferrocene redox probe, as described previously ?X. The MIP film
initially blocked the redox probe, enabling a very small DPV peak to flow (Figure 3.8b). After
the extraction, the DPV peak increased and shifted to lower potentials, indicating a less
restricted electron exchange with the electrode. The DPV peak reached a maximum after

180-min extraction, although it was significantly lower than that for MIP-1 films.
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Figure 3.8.  Multi-cyclic current-potential curves for MIP-2 films deposition via
potentiodynamic electropolymerization with five consecutive potential cycles at 50 mV s
scan rate in the ACN : DCM (9 : 1, v/v) solution of 100 uM TMBh, 200 uM FM-2, 1000 uM
CM-2, and 100 mM (TBA)CIO4 (a) without TEA and (c) in 1 mM TEA. The TMBh template
extraction from the respective films (b, d) with (acetic acid) : methanol (1 : 1, v/v) for up to
180 min followed by a DPV measurement of 1 mM ferrocene redox probe in 100 mM
(TBA)CIO4 in the ACN : DCM (9 : 1, v/v) solution. (e) Multi-cyclic current-potential curves
for optimized MIP-2a film deposition using potentiodynamic electropolymerization with five
consecutive potential cycles at 50 mV s in the ACN : DCM (9 : 1, v/v) solution of 200 pM
TMBh, 400 uyM FM-2, 1000 uM CM-2, and 100 mM (TBA)CIOs in 1 mM TEA, and
(F) template extraction with the (acetic acid) : methanol (1 : 1, v/v) solution for up to 180 min
followed by a DPV measurement of 1 mM ferrocene redox probe in 100 mM (TBA)CIQOg4, in
the ACN : DCM (9 : 1, v/v) solution.
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After 180 min, the DPV peak did not increase further, indicating complete extraction.
Noticeably, longer extraction times affected polymer films' integrity. Therefore, the extraction
time of 180 min was selected for further studies. However, a measured small DPV peak
increase indicated either a small number of cavities formed or high film thickness, significantly
hindering the redox probe mass transport.

Therefore, TEA was used to deprotonate the FM-2, thus enabling stronger TMBh and
FM-2 interaction. The MIP film formation at the TMBh : FM-2 : CM-2 molar ratio of
1:2:10in 1 mM TEA is shown in Figure 3.8c. In this case, also, a conductive film was
deposited. The template extraction from this film resulted in much higher DPV peaks,
indicating that the film was more permeable to the redox probe. A DPV peak increase with the
extraction time indicates that the template extraction is more efficient (Figure 3.8d). However,
the DPV peak is still much smaller than that for the MIP-1 film, suggesting either a very
compact film or a relatively lower number of cavities. Notably, the TEA concentration was
optimized and kept at 1 mM, as increasing the TEA concentration further significantly
restricted the MIP-2 film formation. Therefore, the MIP film was not formed at higher TEA
concentrations.

To improve the MIP-2 film performance further by increasing the number of imprinted
cavities in the film deposited, the TMBh : FM-2 : CM-2 molar ratio was changedto 1: 2 : 5.
The electropolymerization appeared similar to that previous, and a conductive film was formed
(Figure 3.8e). From the DPV peak evolution, it follows that decreasing the (FM-2)-to-CM-2
ratio improves the permeability of the redox probe through the polymer film (Figure 3.8f).
Moreover, the peak considerably increased with the extraction time. This increase suggests
that the number of cavities formed in this film was relatively higher. Therefore, the molar ratio
of TMBh : FM-2 : CM-2 was kept at 1 : 2 : 5 in further experiments. The films prepared at
this ratio in the TEA presence were called MIP-2a. Moreover, another set of films (MIP-2b)
was prepared by diluting the pre-polymerization complex solution ten times to obtain thinner
films. The electropolymerization and extraction conditions were the same as those used for
preparing MIP-2a films.

Control NIP-2 films were prepared similarly to MIP-2 films but without the template and
then extracted under the same conditions as that for MIP films (Figure 3.9). The NIP-2a
(Figure 3.9a) films were also conductive, and oxidation currents were slightly higher than for
MIP-2a deposition may indicate higher film conductivity for the former. However, the films
blocked the electrode strongly, as the ferrocene redox probe current was very small

(Figure 3.9b). Significantly, the redox probe current did not increase even after 180-min
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extraction with the (acetic acid) : methanol (1 : 1, v/v) solution. This behavior supports the
conclusion regarding the formation of molecular cavities in MIP-2a film. Therefore, the
MIP-2 system (MIP-2a and MIP-2b) was further used to test the selective TMBh

electrosynthesis.
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Figure 3.9. (a) Multi-cyclic current-potential curves for NIP-2a film deposition via
potentiodynamic electropolymerization with five consecutive potential cycles at 50 mV s in
the ACN : DCM (9 : 1, v/v) solution of 400 uM FM-2, 1000 uM CM-2, and 100 mM
(TBA)CIO4, and 1 mM TEA. (b) DPV curves for 1 mM ferrocene redox probe in 100 mM
(TBA)CIOg4 in the ACN : DCM (9 : 1, v/v) solution at the electrode coated with the NIP-2a
film, prepared in the TEA presence before and after exposure to the (acetic acid) : methanol
(1 : 1, v/v) extraction solution for up to 180 min.

3.5 Solution aging
The mechanism of the so-called ‘aging' of the optimized pre-polymerization complex was

studied to understand the observed irreproducibility in the MIP-2 film preparation.
The MIP-2a film deposition using the pre-polymerization complex, prepared by mixing the
TMBh template, FM-2, and CM-2 at the molar ratioof 1 : 2: 5in 0.1 M (TBA)CIO4 and 1
mM TEA in the ACN : DCM (9 : 1, v/v) solvent mixture and subsequent template extraction
from this MIP film, was irreproducible. Potentiodynamic curves for depositing MIP-2a films
using freshly prepared pre-polymerization complex solution (Figure 3.8e) and aged solution
stored at 4 (+1) °C for one or two days (Figure 3.10a) differed only slightly. Mainly, a cathodic
peak at 0.37 V vs. Ag quasi-reference electrode was more pronounced during film deposition
from the aged solution. However, the DPV curves of the redox probe recorded during the
template extraction from these two films differed significantly (Figures 3.8f and 3.10b). The

DPV peak for the ferrocene redox probe at MIP-2a polymer film-coated electrodes prepared
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from the fresh solution significantly increased with extraction time and negatively shifted,
indicating an easier mass transport to the electrode through the polymer film. The DPV peaks
for the redox probe at as-prepared MIP-2a polymer film-coated electrodes, prepared using the

aged solution, were higher than those for films deposited from freshly prepared solutions.

25 5 | — Before extraction b
—— After 10 min extraction
20 ~ — After 75 min extraction
8 = | —— After 160 min extraction
g )
< 15 <
< 3
2 2
@ 1.0
S S
e 5
S 05 =
= 3
3 O
0.0
05 I I I I 1 0k I I I I 1 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential, V vs. Ag quasi-reference electrode Potential, V vs. Ag quasi-reference electrode

Figure 3.10. (a) Multi-cyclic current-potential curves for MIP-2a film deposition by
potentiodynamic electropolymerization with five consecutive potential cycles at 50 mV s in
the 1-day aged ACN : DCM (9 : 1, v/v) solution of 200 uM TMBh, 400 uM FM-2, 1000 uM
CM-2, 100 mM (TBA)CIO4,and 1 mM TEA. (b) DPV curves for 1 mM ferrocene redox probe
in 100 mM (TBA)CIO4 in the ACN : DCM (9 : 1, v/v) solution at the electrode coated with the
MIP-2a film, deposited from the TEA-containing solution before and after template extraction
with (acetic acid) : methanol (1 : 1, v/v) solution for up to 160 min.

Moreover, the DPV peak for MIP-2a films prepared from the aged solution increased with
the extraction time. However, the increase was less pronounced, and there was no negative
potential shift. The films prepared from fresh solutions contained more imprinted cavities, or
template extraction was more efficient. The films prepared from aged solutions, i.e., those kept
at4 (x1) °C, might reveal organizational changes because of changes in the interaction between
the solution components over time. These changes might lead to a decrease in the efficiency
of template removal. They can be called the aging of the pre-polymerization complex solution.
Therefore, attempts were made to study this aging mechanism using UV-vis and NMR

spectroscopy and the DLS techniques.

3.5.1 Characterization of the pre-polymerization complex changes with time
The "solution aging" was examined with a freshly prepared MIP-2a pre-polymerization

complex solution, then after aging this solution for 1, 7, and 10 days. Overall, NMR and
UV-vis spectra (Figure 3.11) do not exhibit significant band shifts or band
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appearance/dis

appearance over time.

That shift lacking indicates no decomposition,

dissociation, or formation of new compounds if the solution is kept at 4 (+1) °C for up to

10 days.

2.0

18

16

14+

12

10

08 -

Absorbance, a.u.

0.6 -

04 -

02+

0.0 L

Fresh solution

Volume intensity, percent

1-day
aged solution

Fresh solution

7-day aged solution

200 250

300 350 450 0
Wavelength, nm

100
Size, nm

125 150 175 200

10-days
aged solution

e

— 10-days aged solution

c

—— 10-days
aged solution

1
1-day
aged so|ution

Signal intensity, a.u.

—1- day aged solutlon\

M

Signal intensity, a.u.

Signal intensity, a.u.

-é

1-day
aged solution

I

.
Fresh
solution|,

Fresh solutlon

1 1
— Fresh solution

8 6

Chemical shift, ppm

L L L
7.21 7.20 7.19

Chemical shift, ppm

L
4 2 0 723 7.22

71 225

2.20 2.15 2.10 2.05
Chemical shift, ppm

Figure 3.11. (a) UV-vis spectra, (b) DLS data, and (c, c', ¢'") NMR spectra for the freshly
prepared and aged pre-polymerization complex in the ACN : DCM (9 : 1, v/v) solution of
200 uM TMBh, 400 uM FM-2, 1000 uM CM-2, and 1 mM TEA.

The UV-vis absorbance bands (Figure 3.11a) for a freshly prepared solution were slightly

higher than bands for a 1-day-old solution, presumably related to the solution components'

de-aggregation by either decomposition or precipitation of larger aggregates. For example,

several aromatic rings of the pre-polymerization complex components could be engaged in

weak m-m stacking interactions, not resulting in significant conformational or structural

changes. With time, these interactions could weaken, leading to the aggregates' breaking down.
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As the spectroscopic measurements were performed in the transmission mode, the effects of
diffused light could be an additional effect in this output spectra. Therefore, the bigger
aggregates in the freshly prepared solution would diffuse more light so that less light would be
transmitted. Consequently, the apparent absorbance would be higher. The smaller aggregates
in the aged solution would diffuse light to a lesser extent, leading to higher transmittance.
Therefore, the observed apparent absorbance would be relatively lower.

The DLS analysis of the pre-polymerization complex solution (Figure 3.11b) reveals the
presence of some smaller and larger aggregates. The peak intensity decreased with the solution
aging, indicating the decrease in the aggregate hydrodynamic size. However, a relatively high
noise in DLS measurements restricts the possibility of drawing definite conclusions.

In the NMR spectra, there are no significant peak shifts or differences in peak intensities
(Figure 3.11c). However, the freshly prepared solution reveals relatively broad featureless
peaks at ~7.20 and ~2.12 ppm (Figure 3.11c' and 3.11c", respectively). Those peaks become
sharper and better developed with aging, proving to be two quadruplets at ~7.20 ppm and a
triplet at ~2.12 ppm. Such broad features are typical for fast proton exchange with the
respective functional groups indicating that the proton transfer is fast in the NMR
time-scale 3’8, which could be representative of large aggregates with molecules closely related.
The proton exchange of those groups is slower in the aged solutions, indicating smaller
aggregates interacting relatively weakly.

From DLS, UV-vis, and NMR spectroscopy analyses of the fresh and aged MIP-2a
pre-polymerization complex solution, one can postulate that the freshly prepared solution
contains bigger aggregates that decompose over time. The above studies indicate that imaging
the deposited polymer films with techniques such as SEM and AFM would be essential to study
further the phenomenon of stabilization or aggregation of components in the

pre-polymerization complex solution.

3.5.2 Characterization of the MIP-2a film
The MIP-2a film, used as a model, was imaged with AFM in the Tapping™ mode

(Figure 3.12) to unravel the morphology of the films deposited from fresh and aged solutions.
The imaging yielded important information regarding the differences in the two films' surface

morphology and surface parameters. Globally, the films were very rough (Table 3.2).
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Figure 3.12. AFM morphology analysis of MIP-2a films prepared using fresh and 1-day aged
solutions (a, c, respectively) before and (b, d, respectively) after TMBh template extraction
for 180 min in the (acetic acid) : methanol (1 : 1, v/v) solution. Phase imaging of MIP-2a films
prepared using respective fresh and 1-day aged solutions (e, g, respectively) before and
(f, h, respectively) after TMBh template extraction for 180 min in the (acetic acid) : methanol
(1:1, v/v) solution.
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The morphology of the films prepared using fresh and aged solutions differed pronouncedly
(Figure 3.12a and 3.12c, respectively). The films deposited from the aged solution were
smoother (Figure 3.12c). Grainy structures were present in the films prepared from fresh
solutions (Figure 3.12a). These structures were confirmed by a significantly lower roughness
of the film prepared from the aged solution (Table 3.2).

Extraction of the template using the (acetic acid) : methanol (1 : 1, v/v) solution altered the
morphological structure of both fresh and aged solution-based films (Figure 3.12b and 3.12d,
respectively). The effect of template extraction was more pronounced in films deposited from
aged solutions as they became much grainier after extraction (Figure 3.12d). However, this
feature does not translate into DPV peak changes (Figure 3.10b), which are quite small. Phase
images indicative of the viscoelastic properties of the film exhibit significantly different
properties of both the films before and after extraction (Figure 3.12e, 3.12f, 3.12g, and 3.12h).
Yet, the average phase shift is relatively small, indicating rigid films (Table 3.2). Noticeably,
there are significant variances in the phase shift across the image, indicating different regions
with different viscoelastic properties.

Table 3.2. AFM analysis of morphological and nanomechanical properties of MIP-2a films
prepared using respective fresh and 1-day aged solutions before and after TMBh template
extraction for 180 min in the (acetic acid) : methanol (1 : 1, v/v) solution.

Polymer film Roughness, Ra, Phase,
nm deg.

MIP-TEA, fresh 286 + 119 6.0+1.0
MIP-TEA, fresh, template 201 £ 32 7.0x£7.0
extracted

MIP-TEA, aged 160 £ 81 19.0+ 2.0
MIP-TEA, aged, template 204 + 56 1.1+0.4
extracted

Hence, it can be concluded that the solution aging affects the MIP film formation, possibly
leading to irreproducibility in the film's template extraction. The MIP films deposited from
aged solutions are smoother and more compact, possibly inhibiting the template extraction.
Smooth films are formed in the absence of aggregates or the presence of very small aggregates.
This observation is in accord with the characterization of the MIP-2a pre-polymerization

complex solution, wherein it was postulated that the aggregates' size decreased over time. This
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study points to the critical role of organic solution stability on MIP films. For this problem's
partial overcoming, the vials with solutions were wrapped with aluminum foil, kept at room
temperature of 25 (1) °C, and ultrasonicated for 15 min in a bath sonicator before the
electropolymerization. These precautions helped produce films with higher repeatability in
template extraction. Moreover, the aged solution was used to prepare films for testing the

selective electrosynthesis to enable the reuse of the solution.

3.6 Characterizing optimized MIP-2 and NIP-2 films

The prepared MIP-2 and NIP-2 films were characterized using FT-IR spectroscopy and AFM

to confirm successful film deposition and study the effect of the extraction process on their

properties.

3.6.1 Fourier-transform infrared (FT-IR) spectroscopy analysis
Two sources of differences in the MIP-2 and NIP-2 spectra can be identified, i.e., the difference

between MIP and NIP films and the extraction treatment effect on the films (Figure 3.13a).
Significant differences are observed in the bands of thinner MIP-2b and NIP-2b films between
2800 and 3000 cm™, representing the —CH stretching (Region 1 in Figure 3.13a) *°. These
bands are substantially more intense for MIP-2b films than NIP-2b films. The bands'
intensities markedly decreased after exposure of MIP-2b and NIP-2b films to the (acetic acid)
- methanol (1 : 1, v/v) solution. Moreover, new bands appeared in the region of 3000 — 3500
cm™, which can be attributed to the appearance of —OH groups in the films 3°. Another
characteristic region exhibiting differences between MIP-2b and NIP-2b films is that of 1600
— 1800 cm™ (Region 2 in Figure 3.13a). In this region, there are two bands centered at 1760
and 1733 cm™ and a weak broad band centered at ~1655 cm™ in MIP-2b before extraction.
They represent vibrations of the C=0 group that can interact with the TMBh template 37°.
After template extraction, the band at 1760 cm™ disappeared, while that at 1733 cm™ shifted
to a lower wavenumber of ~1722 cm™ and decreased in intensity. The broad band at
~1655 cm™ was still present in this spectrum. Those bands' evolution indicates a change in the
interaction of the C=0 group in the polymer, presumably because of the template removal. For
NIP-2b, the band at 1722 cm™ and a broad one at 1655 cm™ were initially present, and no
changes in these bands were observed after exposure to the extraction solution. Regions 3 and
4 in Figure 3.13a mainly reveal the extraction process effect on MIP-2b and NIP-2b films, i.e.,

two major bands at 1430 and 1120 cm™ appeared in these regions after exposure to extraction
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solution. These two bands' origins are unknown; however, they indicate extraction-incurred

changes in the studied films.

NIP-2b film
after extraction
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Figure 3.13. (a) PM-IRRAS spectra for MIP-2b and NIP-2b film-coated Au electrodes before
and after exposure to (acetic acid) : methanol (1 : 1, v/v) extraction solution for 180 min and
(b)°comparison of PM-IRRAS and grazing angle FT-IR spectra of MIP-2a film-coated Au
electrodes before template extraction.

Interestingly, there are significant differences in the PM-IRRAS and grazing angle FT-IR
spectra of the thicker MIP-2a film (Figure 3.13b). The four regions (marked with vertical red
dotted lines) reveal bands with different relative intensities in PM-IRRAS and grazing angle
FT-IR spectroscopy. The bands in the 2800 — 3100 cm™ region have significantly diminished
along with those in the two subsequent regions (bands centered at ~1350 and ~1105 cm™). The

band centered at ~735 cm™ has intensified relative to its neighboring bands in PM-IRRAS
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spectra. This difference can be explained as revealing the oriented growth of the polymer film.
The intensity of bands corresponding to vibrations with in-plane transition dipole moments
decreases in PM-IRRAS, and the intensity of bands corresponding to vibrations with transition
dipole moment oriented out-of-plane increases. Therefore, the change in the relative intensities
of the bands indicates local ordering in the films. Such orientations were not apparent in the

thinner MIP-2b film as grazing angle FT-IR was not very sensitive.

3.6.2 Atomic force microscopy (AFM) analyses
The AFM analysis was performed for the MIP-2a, NIP-2a, MIP-2b, and N1P-2b films before

and after exposure to (acetic acid) : methanol (1 : 1, v/v) extraction solution to study the film
morphology and the extraction treatment effect on the film properties. The AFM imaging
revealed the MIP and NIP films' surface morphology and nanomechanical properties. The
MIP-2a and NIP-2a films were very thick and rough (Figure 3.14a, 3.14c, respectively, and
Table 3.3).

1.5um

1.0 um

1.0um 1.0um

Figure 3.14. Atomic force microscopy images of the thick (a) as prepared and (b) template-
extracted MIP-2a, as well as (c) as prepared and (d) extracted NIP-2a films. All films were
deposited on Au-layered glass slides using potentiodynamic electropolymerization with five
consecutive potential cycles at 50 mV s in the ACN : DCM (9 : 1, v/v) solution of 200 uM
TMBh, 400 uM FM-2, 1000 uM CM-2, 100 uM TEA, and 100 mM (TBA)ClOa4. The template
was extracted in the (acetic acid) : methanol (1 : 1, v/v) solution for 180 min.
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The average film thickness ranged from 657 to 883 nm for MIP-2a and NIP-2a films. Both
films' roughness was quite similar, slightly exceeding 200 nm. The films were composed of
granular aggregates forming a layered structure. Exposure to extraction solution altered the
structure of both MIP-2a and NIP-2a films slightly (Figure 3.14b and 3.14d, respectively),
though the MIP-2a film thickness and roughness increased after template extraction,

presumably indicating film swelling (Table 3.3).

553.3 nm 468.1 nm

1.0um 1.0um

413.1. nm 231.7. nm

1.0 um 1.0um

Figure 3.15. Atomic force microscopy images of the thin (a) as prepared and (b) template-
extracted MIP-2b, as well as (c) as prepared and (d) extracted NIP-2b films. All films were
deposited by potentiodynamic electropolymerization on Au-layered glass slides during five
consecutive potential cycles at 50 mV s in the ACN : DCM (9 : 1, v/v) solution of 20 upM
TMBh, 40 uM FM-2, 100 uM CM-2, 100 pM TEA, and 100 mM (TBA)CIOa.

The MIP-2b and NIP-2b films deposited from 10-times diluted solution for
electropolymerization were markedly thinner and less rough (Figure 3.15 and Table 3.3). The
average thickness of the MIP-2b film was 488 nm, while its roughness reached 45 nm. The
NIP-2b film was relatively thinner, with an average thickness of 384 nm and much less
roughness (~20 nm). MIP-2b and NIP-2b were composed of a compact homogeneous layer
with clusters of aggregates on top (Figure 3.15a and 3.15c). Exposure of MIP-2b and NIP-2b

films to (acetic acid) : methanol (1 : 1, v/v) extraction solution mainly led to the removal of top
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aggregates (Figure 3.15b and 3.15d, respectively), more pronounced for the MIP-2b film
(Figure 3.15b). For the MIP-2b film, the average film thickness significantly decreased upon
template extraction, and the average roughness increased slightly (Table 3.3). Exposure of
NIP-2b film to extraction solution slightly increased the film thickness and average roughness
(Table 3.3).

Table 3.3. Atomic force microscopy (AFM) analyses of morphological and nanomechanical
properties of MIP-2a, MIP-2b, NIP-2a, and NIP-2b films before and after exposure to
(acetic acid) : methanol (1 : 1, v/v) extraction solution for 180 min.

Polymer Extraction Film Roughness, Young Dissipation,
film condition thickness, Ra, modulus, keV
nm nm GPa

Before extraction 657 £ 54 205+ 70 0.87 £0.42 33.0+105

MIP-2a _
After extraction 900+ 104 255+ 60 1.15+0.39 62.0+38.8
Before extraction 488 * 18 45 + 14 1.11 +0.23 NA
MIP-2b _
After extraction 355+21 51+21 1.90 + 0.09 2.40 +0.98
Before extraction 883 + 91 214 + 29 7.39+4.00 253+10.9
NIP-2a
After extraction 748 + 86 212+ 78 211+1.00 19.0+56
Before extraction 384 31 20+ 13 2.30 + 0.62 5.21+1.33
NIP-2b

After extraction 419 + 29 34+20  4.05%0.60 5.70 + 1.16

The recorded Young modulus maps of MIP-2 and NIP-2 films (Figure 3.16) indicate
non-uniform properties and co-existence of softer and harder regions in all the films deposited.
The average Young modulus of the films ranged from 1 to 7 GPa (Table 3.3). The literature
values of Young modulus for polythiophene films are also typically in the range of few GPa
380-381  The average Young modulus values for all the studied films were higher for NIP-2 than

MIP-2, indicating that the imprinting led to the formation of a softer film.
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Figure 3.16. Young modulus maps recorded during AFM imaging of as prepared (a) MIP-2a,
(b) MIP-2b, (c) NIP-2a, and (d) NIP-2b films and extracted (a') MIP-2a, (b') MIP-2b,
(c") NIP-2a, and (d") NIP-2b films. All films were deposited on Au-layered glass slides by
potentiodynamic electropolymerization.
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3.7 Selective TMBh electrosynthesis
3.7.1 Film processing for TMBh electrosynthesis
Before TMBh electrosynthesis, the MIP-2 and NIP-2 films were conditioned by cycling the

potential ten times between 0.00 and 2.00 V vs. Ag quasi-reference electrode in the 100 mM
(TBA)CIO4 in the ACN : DCM (9 : 1, v/v) solution (Figure 3.17). The current dropped
significantly after the first cycle, and the film became increasingly non-conductive with each
consecutive cycle. This step ensured that the DMPh reactant did not poison the film during
electro-oxidation.
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Figure 3.17. MIP-2a film-coated Pt electrode conditioning in 100 mM (TBA)CIOx4 in the
ACN : DCM (9 : 1, v/v) solution for 10 cycles at 100 mV s

3.7.2 Electro-oxidation of DMPh at bare Pt electrode
The potentiodynamic characterization of the DMPh reactant in ACN containing the

(TBA)CIO4 electrolyte revealed an anodic peak with onset at 1.00 V vs. Ag quasi-reference
electrode representing the DMPh electro-oxidation (Figure 3.18). Therefore, it is essential to
run electrosynthesis at potentials exceeding 1.00 V vs. Ag quasi-reference electrode to obtain
the desired TMBh product.

132

http://rcin.org.pl



Current density, mA cm 2
[EEN
o
T

a1
T

o
T

o
T

AR
o
T

_15 | s | s | s | s |
-2 -1 0 1 2

Potential, V vs. Ag quasi-reference electrode

Figure 3.18. Cyclic voltammogram for 20 mM DMPh recorded at a Pt bare electrode in
100 mM (TBA)CIO4 in ACN at 100 mV s,

The anodic oxidation results in a radical cation which is a strong acid. This acid spontaneously
expels the proton, leading to the phenoxyl radical formation. The radical with spin densities at
several positions can further be converted to phenoxonium species. Then, the phenoxyl and
phenoxonium species attack the substrate or other nucleophiles produced during electro-
oxidation, resulting in bond formation 2. The C-C coupling proceeds via the reactive
unsubstituted site of the DMPh substrate. However, as several reactive sites on the
intermediate species exist, several by-products can be formed, apart from the desired TMBh
product 33, Moreover, the primary oxidation products can undergo further oxidation.

3.7.3 High-performance liquid chromatography (HPLC) analysis of substrate
and product

The DMPh reactant and the TMBh product reference standards were used to construct HPLC

calibration plots (Figure 3.19). For that, peak areas were measured at the retention times of
DMPh equal to ~7.6 min and TMBh to ~14.1 min at 280-nm light to identify their

concentrations after electrosynthesis.
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Figure 3.19. HPLC chromatograms of (a) the DMPh reactant and (b) the desired TMBh

product. HPLC calibration plots for (c) the DMPh reactant and (d) the TMBh desired product
at 280 nm.

3.7.4 Optimization of TMBh electrosynthesis
The platinum electrodes coated with an optimized MIP film, templated with TMBh, were used

to perform electrosynthesis. The optimized pre-polymerization complex solution was prepared
by mixing TMBh, FM-2, and CM-2 at the molar ratio of 1 : 2 : 5 in 0.1 M (TBA)CIO4 and
1 mM TEA in the ACN : DCM (9 : 1, v/v) solution. All films were prepared using
electropolymerization, then treated with (acetic acid) : methanol (1 : 1, v/v) extraction solution
for 180 min, and then conditioned before electrosynthesis.

The TMBh electrosynthesis was performed using 0.1 M (TBA)CIOs supporting
electrolyte in ACN : DCM (9 : 1, v/v) solution. Pt disk electrodes with a small area of
0.44 mm? were used for preliminary experiments. The MIP-2a film-coated electrode was
immersed in 10 mM DMPh solution for electrosynthesis of TMBh. The Pt wire and the Ag
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wire were used as the counter and quasi-reference electrodes, respectively.  The
electrosynthesis at the MIP-2a film-coated electrode was compared to those at the bare and
NIP-2a film-coated electrodes. Two methods of electrosynthesis, namely, potentiostatic and

galvanostatic, were applied (Figure 3.20).
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Figure 3.20. Potential transients for galvanostatic TMBh electrosynthesis at 0.34 mA cm™
for 30 min at the (a) bare and (c) MIP-2a film-coated 0.44-mm? Pt disk electrode as well as
current transients for potentiostatic TMBh electrosynthesis at 2.00 V vs. Ag quasi-reference
electrode for 30 min at the (b) bare and (d) MIP-2a film-coated 0.44-mm? Pt disk electrode.
Solution composition: 10 mM DMPh and 0.1 M (TBA)CIO4 in the ACN : DCM (9 : 1, vIv)
solution.

The potential changes vs. time for bare and MIP-2a film-coated electrodes differed
markedly in galvanostatic electrosynthesis (Figure 3.20a and 3.20c). For the MIP-2a
film-coated electrode, a potential peak reaching 2.00 V was formed at the beginning of the
electrosynthesis, and then the potential steadily increased with time (Figure 3.20c). After ~20
min, the potential increased faster. The curve at the bare electrode was similar except for the
presence of the potential peak at the beginning of the electrosynthesis (Figure 3.20a).

Moreover, the potential for the bare electrode reached 2.20 V after 30 min, while MIP-2a
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film-coated electrode potential reached only 2.00 V after 30 min. The observed potential peak
most likely indicates the accumulation of the electrosynthesis intermediates in the polymer
film, which undergo further reactions. In potentiostatic electrosynthesis, the current rapidly
decreased and remained constant for electrosyntheses at the MIP-2a film-coated (Figure 3.20d)
and bare electrodes (Figure 3.20b). However, a peak is also seen here for the MIP-2a

film-coated electrode.

Table 3.4. Results of the HPLC determination of the TMBh electrosynthesized product at the
bare, thick MIP-2a and NIP-2a film-coated electrodes.

Electrosynthesis  Potential or  Time, Electrode Conversion,  Selectivity,

type current h surface % %
density
2.00V 0.5 Bare 2.3 27.8
2.00V 0.5 MIP-2a 35 50.3
2.00V 0.5 NIP-2a 1.8 27.0
Potentiostatic
2.00V 2 Bare 4.2 22.8
2.00V 2 MIP-2a 5.6 52.3
2.00V 2 NIP-2a 4.3 20.7
Galvanostatic 0.34mAcm? 05 Bare 2.3 25.7
0.34 mA cm? 0.5 MIP-2a 2.2 26.9

The product determination using HPLC peak areas (Table 3.4) indicated that the use of the
electrode coated with the MIP-2a film improved the selectivity of the electrosynthesis of the
TMBh product (~50%) as compared to that at the bare (27.8%) and NIP-2a film-coated (27%)
electrodes under potentiostatic conditions at 2.00 V after 30-min synthesis. The selectivity at
the MIP-2a film-coated electrode to the TMBh product under potentiostatic conditions after
2-h synthesis was also relatively high (52.3%). Noticeably, the low conversion yield arose
from using Pt disk electrodes of a small (0.44 mm?) area. Alternately, under galvanostatic
conditions, the selectivity and yield at the MIP film-coated electrode were similar to those at
the bare electrode despite a peak forming at the beginning of the electrosynthesis at the
MIP-2a film-coated electrode (Figure 3.20c). Therefore, potentiostatic electrosynthesis was
applied in further studies.

136

http://rcin.org.pl



3.7.5 Large-scale TMBh electrosynthesis
Large-scale TMBh electrosynthesis was performed at bare as well as MIP-2a, MIP-2b, and

NIP-2a film-coated Pt plate electrodes, with an active surface area of ~1.90 cm? under
potentiostatic conditions. The charge passing through the electrode was measured during the
electrosynthesis (Figure 3.21). The shapes of charge transients over time for MIP-2a and
NIP-2a film-coated electrodes were somewhat different from the shape for the bare electrode.
For both MIP and NIP film-coated electrodes, the charge increased slowly for the first 2 hours,
then rose faster, finally reaching a plateau. Initially, the slow charge increase was much less
pronounced for bare electrodes. This slow increase may indicate accumulation of the first
synthesis intermediate product followed by faster electro-oxidation of this product. The charge
passed through the system during electrosynthesis was the lowest for the NIP-2a film and
reached a plateau after ~3-h synthesis. Then, the charge increased very slowly (Figure 3.21).
The charges passed for the MIP-2a film-coated electrode and the bare electrode were

comparable, with the MIP-2a electrode reaching a plateau after ~10-h synthesis.

20 Bare electrode
— NIP film-coated electrode
| —— MIP film-coated electrode
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Figure 3.21. The charge passed as a function of electrosynthesis time during electro-oxidation
of 20 mM DMPh at the bare, MIP-2a, and NIP-2a film-coated 1.90-cm? active area Pt plate
electrode at 1.20 V vs. Ag quasi-reference electrode in 100 mM (TBA)CI1O4 in the ACN : DCM
(9 : 1, viv) solution.
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The reaction mixture samples were taken at various time intervals and analyzed using HPLC.
The exemplary chromatograms of solutions obtained after electrosynthesis are seen in
Figure 3.22.
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Figure 3.22. Exemplary high-performance liquid chromatography (HPLC) chromatograms at
280 nm wavelength of solutions obtained after 14-h electrosynthesis at the bare, as well as
MIP-2a and NIP-2a film-coated electrodes.

The DMPh conversion and TMBh product yield as a function of synthesis time at the
bare, as well as MIP-2 and NIP-2 film-coated electrodes, can be seen in Figure 3.23. The
potentiostatic electro-oxidation at 1.20 V vs. Ag quasi-reference electrode led to ~75% DMPh
conversion at the MIP-2a film-coated electrode after 24-h electrosynthesis time, whereas at
NIP-2a film-coated electrode, the conversion was significantly lower (up to 40%)
(Figure 3.23a). DMPh completely conversed at the bare electrode after a 14-h synthesis.
However, the TMBh product yield was the highest at the MIP-2a film-coated electrode after
14-h electrosynthesis. The TMBh amount very slightly increased with a further increase in
synthesis time. Apparently, the bare electrode is not selective to the TMBh product. The MIPs
entirely provides selectivity. Moreover, in the case of NIP-2a, it appears as if the film is
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blocking the electrode. Therefore, the substrate conversion efficiency and product yield are
very low.

Furthermore, the MIP-2a film-coated electrode provided higher DMPh conversion, but
the TMBh yield was slightly lower than the MIP-2b film-coated electrode (Figure 3.23b).
Therefore, the selectivity of the thinner MIP-2b films towards TMBh electrosynthesis is
higher and reaches up to 39% at 24-h synthesis time.
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Figure 3.23. Kinetic plot for potentiostatic electro-oxidation of 20 mM DMPh at 1.20 V vs.
Ag quasi-reference electrode in 100 mM (TBA)C1O4 in ACN : DCM (9 : 1 v/v) for (a) DMPh
conversion and TMBh product yield as a function of synthesis time for the bare as well as
MIP-2a and NIP-2a film-coated Pt electrodes and (b) DMPh conversion and TMBh product
yield as a function of synthesis time for MIP-2a and MIP-2b film-coated electrodes.
Comparison of potentiostatic electro-oxidation of 20 MM DMPh in 100 mM (TBA)CI1O4 in

ACN : DCM (9 : 1, v/v) at MIP-2a film-coated electrodes at (c) different potentials and for
(d) different synthesis cycles.

When comparing electrosynthesis at different potentials (Figure 3.23c), one can see that

electro-oxidation at 2.00 V vs. Ag quasi-reference electrode led to unexpected relative lower

139

http://rcin.org.pl



DMPh conversion and slightly higher TMBh vyield than at 1.20 V vs. Ag quasi-reference
electrode at MIP-2a film-coated electrode. However, longer synthesis times (> 2 h)
at 2.00 V vs. Ag quasi-reference electrode affect the film irreversibly. Disparately,
the MIP-2a films appear stable in repeated electrosynthesis runs up to 2 hours. As seen in
Figure 3.23d, the MIP-2a films retained the conversion and yield efficiency for two cycles at
1.20 (2-h synthesis) and 2.00 V vs. Ag quasi-reference electrode (30-min synthesis). This
behavior indicates that these MIP-2 systems can be used to scale up electrosynthesis.
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Figure 3.24. Comparison of potentiostatic electro-oxidation of 2 mM DMPh in 100 mM
(TBA)CIO4in ACN : DCM (9 : 1, v/v) at bare, MIP-2a, and MIP-2b film-coated electrodes at
1.20 V vs. Ag quasi-reference electrode after 7 h.

Furthermore, if a lower concentration of the DMPh reactant is used, the yield of the desired
TMBh product is also equivalently lower (Figure 3.24). The lower reactant concentration does
not help improve the yield of the desired product. Moreover, even at lower DMPh
concentrations, the bare Pt electrode was not selective to the desired TMBh product, although
the DMPh conversion was high. That presumably indicates that the phenolic compound
polymerizes or degrades at bare electrodes, as HPLC chromatograms (Figure 3.22) also do not
show at 280 nm wavelength a significant quantity of products of the electrosynthesis at the bare
electrode.

In conclusion, the thinner MIP-2b film is slightly more selective toward the desired
TMBh electrosynthesis product. Moreover, higher electro-oxidation potential positively
affects this selectivity of electrosynthesis. However, an optimized value must be determined

by focusing on the integrity of the films.
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3.7.6 Theoretical simulations of selective TMBh electrosynthesis at MIP-2
films-coated electrodes

Template extraction
from MIP

MIP-2
TMBh-templated TMBh-extracted

X Addition
\_2 of reactant
Molecularly self-assembled
pre-polymerization
complex Selective
electrosynthesis

in cavities

—

Scheme 3.5. A flowchart of preparation of MIPs selective to TMBh and a tentative mechanism
of selective electrosynthesis of TMBh in the MIP-2 system.

Scheme 3.5 proposes a selective electrosynthesis mechanism. After preparing MIP-2

film-coated electrodes and conditioning them, the DMPh reactant is added to 100 mM
(TBA)CIO4in ACN : DCM (9 : 1, v/v). The electrosynthesis is performed under potentiostatic
conditions, and selective coupling is expected in the cavities where two DMPh molecules are
converted to a TMBh molecule through radical cation formation followed by coupling. To
further elucidate the selectivity of the MIPs for this reaction, computational simulations were

applied, and attempts have been made to explain the process in depth.

141

http://rcin.org.pl



Insight into the cavity formed in MIP-2

The MIP-2 cavity model was created by the simulations of electropolymerization of the
FM-2 functional monomer and the CM-2 cross-linking monomer in the TMBh template
presence (Figure 3.25). The cavity surfaces were colored according to all components'
molecular electrostatic potential (MEP) distribution. The positive potential was generated on
the edges of the cavity, whereas the neutral potential was near the thiophene rings derived from
FM-2 and CM-2. A slightly negative potential was close to the benzene rings of FM and CM.

In turn, strongly negative regions were near the O atoms of the carboxyl group in FM-2.

Figure 3.25. A simulated structure of the molecular cavity imprinted in the (MIP-2)-TMBh
film. (a) A skeleton model and (b) molecular electrostatic potential (MEP) surface, colored
according to the interpolated charge (blue/red represent the positive/negative charge,
respectively).

Processes in the cavity

The DMPh molecules should diffuse into the cavity from the solvent for the TMBh
electrosynthesis. Therefore, these molecules were inserted into the cavity one by one to
simulate this diffusion. This simulation allowed for examining their alignment in the cavity
and checking whether their positions favor the DMPh conversion into TMBh. The results are
shown in Figure 3.26. The first DMPh molecule locates itself deep in the cavity, with the
hydroxy and ortho methyl groups oriented toward the cavity center and the para methyl group
oriented toward the cavity wall. The second DMPh molecule enters the space left in the cavity,
and its methyl and hydroxyl groups are directed outside the cavity. The second DMPh
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molecule changes the orientation of the first molecule. The first DMPh molecule is still located
deep in the cavity, but two methyl groups are oriented toward the cavity center, while the
hydroxyl group is oriented toward the cavity wall. The distance between C-C atoms for neutral
DMPh molecules is predicted to be 3.33 A (Figure 3.26a). We postulate that the sorbed neutral
DMPh molecules are electro-oxidized to the radical cations DMPh** and then converted to the
desired product TMBh presumably in a few steps, which are associated with the proton H*
removal. Initial and final steps were simulated and analyzed based on systems in which the
intermediate radical cations and the TMBh product, together with 2 H* ions, are located inside

the cavity one after the other.

Figure 3.26. The positions of the substrates in the MIP-2 cavity after MD simulations.
(a) The position of one neutral DMPh molecule (orange) in the DMPh-(MIP-2) system and
the position of two neutral DMPh molecules (turquoise) in the 2xDMPh-(MIP-2) system. (b)
The position of one radical cation DMPh** molecule (orange) in the DMPh*"-(MIP-2) system
and the position of two radical cations DMPh** molecules (turquoise) in the 2xDMPh™*-
(MIP-2) system.

Two molecules of the radical cation of DMPh™" (Figure 3.26b) are in the same cavity part as
the neutral DMPh molecules, but their arrangement somewhat differs. The first DMPh™
radical cation is located deep in the cavity, with its methyl substituents oriented toward the
cavity center and the hydroxyl group directed toward the outside of the cavity. The second
DMPh™* radical cation is situated in the space left in the cavity, with both methyl substituents
directed toward the outside of the cavity, while the hydroxyl group is directed inside the cavity.
Hence, the arrangement of two substrates in the polymer cavity can promote the formation of
a C-C bond between them. The distance between these atoms is predicted as 4.03 A
(Figure 3.26b). The AGY,,4 value calculated after MD simulations is —=183.7 kJ mol™ for the

electro-oxidized substrates system in the MIP-2 cavity, while for the neutral substrates, it is

143

http://rcin.org.pl



-152.9 kJ mol™. It means that the system after electro-oxidation is more stable, which can

favor the anodic oxidation.

MIP surface impact on the reaction from QM/MM simulations

The cavity's effect on the TMBh synthesis was investigated by comparing the standard Gibbs
free energy changes, AGY. ction (298 k) for the reaction inside the MIP-2 cavity and in a free
environment. The computation was made on the DFT/Amber level of the QM/MM theory.
The results are shown in Table 3.5.

Table 3.5. The standard Gibbs free energy and standard enthalpy changes accompanying the
TMBh synthesis.

Reaction AGl(?eaction (298K) Aqueaction (298 K)
kJ mol! kJ mol!

Free molecules
DMPh™* + DMPh* — TMBh + 2H* +1141.6 +1149.5

Molecules in the MIP cavity
DMPh**+ DMPh** — TMBh + 2H* -573.5 -588.1

The AGY,ction (298 k) Value is highly positive for DMPh dimerization in the ACN : DCM
(9 : 1, viv) mixed solvents, reflecting a very low dimerization possibility. In contrast, the
AG?,. tion (298 k) Value for the reaction on the electrode coated with the MIP-2 film is highly

negative, substantiating the favorable impact of cavities on the TMBh synthesis.

Interaction between reagents and the cavity

Analyzing the interactions between the cavity and the reagents can highlight the MIP impact
on the synthesis pathway. Figure 3.27 schematically shows the intermolecular interactions as
dashed segments. The DMPh'* radical cations form three hydrogen bonds and two non-
classical bonds (n-donor) between the hydroxyl groups of DMPh™* and sulfur atoms of the
thiophene from FM-2 and benzothiophene rings of the two CM-2 (length of 3.54 to 3.77 A).
The interactions with OH groups can help orient the substrates per the structure of the desired

product. Additionally, the position of the carboxyl groups from the FM-2 in the cavity allows
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for the creation of electrostatic interactions (w-anion) between the aromatic rings of both
DMPh"* radical cations (lengths of 4.56 and 4.66 A), which supported the favorable positions
of DMPh™. Other interactions reinforce the molecular arrangement. There are hydrophobic
interactions (n-m sigma, m-m T-shaped, and m-alkyl types) between the thiophene and
benzothiophene rings of CM-2 and the methyl groups of DMPh™ (length of
3.57 t0 5.48 A).

Figure 3.27. The interactions of two DMPh™" substrate radical cations, indicated with dash
segments, in the skeleton model of the MIP-2 cavity.

Therefore, it can be concluded that the interaction of the reactant molecule with the
MIP-2 cavity is favorable for the selective electrosynthesis of the TMBh desired product. This
yields selectivity of the MIP-2 system toward TMBHh.
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3.8 Conclusions
The 3,355 tetramethyl-2,2"-biphenol (TMBh) desired product of electro-oxidation of

2,4-dimethylphenol (DMPh) was imprinted in molecularly imprinted polymer (MIP) film
deposited by electropolymerization. Although the diphenylamine-2-carboxylic acid functional
monomer (FM-1) strongly binds the TMBh template in simulations and experiments, it failed
to form a stable MIP film with sufficient strong binding of the template in cavities. The
successful MIP (MIP-2) preparation utilized interactions between the TMBh template and
p-bis(2,2";5',2"-terthien-5-yl)methylbenzoic acid functional monomer (FM-2) with the
carboxylic acid functional group. The FM-2 was deprotonated as the carboxylate more
strongly binds TMBh at the TMBh : FM-2 molar ratio of 1 : 2. The calculations allowed the
selection of p-bis(2,2";5',2"-terthien-5'-yl)methylbenzoic acid as one of the effective functional
monomers. FT-IR and UV-vis spectroscopy probed the interaction between the template and
the functional monomer. Both techniques showed interactions between pre-polymerization
complex components. The study of the "aging" mechanism of the pre-polymerization complex
solution of MIP-2 revealed possible instabilities in the film formation, presumably because of
aggregation changes in the pre-polymerization solution. Measures were taken to ascertain
reproducible film formation. Both MIP-2 and NIP-2 films were successfully deposited on the
electrodes using electrochemical polymerization. The films deposited were relatively thick
(400 — 900 nm) and rough. Nanomechanical properties mapping allowed distinguishing softer
and more rigid domains in the films. The PM-IRRAS spectra of the films before and after
template extraction and the indirect using DPV of the redox probe employing the "gate effect"
confirmed successful template extraction.

Finally, the polymer film-coated electrodes were used for the electrosynthesis of TMBh.
The effect of film thickness, the potential applied, and DMPh concentration on the
electrosynthesis yield and selectivity toward the desired TMBh product were studied. The
MIP-2 film-coated electrodes exhibited a higher yield toward the desired C—C coupled product
than non-imprinted polymer (NIP) film-coated and bare electrodes. The selectivity of the
electrosynthesis performed at 1.20 V vs. Ag quasi-reference electrode reached 39% at the
thinner MIP-2b film-coated electrode. Compared to literature data, the highest selectivity
(yield %) of ~17% was reported for electro-oxidation of DMPh to TMBh in aqueous/organic
solvents at room temperature 33, The selectivity has been further increased to ~56% by
performing the electrosynthesis at 70 °C in the presence of ammonium salts *#3, then to ~67%
by using fluorinated additives at 30 °C 73, and then to ~70% using oxidizers like SeO2 at

146

http://rcin.org.pl



85 °C 3% to name a few. Recently, the highest selectivity of 60% has also been reported for
electrosynthesis performed in the presence of radical-stabilizing hexafluoroisopropan-2-ol
solvent at low temperatures *%’. Therefore, it can be concluded that the MIPs are promising for
selective electrosynthesis. Optimizing the electrode and electrolyte solutions could be
prospective future paths to enhance electrosynthesis selectivity further.

The MIPs could maintain the electrosynthesis yield and selectivity even in the second
electrosynthesis cycle up to 2 h, indicating the stability of the material suitable for
electrosynthesis. Higher electrode potential increased the reaction yield, but the films became
poisoned by reaction products at a longer (> 2 h) synthesis time. Therefore, the desired high
selectivity should be balanced with maintaining the MIP film integrity. Theoretical simulations
confirmed the selectivity of MIP cavities toward the formation of TMBh, yielding a deeper
understanding of the possible mechanism inside the cavities. The MIP technology combination
with electrosynthesis led to a significant enhancement in the selectivity of the phenol C-C

coupling toward the desired biphenol compound.
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Green silver nanocomposites
for catalytic applications
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4.1 Synopsis
The present work deals with the recycling of the large amounts of wastes produced from stages

5 (BW5), 7 (BW7), and 9 (BW9) of the brewing industry for preparing nanocatalyst materials.
The project workflow is shown in Scheme 4.1. The project was initiated by analyzing brewery
wastes in Section 4.2 to understand their composition and determine the wastes' value-added
compounds. The nanocomposites were synthesized, then their structure, composition, and
morphology were characterized in Sections 4.3.1 - 4.3.5. Furthermore, the thermal stability of
these materials was examined and described in Section 4.3.6, and representative
nanocomposites were studied for their catalytic activity depicted in Section 4.3.7. The work

is concluded in Section 4.4.

Silver
nanocomposites
synthesis using
brewery wastes

Characterization of
brewery wastes
and nanocomposites

Application of
nanocomposites
in catalysis

Scheme 4.1. The project workflow for brewery wastes-mediated nanocomposites for catalytic
applications.

4.2 Analysis of the brewery wastes composition*
The composition and elemental analysis results of brewery wastes from three production

stages, i.e., the fifth stage (BWS5 - wort precipitate), the seventh stage (BW7 - Brewer's spent
yeast), and the ninth stage (BW9 - filtration waste) are summarized in Table 4.1.

T The brewery wastes analyses reported in Table 4.1 were performed by Dr. Dorota Michatowska and Prof. Marek
L. Roszko at the Institute of Agriculture and Food Biotechnology - State Research Institute, Warsaw, Poland, and
the TOC analysis was performed at the Central Research Laboratory of the University of Life Sciences, Lublin,
Poland and included for description purposes jointly with the thesis, entitled "Unraveling the chemistry behind
the biological activity of green silver nanocomposites” by M.Sc. Neha Venkatesh Rangam under the supervision
of Dr. hab. Beata Lesiak-Orfowska from the Structures and Dynamics of Nanocrystalline Materials Research
Group at the Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland.
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Table 4.1. Composition analysis of brewery wastes BW7, BW9, and BW5 in solution form.

Brewery waste

Analysis Subtype
BW7 BW9 BW5
Total nitrogen, 74545 4438 975.8
mg L™*
Total polyphenols, 181.2 87.75 92.65
mg L
Total sulfates, 193.03 103.4 119.65
mg L
Total carbohydrates, 4500 1200 156700
mg L
Total 1600 600 115,800
Fructose 700 100 2100
Fermentable sugars,
4 Glucose 300 100 12,500
mg L
Maltose + Sucrose 500 200 76,500
Maltotriose 100 200 24,700
K 2710 + 460 284 + 48.3 657 + 111
P 97 +3,9 149+ 6 525 + 20
Cl <4 165+ 1.0 365+1.0
Mg 228.3 +38.8 56.1£9.5 125.9+21.4
Ca 55.0 £ 8.3 68.0 +10.2 69.3 +10.4
Elemental content, Na 64.0 + 6.4 429+4.3 58.0 + 5.8
mg L™ Mn 1.64+0.13 0.22 +£0.02 0.73 +0.06
Fe 0.8+0.11 6.0+0.84 0.3+0.04
Zn 2.6 +0.36 0.01 £0.01 0.43 +0.06
Cu 0.32£0.03 <0.05 0.08 +£0.01
Al 0.01+£0.01 <0.05 0.01 +0.01
Ni <0.05 <0.05 <0.05
Total organic carbon, % 7.24 2.84 7.78

The BW7 brewery waste is richer in nitrogen, polyphenols, and sulfates than BW5 and BW9.
BWS5, disparately, has a significant carbohydrate content. The BW7 and BW9 are relatively
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deficient in carbohydrates. The BW?7 also has high potassium, magnesium, sodium, and
manganese content, whereas the BW5 has significantly more phosphorous content. BW9
contains smaller amounts of most of the compounds and elements. However, the quantity of
some elements, i.e., P, Cl, Ca, Na, and Fe, is higher. The influence of these composition
changes on the nanocomposite formation is discussed in Section 4.4 in detail.

Moreover, small amounts of zinc and copper are present in brewery wastes. Similar carbon
content is determined in the BW7 and BW5 wastes in the TOC analysis, and BW9 organic
carbon content is substantially lower, which is not surprising considering the substantially
smaller amount of organic compounds in this filtration waste. The total fermentable sugars
can be equated to reducing sugars present in brewery wastes, as the sucrose contents in BW5,
BW?7, and BW9 were negligible.

Significant differences are in the FT-IR spectra of BW5 compared to BW7 and BW9
(Figure 4.1), indicating that the fermentation leads to substantial changes in the functional

moieties in the brewing liquids.

Trasmittance, a.u.

" 1 " 1 " 1 " 1 " 1 "
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™

Figure 4.1. Fourier transform infrared (FT-IR) spectra of BW5, BW7, and BW9 brewery
wastes in a solution form.

The broad band between ~3700 and 3300 cm™ is related to strong intramolecular
H-bonded O-H group stretching vibrations of polyphenols combined with the N-H stretching
vibrations for hydrogen-bonded NH groups *°. For BWS5, this band is more intense and slightly
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shifted to higher wavenumbers than BW7 and BW9. The broad band at 3080 cm™ can be
related to the C-H stretching vibrations for compounds built from carbon atoms of
sp? hybridization 3’°. The C—H alkane stretching vibrations are found in the 2990 — 2850 cm™*
region in all the wastes 3°. However, additional bands with a higher intensity in BW7 and
BWO9, especially the band at 2978 cm™, can be assigned to stretching vibrations in the —-CHs
substituent 37°.

The bands at 1650 — 1670 and 1550 — 1580 cm™ can be attributed to amide 1 (C=0
stretching with some N-H bending) and amide Il (N-H bending with C-N stretching),
respectively -3¢ The amide | band position is varied in the different wastes indicating the
possible presence of different secondary structures *®. These bands are more pronounced for
BW?7, indicating a higher protein/peptide content, possibly from the yeast. An additional band
at ~1720 cm™* only for BW9 could originate from C=0 vibrations of the carbonyl group in
carboxylic acids or aldehydes. The C-H alkane bending vibrations are at ~1450 and
~1360 cm.  Bands at ca. 1260, 1150, 1075, and 1030 cm™ could represent
C-0 vibrations or O—H bending of primary, secondary, and tertiary alcohols. These vibrations
can also relate to the C-O bending of the C—OH groups in carbohydrates, especially in BWS5,
as it does not contain fermented alcohols %7, Below 1000 cm™, the out-of-plane X—H bending
(X =C, O, N) or -NHz2 rocking and wagging bands appear 3’* 8 |ike the sharp bands at 875
cm ! for BW7 and BW9. The absence of this band in the waste before the fermentation, BWS5,
could result from the lack of yeast and fermentation products 8.

The rich spectra for all the wastes indicate the possibility of the presence of alcohols,
amides, peptides, and polyphenols. The functional groups can also be associated with
carbohydrates (~1150 to 900 cm™), lipids (~2950 to 2850 cm™), and proteins (~1690 to
1635 cm™?) in the wastes, along with polyphenols %#%-3%1, Considering the rich composition of
brewery wastes containing various compounds, one may conclude that these wastes can be
used to synthesize NPs, as they contain both capping and reducing agents. The pH of BW?7,
BW9, and BW5 was 4.85, 3.29, and 4.3, respectively.

4.3 Characterization of nanocomposites
Five different nanomaterials were synthesized by varying the temperature (25 (x1), 50 (£1),

and 80 (x1) °C) and time (10, 30, and 120 min) of synthesis using each brewing waste, namely
BW?7, BW9, and BW5. The notations of these nanomaterials are given in Table 4.2.
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Table 4.2. Designation and synthesis conditions of nanomaterials synthesized using brewery
wastes BW7, BW9, and BWS5.

Nanocomposite Synthesis temp., °C  Synthesis time, min

BW7Ag1 25 120
BW7Ag2 50 120
BW7Ag3 80 120
BW7Ag4 80 30
BW7Ag5 80 10
BW9Ag1 25 120
BW9Ag2 50 120
BW9Ag3 80 120
BW9Ag4 80 30
BW9Ag5 80 10
BW5Ag1 25 120
BW5Ag2 50 120
BW5Ag3 80 120
BW5Ag4 80 30
BW5Ag5 80 10

4.3.1 X-ray diffraction (XRD) analysis of crystal structure and phase
composition®

The X-ray diffraction patterns (Figure 4.2) provided important information on the key
differences between the NPs precipitated using different brewery wastes (BW5, BW?7, and
BW9). The PXRD patterns showed reflexes characteristics for the AgsPOs (ICDD 98-002-

7843), AgCl (1ICDD 98-005-6538), and Ag (ICDD 98-060-4629) phases. The average values
of crystallite size and the respective standard deviations are listed in Table 4.3.

8 The XRD diffraction patterns and analyses are produced in common with the thesis, entitled: "Unraveling the
chemistry behind the biological activity of green silver nanocomposites" by M.Sc. Neha Venkatesh Rangam under
the supervision of Dr. hab. Beata Lesiak-Ortowska from the Structures and Dynamics of Nanocrystalline Materials
Research Group at the Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland.
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Figure 4.2. X-ray diffractograms of nanomaterials synthesized at different temperatures and
times using brewery wastes (a, b) BW7, (¢, d) BW9, and (e, f) BWS5.
syntheses conditions are denoted as follows: Agl - 25 °C, 120 min; Ag2 - 50 °C, 120 min;
Ag3 - 80 °C, 120 min; Ag4 - 80 °C, 30 min; Ag5 - 80 °C, 10 min).
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Table 4.3. The PXRD analysis determined phase content and nanocrystallites size of BW?7,
BW9, and BW5 nanocomposites.

Nanocom Synthesis Synthesis Ag phase content, % Nanocrystallites size, nm

-posite  temp.,  time,
°C min  AgsPOs AgCl  AQmet AQgsPO4 AgCl AQmet

BW7Agl 25 120 90.0 10.0 - 99+23 55+36 -

BW7Ag2 50 120 88.7 11.3 - 155+42 75 -

BW/7Ag3 80 120 77.1 11.8 111 162+33 165+59 73
BW7Ag4 80 30 79.2 12.0 8.8 253+40 262+52 122
BW/7Ags 80 10 86.6 10.8 2.6 227+38 21.0+83 151
BW9Agl 25 120 - 100 - - 5.6+0.5 -

BW9Ag2 50 120 - 97.0 3.0 - 5.6+0.6 2.9
BW9Ag3 80 120 - 732 268 - 194+31 36
BW9Ag4 80 30 - 75.7 243 - 156+27 3.2
BW9Ag5 80 10 - 92.9 7.1 - 16.0+27 25
BW5Agl 25 120 5.9 91.5 2.6 4.8 40+05 181
BW5Ag2 50 120 13.8 85.7 0.5 5.6 81+08 14.0
BW5Ag3 80 120 30.0 415 285 121+6.2 6.7+x04 3.2
BW5Ag4 80 30 28.5 46.0 25.6 159+6.2 102+17 14
BW5Ag5 80 10 131 86.9 - 11.8+0.7 119+1.0 -

The BW?7 waste predominantly yielded NPs of silver orthophosphate, AgsPOas (Figure
4.2a,4.2b, and Table 4.3) with reflections corresponding to the cubic structure with space group
P4-3n. The characteristic AgsPOa4 reflexes are at 20 values of 20.9° (011), 29.7° (002), 33.3°
(012), 36.6° (112), 47.9° (013), 52.8° (222), 55.1° (023), 57.4° (123), 61.7° (004), 72.0° (124),
and 87.4° (234). An additional reflex at 69.98° (024) 26 is present in the patterns for samples
synthesized at 80 (x1) °C. The evolution of new reflexes and narrowing of all crystalline
reflexes with increasing synthesis temperature indicated that the phase crystallinity increases
with increasing temperature. The crystal structure consists of a body-centered cubic lattice
formed by regular isolated POa4 tetrahedrons. The Ag atom experiences fourfold coordination

392

by four O atoms **“. The P atoms have fourfold coordination surrounded by four O atoms,

while the O atoms have fourfold coordination surrounded by three Ag atoms and one P atom.
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The polyhedron structure consists of one PO4 tetrahedron and three tetrahedral AgO4 combined
through the corner oxygen atom. The AgsPO4phase content decreased from 90 to 77.1% when
the synthesis temperature increased to 80 (x1) °C. The size of these crystallite AgsPO4 NPs
increased from 9.9 (x2.3) to 16.2 (x3.3) nm with the increasing synthesis temperature
(Table 4.3).

Minor quantities (10%) of silver chloride NPs with an average crystallite size of
5.5 (¥3.6) nm (Table 4.3) were identified in the BW7Ag1 nanocomposite synthesized at room
temperature, 25 (1) °C. The reflexes at 26 values of ~27.8° (111), 32.3° (002), and 46.3°
(022) are ascribed to AgCIl. The AgCl has a body-centered cubic structure with the Fm-3m
space group. The crystallinity of the AgsPO4 and AgCI phases increased with the synthesis
temperature increase. The AgClI phase content slightly grew from 10 to 11.8%, and the size of
the crystallites grew with the temperature increase.

A relatively small AgCl content is not surprising, given a relatively insignificant amount
of chlorine in BW7 (Table 4.1). When the synthesis temperature was increased to 80 (x1) °C,
Agmet NPs were also formed, indicating that high temperature facilitates the reduction of Ag
cations in the precursor silver nitrate from +1 to 0 oxidation state. This effect can indicate that
the actual reducing agent is formed or activated in BW7 components at this temperature.
Reflexes of Ag are present at 26 values of 38.1° (111), 64.5° (022), and 77.4° (113). The Ag
phase steadily increased at 80 (x1) °C from 10 to 120 min during the synthesis at the expense
of the major phase, AgsPO4. The synthesis temperature increase favored the AgCl and AgsPO4
crystallite growth. The AgsPOasand AgCI crystallite sizes increased with increased synthesis
time from 10 to 30 minutes, then decreased when the synthesis time was increased to 120
minutes. This unusual trend might indicate that the synthesis time affects two competing
mechanisms: nucleation and crystal growth. The Ag crystallite size decreased with the
synthesis time, indicating that the Ag nucleation rate is higher than the Ag phase's crystal
growth rate.

In contrast, the BW9 formed pure AgCl NPs (73.2 to 100%) at room temperature,
25 (1) °C. At synthesis temperatures exceeding 50 (£1) °C, Agmet Up to 26.8% was also
incorporated into the structure (Figure 4.2c and 4.2d). The characteristic AgCI reflexes were
observed at 27.8° (111), 32.3° (002), 46.3° (022), 54.9° (113), 57.5° (222), 67.5° (004), 76.8°
(024), and 85.8° (224). The silver chloride crystallized into a face-centered cubic NaCl-like
structure with the Fm-3m space group. As the synthesis temperature was increased, the Agmet
NP phases growth was evidenced with the peaks at 38.1° (111), 64.5° (022), and 77.4° (113)
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26. These peaks were attributed to cubically structured silver NPs, strongly depending on the
synthesis temperature. The Agmet phase increased with an increase in synthesis time and
temperature at the expense of the AgCI phase. The AgCl NP crystallite size (Table 4.3)
increased from 5.6 (£0.5) nm at room temperature, 25 (x1) °C, synthesis to 19.4 (£3.1) nm at
elevated temperature, 80 (x1) °C, synthesis, while that of Ag NPs remained almost constant.
This behavior indicates that increasing the synthesis temperature favors the AgCl NPs' growth
over the nucleation.

Diversely, BWS5 gave rise to the mixed composite with the AgCl domination. The AgCl
phase content up to 91.5% could be obtained via a room temperature, 25 (£1) °C, synthesis.
The Ag and AgsPOs NPs were found in minor amounts (Figure 4.2e, 4.2f, and
Table 4.3). With time and increasing synthesis temperature, more AgsPO4 NPs (up to 30%)
and Ag (up to 28.5%) were introduced into the composite. The crystallographic structures of
various NPs in these composites were similar to those for NPs obtained using BW7 and BW9.
The AgsPO4 NPs' crystallite size increased, and that of Ag NPs decreased with the temperature
increase. Elevating the synthesis temperature favored the growth of AgsPOu crystallites and
nucleation of Ag crystallites as observed for BW7 nanocomposites. The Ag and AgsPO4
phases grew with time at the expense of AgCl at the 80 (x1) °C synthesis temperature. The
crystallites' size of these two phases also increased with time; however, that of AgCI decreased.
This effect was similar to that of the synthesis temperature effect on AgClI crystallites. The
synthesis time favored the growth of nanocrystallites of minor phases, such as Ag and AgsPOa.

Therefore, it is observed that a wide variety of compositions of nanocomposites can be
obtained using these three different brewery wastes, namely, BW7, BW9, and BWS5.
Increasing synthesis temperatures favored the minor phases' growth and the reduction of Ag
cations. Evidently, this synthesis can lead to a composite system with three silver-based
phases. Noteworthy, silver oxides' signals were not seen in PXRD diffractograms, presumably

because their content was below the detection limit.
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4.3.2 Elemental analysis by energy dispersive X-ray fluorescence (EDXRF)
spectroscopy ™

The elemental content analysis of the nanocomposites obtained using BW7, BW9, and BW5

brewery wastes revealed silver (Ag), chlorine (Cl), phosphorus (P), and sulfur (S) presence.
Table 4.4 shows the calculated weight percentages of these elements in the samples.

Table 4.4. Elemental composition of BW7, BW9, and BW5 nanocomposites determined by
the energy dispersive X-ray fluorescence (EDXRF) analysis.

Nanocomposite  Synthesis  Synthesis  Elemental composition, %
temp., °C  time, min

Ag P Cl S
BW7Agl 25 120 93.5 4.8 1.0 0.8
BW7Ag2 50 120 93.7 4.3 11 0.8
BW7Ag3 80 120 94.4 3.9 1.0 0.8
BW7Ag4 80 30 94.4 4.0 1.0 0.6
BW7Ag5 80 10 93.8 4.2 1.2 0.8
BW9Ag1 25 120 83.1 0.1 151 1.6
BW9AQg2 50 120 83.8 0.2 146 1.5
BW9Ag3 80 120 89.3 06 93 0.8
BW9Ag4 80 30 88.0 04 107 0.9
BW9Ag5 80 10 84.4 0.3 145 0.8
BW5Ag1 25 120 86.5 5.3 1.7 0.5
BW5AQg2 50 120 88.4 2.9 8.1 0.6
BW5Ag3 80 120 92.2 30 44 0.5
BW5Ag4 80 30 91.6 2.9 5.0 0.6
BW5Ag5 80 10 87.6 2.9 8.8 0.6

The area under the peak for Ag in the EDXRF spectrum was the highest, confirming that
Ag-containing NPs were formed. The Ag content was similar in all the nanocomposites

“"The EDXRF analyses is produced in common with the thesis, entitled: "Unraveling the chemistry behind the
biological activity of green silver nanocomposites" by M.Sc. Neha Venkatesh Rangam under the supervision of
Dr. hab. Beata Lesiak-Ortowska from the Structures and Dynamics of Nanocrystalline Materials Research Group
at the Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland.
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synthesized using the BW7 fraction. Slight differences are related to the growth of minor
amounts of Ag phases (up to 11.1%) with temperature and time observed in PXRD (Table 4.3).
The P content decreased with the time and temperature increase, in accord with Agmet NPs
formation at higher temperatures, manifested by PXRD (Table 4.3). The Cl and S contents
were almost constant in all the BW7 nanocomposites. Only a minor (~1%) amount of ClI
(Table 4.4) is coherent with the low AgCI phase content (up to 12%) (Table 4.3).

The Ag's content increased, and that of Cl decreased with the synthesis time and
temperature increase for nanocomposites synthesized using the BW9 fraction. This Cl content
decrease is consistent with the Ag phase content increase in the PXRD analysis of BW9
nanocomposites (Table 4.3). Phosphorous is present only in trace amounts in BW9
nanocomposites, indicating they could be a part of the carbonaceous shell. Worth mentioning
that the sulfur content is the highest in BW9 nanocomposites.

In nanocomposites synthesized using the BWS5 fraction, the Ag content increased from
86.5 to 92.2% with the synthesis temperature increase (Table 4.4). The growth of a larger
amount of Agmet NPs in the composite (up to 28.5%) (Table 4.3) competes with this increase.
The CI content in BW5 nanocomposites decreased with the synthesis temperature and time
increase because the Agmet NPs formation was favored. This behavior aligns with the decrease
in the AgClI phase observed in PXRD (Table 4.3). The phosphorous content change does not
entirely agree with the PXRD analysis, possibly indicating the presence of this element in the
organic capping as well. The sulfur, present in trace amounts in all the samples, is most likely

included in the organic layer stabilizing the NPs.

4.3.3 Morphological analysis
The morphology of nanocomposites synthesized at 25 (1) and 80 (1) °C after 120 min, using

BW?7, BW9, and BW5 wastes as representatives, was analyzed with SEM. The imaging of an
Ag3PO4-rich sample, BW7Ag1, obtained using BW7 at 25 (1) °C (Figure 4.3a and 4.3b),
revealed globular structures composed of several smaller balls. As the AgCl and Ag particles
content increased in the structures with the synthesis temperature increase (BW7Ag3), the
flakey aggregated layers were fused with balls, as observed in the areas marked in red in Figure
4.3c and 4.3d. The size of these globular structures ranged from ~10 to 350 nm in BW7
nanocomposites. BW9 nanocomposites, prepared at 25 (+1) °C (BW9Ag1), were mainly
composed of aggregated layers (Figure 4.3e and 4.3f). Silver incorporation in the BW9Ag3

structure accompanying the synthesis temperature increase to 80 (x1) °C yielded some small
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round particles growing on layers (Figure 4.3g and 4.3h). The BW5 nanocomposite, prepared
at 25 (x1) °C (BW5Ag1), revealed aggregated layers. These layers are characteristic of AgCl,
as seen for BW9 nanocomposites, along with some small balls and globules characteristic of
AgsPO4 as found in BW7 nanocomposites (Figure 4.3i and 4.3j).

Figure 4.3. SEM images of nanocomposites of (a, b) BW7Ag1, (c, d) BW7Ag3, (e, f)
BWO9Ag1, (g, h) BW9Ag3, (i, j) BW5Ag1, and (k, I) BW5Ag3. (Nanocomposites syntheses
conditions are denoted as follows: Agl - 25 °C, 120 min, and Ag3 - 80 °C, 120 min).

161

http://rcin.org.pl



With increasing AgsPO4 content in the structure, fused morphology similar to that of BW7
nanocomposites was observed (Figure 4.3k and 4.3l). In Figure 4.3l, the particles' surface
morphology is similar to the AgsPO4 balls in BW7 nanocomposites. All the nanocomposites
are aggregated, possibly because of a thin organic overlayer formed using weak capping agents
that were not entirely sufficient for preventing aggregation.

The elemental mapping of BW7, BW9, and BW5 nanocomposites synthesized at 25 (x1)
and 80 (x1) °C after 120 min is presented in Figure 4.4. This mapping indicates that the
elemental distribution of the significant components of the nanocomposites, namely, Ag, Cl,
and P, on the surface of the BW7 (Figure 4.4a and 4.4b), BW9 (Figure 4.4c and 4.4d) and BW5
nanocomposites (Figure 4.4e and 4.4f) was sufficiently homogeneous. This distribution
indicates that the NPs' morphological changes in shapes and sizes are due to incorporating

certain phases in the structure; however, these phases are not present independently but

predominately as a mixed phase composite. Only Ag and Cl are visible for BW9
nanocomposites synthesized at 25 (x1) °C (BW9Ag1) and 80 (x1) °C (BW9Ag3), while Ag,
Cl, and P can be found in BW5 and BW?7 nanocomposites synthesized at 25 (+1) °C (BW5Ag1
and BW7Ag1) and 80 (x1) °C (BW5Ag3 and BW7Ag3), in accord with the PXRD analysis
results (Table 4.3).
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Figure 4.4. Elemental mapping of (a) BW7Ag1l, (b) BW7Ag3, (c) BW9Ag1, (d) BW9Ag3,
(e) BW5Ag1 and (f) BW5Ag3 nanocomposites. (Nanocomposites syntheses conditions are
denoted as follows: Agl - 25 °C, 120 min, Ag3 - 80 °C, 120 min).

4.3.4 Spectral analysis

4.3.4.a UV-vis spectroscopy analysis
The UV-vis absorption spectra of the nanocomposites synthesized using BW7, BW9, and BW5

at different temperatures and 120-min synthesis are shown in Figure 4.5. Free electrons in
Agmet NPs exhibited an SPR absorption band. This band is seen if the vibration of the electrons
in the NPs is in resonance with incoming light radiation 3%, The bands between 400 and
500 nm represents the characteristic SPR of the Agmet NPs in all nanocomposites. Moreover,

the presence of AgsPO4 in BW7 and BW5 nanocomposites affected the UV-vis absorption in
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the region below 530 nm as AgsPOu4 is a semiconductor sensitive to UV-vis radiation (Figure
4.5a and 4.5c). The AgsPOq irradiation removes electrons from the valence shell of oxygen
3% These electrons are scavenged by silver cations (Ag*), forming metallic silver (Ag®) NPs.
The Agmet absorption bands in the BW7 and BW5 nanocomposites containing AgsPO4 follow
a decreasing intensity with increasing synthesis temperature (Figure 4.5a and 4.5c), which is a
bit puzzling as the Agmet amount in the structure is higher at higher synthesis temperatures, as
seen in PXRD (Table 4.3). The absorption trend is appropriate only for BW9 nanocomposites
(Figure 4.5b) that do not contain AgsPO4, wherein the absorption band becomes more intense
with increasing Agmet introduction at higher synthesis temperatures. Therefore, it can only be
speculated that the presence of AgsPOs disrupts the collective resonance of the SPR band
leading to the observed trend.

1.0 1.0

a b
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5 3
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C c
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Figure 4.5. UV-vis spectra for nanocomposites synthesized using (a) BW7, (b) BW9, and
(c) BW5. (Nanocomposites syntheses conditions are denoted as follows: Agl - 25 °C, 120
min, Ag2 - 50 °C, 120 min, and Ag3 - 80 °C, 120 min).
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4.3.4.b Fourier-transform infrared (FT-IR) spectroscopy analysis
Al three sets of nanocomposites show a broad band between 3500 and 3000 cm™, representing

stretching vibrations of the hydrogen-bonded —OH group of polyphenols, although the relative
intensities of these bands vary depending on the nanocomposite (Figure 4.6). This broad band
can also be attributed to the amide's N—H stretching vibration. This vibration band in BW5
and BW9 nanocomposites is stronger than in the BW7 nanocomposites, indicating more
surface-bound hydroxyl and other hydrogen-bonded functional groups. Compared to its
position in brewery wastes, this band shift to lower frequencies in NPs (Figures 4.1 and 4.6) is
related to the complexation of the functional groups to NPs. Moreover, many sharp bands
between 2840 and 3000 cm™* arise from symmetric and asymmetric C—H stretching vibrations
of alkanes in various chemical environments. These vibrations are also significantly intense in
BWS5 (Figure 4.6e and 4.6f) nanocomposites but are almost absent in BW7 nanocomposites
(Figure 4.6a and 4.6b).

Interestingly, the BW7 spectrum bands assigned to the C—H bond-containing compounds
are more pronounced than the BWS5 spectrum bands (Figure 4.1). However, the BW7
nanocomposites exhibit only very weak bands in this region (Figure 4.6a and 4.6b). BW5
nanocomposites show important bands in this region, and the dominant bands at 2915 — 2920
and 2850 cm! indicate mainly the ~CH2— moieties presence (Figure 4.6e and 4.6f). BW9
nanocomposites also exhibit these bands representing the —CH2— moieties (Figure 4.6¢ and
4.6d). The amide | and Il bands at 1630 — 1650 and ~1540 cm™?, respectively, related to
peptide/protein binding, are also present in the spectra of nhanocomposites. These bands are
intense for BW9 nanocomposites (Figure 4.6¢ and 4.6d), followed by BW5 nanocomposites
(Figure 4.6e and 4.6f), and very weak for BW7 nanocomposites (Figure 4.6a and 4.6b). This
effect also contradicts the wastes' behavior, where the intensity of those bands for BW5 and
BW9 is weaker than for BW7 (Figure 4.1). Considering the NP composition, one can infer
that the protein/peptide adsorption on AgCI NPs is more predominant than for AgsPO4. The
intense band between 1030 and 1040 cm™ representing C—O vibration is in the BW5 (Figure
4.6e and 4.6f) and BW9 nanocomposites (Figure 4.6¢c and 4.6d). The BW5 and BW9
nanocomposites' capping resulted in more functional groups in the FT-IR spectroscopy
analysis, indicating that these materials’ surface composition is richer than the BW?7
nanocomposites. The functional group vibrations for these NPs are from the brewery wastes
BW?7, BW9, and BWS5, indicating a successful capping of the NPs.
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Figure 4.6. FT-IR spectra of nanocomposites synthesized at different temperatures and times
using brewery wastes (a, b) BW7, (c, d) BW9, and (e, f) BW5. (Nanocomposites syntheses
conditions are denoted as follows: Agl - 25 °C, 120 min, Ag2 - 50 °C, 120 min, Ag3 - 80 °C,
120 min, Ag4 - 80 °C, 30 min, and Ag5 - 80 °C, 10 min).

Furthermore, the frequencies' shifts of these vibrations in NPs (Figure 4.6) compared to

that in the brewery wastes (Figure 4.1) indicate extensive complexation of the functional
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groups with the NPs. Not all functional groups aid in the capping of NPs, and depending on
the brewery waste, different groups have been attached to the NPs' surface. The binding of
protein/peptide and polyphenols is preferred on the surface of AgCIl NPs.

The nanocomposites' spectra have additional vibrations related to AgsPO4 and silver
oxides. The band for BW7 (Figure 4.6a and 4.6b) and BW5 (Figure 4.6e and 4.6f)
nanocomposites in the region of ~520 to 550 cm™* represent Ag—O stretching modes. The band
at ~550 cm™? is also attributed to a bending vibration of O=P-O, whereas that at ~960 cm is
ascribed to asymmetric stretching of the OP-O bridge %% 3%5-3%  These PO4’>~ modes are
relatively sharp for BW7 nanocomposites (Figure 4.6a and 4.6b) at all synthesis temperatures
and times, providing evidence of AgsPO4 as the major phase. Characteristic vibration modes
for AgsPOs become more prominent with the temperature and time increase for BW5
nanocomposites (Figure 4.6e and 4.6f), indicating the growth of AgsPOs in the nanocomposite.
The band also shifts from 520 to 540 cm™ as phosphate groups grow in the BW5
nanocomposites with increasing synthesis temperature. The vibration frequency for the
BW5Ag3 nanocomposite is lower than for the BW7Ag3 nanocomposite because AgsPOa is a
minor phase. Therefore, it has a more complex environment that influences its vibration. The
vibrations around these two regions are broad in BW9 nanocomposites (Figure 4.6¢ and 4.6d),
indicating that these materials do not have AgsPOa in their structure. A possible silver oxides'

presence in BW9 nanocomposites may account for the broad band between ~450 and 500 cm™.

4.3.5 Brunauer-Emmett-Teller (BET) sorption analysis
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Figure 4.7. Exemplary Brunauer-Emmett-Teller (BET) adsorption-desorption isotherms for
BW?7Ag3 nanocomposites synthesized at 80 (x1) °C for 120 min.
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The surface nature and surface area of materials used as catalysts play an important role as the

reactions primarily occur at the catalyst surface. Therefore, the larger surface area available
for reaction can enable higher conversion of reactants, thereby improving the efficiency of the
process. All nanocomposites exhibited a Type Il isotherm, as shown for BW7Ag3 as an
exemplary nanocomposite (Figure 4.7), indicating unlimited multilayer adsorption on non-

porous / macroporous structures.

Table 4.5. The Brunauer-Emmett-Teller (BET) specific surface area of nanocomposites
synthesized using BW7, BW9, and BW5 brewery wastes.

Nanocomposite Synthefis Synthes_is time, BET specifi(; Sl:I 1rface area,

temp., °C min m-g
BW7Ag1 25 120 2.19
BW7Ag2 50 120 3.21
BW7Ag3 80 120 9.51
BW7Ag4 80 30 11.35
BW7Ag5 80 10 5.84
BW9Ag1 25 120 2.37
BW9AgQ?2 50 120 7.48
BW9Ag3 80 120 10.09
BW9Ag4 80 30 5.48
BW9AQ5 80 10 6.79
BW5Ag1 25 120 0.91
BW5Ag2 50 120 8.56
BW5AgQ3 80 120 8.92
BW5Ag4 80 30 441
BW5Ag5 80 10 7.82

The multi-point BET surface area analysis of the nanocomposites revealed that their
specific surface areas depended on the synthesis temperature (Table 4.5). The specific surface
area of nanocomposites synthesized at 80 (+1) °C (~8.5 — 11.4 m? g!) was higher than those
synthesized at room temperature, 25 (+1) °C (0.9 — 2.4 m? g™!). The observed growth of the

Agmet phase in the nanocomposites with increasing synthesis temperature might be affecting

168

http://rcin.org.pl



the specific surface area. Although small, these differences in the BET-specific surface areas
of the nanocomposites could affect the catalytic performance of these nanomaterials. Notably,
however, the surface area of the materials tested is relatively small for BET measurements, and
the quantity of powder available for analysis was also small 3%7. Therefore, the isotherms' shape
is irregular, with the desorption isotherm intersecting the adsorption isotherm for most
nanocomposites. This behavior is presumably due to the low degassing temperature that might
be insufficient to clean the surfaces achieved through the removal of the physisorbed species

and the "entrapment"” of adsorbed gases in the pores.

4.3.6 Thermogravimetric analysis (TGA)
Thermogravimetric analysis was performed to understand the thermal stability of

nanocomposites. There are three major TGA decomposition stages (Figure 4.8). The TGA
curves for nanocomposites started with removing surface water, followed by the decomposition
of organic moieties over the nanocomposite surface as the major decomposition part.
Subsequently, there were changes in Ag phase compositions. Noteworthy, the decomposition
did not complete at 800 °C.

Three clear decomposition stages can be observed for BW7 nanocomposites (Figure 4.8a
and 4.8b). The overall weight loss is the highest for samples synthesized at
25 (x1) °C, BWT7Ag1l (27.7%), followed by samples synthesized at 50 (x1) °C, BW7Ag2
(25.9 %), and 80 (+1) °C, BW7Ag3 (24.4%). The first decomposition stage, up to 140 °C for
BW7Agl and BW7Ag2 and 150 °C for BW7Ag3, resulted in a weight loss between 2.2 and
3.3%. The major decomposition occurred up to ~450 °C exhibiting weight losses of ~16% and
14.4% for BW7Ag1 and BW7Ag2. This stage extended only to 370 °C for BW7Ag3, yielding
a loss of ~13%. A weight loss of ~8 to 9% was for all three samples in the last stage of
decomposition, although the last stage was slow and not finished in the studied temperature
range. The anomalous behavior in the decomposition temperature range observed for the
BW7Ag3 synthesized at 80 (x1) °C can be attributed to the metallic Ag NPs growth in the
composite structure and oxidation of the surface Ag.

Moreover, BW9 nanocomposites' three-stage decomposition was like BW7
nanocomposites' decomposition (Figure 4.8c and 4.8d). The overall weight loss of 30 to 45%
was for all nanocomposites synthesized using BW9. The weight loss for BW9 nanocomposites
higher than for BW7 nanocomposites indicates a higher organic capping over the AgCI

169

http://rcin.org.pl



nanocomposites in the former, in agreement with the FT-IR observations of the richness of
functional groups in AgCl-based nanocomposites (Figure 4.6).
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Figure 4.8. Thermogravimetry analysis (TGA) curves for nanocomposites synthesized at
different temperatures and times using brewery wastes (a, b) BW?7, (c, d) BW9, and (e, f) BWS5.

(Nanocomposites syntheses conditions are denoted as follows:

Ag2 - 50 °C, 120 min, Ag3 - 80 °C, 120 min, Ag4 - 80 °C, 30 min, Ag5 - 80 °C, 10 min).
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The weight loss for BW9Ag2 nanocomposite, synthesized at 50 (£1) °C was the highest,
equalling ~41%, followed by the BW9Ag1 nanocomposite synthesized at 25 (1) °C, and the
least weight loss was for BW9Ag3 nanocomposite synthesized at 80 (x1) °C for 120 min. This
result indicates that the synthesis at 50 (£1) °C results in a higher organic coating that
decomposes in the second stage. The first decomposition stage led to ~3.5 to 4.5% weight loss,
followed by 23.7 to 30.1% weight loss in the second stage, and finally ~6% for BW9Ag2 and
BW9Ag3 nanocomposites synthesized at higher temperatures and a relatively higher 8%
weight loss for BW9Ag1 nanocomposite synthesized at 25 (+1) °C. The higher weight loss by
BW9Ag1 could be ascribed to the pure AgCl phase present with possible some silver oxide
impurities. Therefore, the presence of phases such as AgsPOs and Agmet is beneficial for
improving the stability of the nanocomposites.

In contrast, BW5 nanocomposites exhibited four decomposition stages for the BW5Ag1
sample synthesized at 25 (x1) °C and the BW5Ag2 sample synthesized at 50(x1) °C, and three
stages for the sample synthesized at 80 (x1) °C (Figure 4.8e and 4.8f). The overall weight loss
increased from BW5Ag1 (~32%) to BW5AQ2 (38.8%). Subsequently, the total weight loss
markedly decreased to 28.8% for BW5Ag3, wherein the Ag met NPs and AgsPOa4 contributions
were significantly high. The decomposition in the region between ~260 and ~500 °C strongly
influences the overall weight loss trend, wherein weight was lost by 14.4, 17.9, and 10.5% for
BW5Ag1l, BW5AgQ2, and BW5AQ3, respectively. A trend in the last decomposition stage
beyond 500 °C is similar, and the weight loss of BW5Ag2 (6.7%) is high compared to BW5Ag1
(4.3%) and BW5AQ3 (4.7%). However, this stage indicates the start of slow decomposition
here as well. The decomposition trend in BW5 nanocomposites indicates that synthesis at 50
(x1) °C results in higher organic matter content in the nanocomposite compared to other
synthesis temperatures. Noticeably, the weight loss of nanocomposites with a high AgCl
content is higher than those with high AgsPOa4 content. Therefore, it can be concluded that the
organic overlayer composition and thickness strongly depend on the nanocomposites'
composition, which agrees with the FT-IR spectroscopy analysis (Figure 4.6).

The weight loss of BW5 nanocomposites synthesized at 80 (x1) °C for different time spans
largely variated (Figure 4.8f). The reaction for 120 min led to the Ag and AgsPOu4 rich structure
resulting in significantly higher stability at temperatures between 260 and 500 °C. The BW7
nanocomposites' stability was almost similar, with the samples prepared within a 10-min
synthesis showing the lowest stability in the series (Figure 4.8b). Moreover, the BW9

nanocomposites' stability trend was like BW7 nanocomposites, with a 10-min reaction leading
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to the highest organic content, resulting in higher weight loss (Figure 4.8d). Therefore,
increasing the synthesis time at 80 (x1) °C is favorable for improving the materials' thermal
stability, which could also indirectly point to the significance of Agmet phase growth.

The weight loss up to 100 °C results from surface-bound water removal. AgsPOaremains
thermally stable up to ~900 °C with only a minor (<1%) portion converting to Ag and
Ag oxide 3%3% whereas AgCl NPs remain stable up to 650 °C #9401 The DSC and
temperature-programmed reaction (TPR) studies provided information on the decomposition
process of silver oxides 4°2. A minor decomposition could be the surface AgO thermal
reduction to metallic silver in the 100 to 200 °C range, and this reaction's product remained
stable up to ~350 °C. The Ag20 intermediate completely decomposes to Ag and Oz at 400 °C.
However, a major weight loss for Ag NPs at ~200 °C has been related to the decomposition of
organic capping agents 4%, At ~470 °C, decompositions of hydroxyl (C—-OH) and carbonyl
(C=0) groups were reported, whereas above 600 °C, mainly C=0 groups decompose %%,

The BW7 nanocomposites' weight loss was the smallest, followed by BW9 and BW5
nanocomposites. The major differences are in the second decomposition stage up to 500 °C,
wherein the BW5 nanocomposites' weight loss was the highest, followed by BW9 and BW7
nanocomposites, indicating that BW5 nanocomposites contain the highest organic overlayer
content. The variation in the weight loss is related to different phase compositions of samples
synthesized using various brewery wastes at different synthesis temperatures and times.

4.3.7 Characterization of catalytic properties of nanocomposites

4.3.7.a Electron spin resonance (ESR) analysis
To characterize the electronic properties of synthesized nanocomposites and elucidate their

catalytic capabilities, electron spin resonance (ESR) spectroscopy has been used. Worth
mentioning that the electronic properties of nanocomposites play a crucial role in
heterogeneous catalysis and electrocatalysis . The ESR spectrum parameters (the first
derivative of the absorption spectrum) are indicated in Figure 4.9, where Aesr = A1 + Az Is the
amplitude, AHpp =H1 + Hz is the linewidth, and Bo is the resonant magnetic induction. The
Aesr amplitude, normalized to the sample weight, reflects the content of paramagnetic centers.

The g-factor is evaluated from conditions of resonance according to Equation 2.19
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Figure 4.9. Exemplary electron spin resonance (ESR) spectrum for BW7Ag3 nanocomposite
[synthesized at 80 (x1) °C for 120 min], indicating the analyzed parameters.

The ESR spectra recorded for nanocomposites, synthesized using BW7, BW9, and BW5
brewery wastes at different times and temperatures, do not have any subtle structures relating
to Ag. In all the spectra, there is a single sharp resonance band of varying intensity depending
on the nanocomposites synthesis conditions, with a 0.8 to 1.0 mT width and a 2.0044 to 2.0055
g-factor (Figure 4.10). These values are typical for zero-valent silver aggregates with a
conduction band 4%-4%7 For BW5Ag1 and BW5Ag5 nanocomposites, i.e., hanocomposites
synthesized using the BW5 brewery waste at 25 (1) °C for 120 min and 80 (1) °C for 10
min, respectively, the sharp band overlaps with a broad band of the ~

50 mT linewidth and 2.011 g-factor (Figure 4.10c). This wide band is seen for other BW5
and BW9 nanocomposites, albeit with low intensity. The origin of this broad band could not
be precisely identified. However, it could be attributed to small silver clusters occurring due
to highly mobile Ag* ions undergoing auto reduction under different environmental conditions,
like exposure to light %410 Notably, this broad band is a feature prominent in mixed
Ag/AgCIl/AgsPO4 phases. Apparently, the nanocomposite structure stabilizes the clusters, as
the pronounced band is visible even at room temperature. This band stabilization points to the
importance of domain formation in the structures that can isolate the active species for a longer
time, stabilizing the ESR signal *°. Moreover, this signal is visible for the BW5Ag5
nanocomposites, not exhibiting a silver phase in PXRD (Table 4.3). That might indicate that

these small clusters are present in tiny amounts below the detection limit of XRD.
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Figure 4.10. Electron spin resonance (ESR) spectra for (a, a") BW7, (b, b') BW9, and (c, ¢')
BWS5 nanocomposites synthesized at different temperatures and times. (Nanocomposites
syntheses conditions are denoted as follows: Agl - 25 °C, 120 min, Ag2 - 50 °C, 120 min,
Ag3 - 80 °C, 120 min, Ag4 - 80 °C, 30 min, Ag5 - 80 °C, 10 min). a', b*, and c" are scaled in
spectra of a, b, and c, respectively, to show the sharp band at ~350 mT.
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Moreover, interestingly, there is a band for a Fe complex with organic matter in the BW7
and BW9 nanocomposites at a g-factor of ~4.3 (Figure 4.10a and 4.10b), indicating that the Fe
is present in the organic capping of the nanocomposites 411412, The ESR band for Mn?* in BW5
nanocomposites reveals hyperfine splitting, resulting in six lines with a g-factor close to the
Ag conduction band singlet (Figure 4.10c and 4.10c') #'1. The bands for Fe and Mn could be
observed because the ESR spectroscopy is exceptionally sensitive to these metals. Because of
their scarce content, these metals are undetectable with other analytical techniques. Fe and Mn
in brewery wastes are the sources of these elements in the nanocomposites. This result shows
that elements present in the brewery wastes are differently attached to the organic content.

Hence, some elements are selectively present in some nanocomposites.

Table 4.6. The parameters of the sharp Ag singlet at ~350 mT in electron spin resonance (ESR)
spectra, namely, g-factor, amplitude normalized to weight, linewidth, amplitude asymmetry,
linewidth asymmetry of BW7, BW9, and BW5 nanocomposites synthesized at different
temperatures and times. (Nanocomposites syntheses conditions are denoted as follows:
Agl - 25 °C, 120 min, Ag2 - 50 °C, 120 min, Ag3 - 80 °C, 120 min, Ag4 - 80 °C, 30 min,
Ag5 - 80 °C, 10 min).

Nanocomposite g-factor Amplitude, Linewidth, Amplitude Linewidth

a.u. mT asymmetry  asymmetry
BW7Agl 2.0044 34.63 0.89 1.13 1.19
BW7Ag2 2.0048 43,51 0.98 1.15 1.46
BW7Ag3 2.0048 24.04 0.91 1.08 0.90
BW7Ag4 2.0047 22.43 0.81 1.17 0.88
BW7Ag5 2.0052 30.4 0.88 1.17 0.63
BW9Ag1l 2.0046 237.9 0.88 1.10 0.91
BW9Ag2 2.0052 113.8 0.92 1.15 0.84
BW9Ag3 2.0050 41.8 0.89 1.13 1.23
BW9Ag4 2.0055 49.85 0.81 1.04 0.93
BW9AQ5 2.0055 72.53 0.99 1.05 0.87
BW5Ag1 2.0051 115 0.98 0.95 0.91
BW5Ag2 2.0051 52.37 0.83 1.17 1.03
BW5Ag3 2.0053 17.51 0.91 1.38 1.45
BW5Ag4 2.0049 24.87 0.81 1.28 0.99
BW5AQ5 2.0049 42.6 1.04 1.26 0.80
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The parameters of the sharp ESR singlet of the 2.0044 to 2.0055 g-factor, recorded for all
BW7, BW9, and BW5 nanocomposites, indicate that they depend on sample phase and
elemental composition (Table 4.6). For BW5 and BW9 nanocomposites of Ag, the ESR
parameters' dependence on the nanocomposite synthesis conditions is significant, while the
BW?7 nanocomposites' spectral changes are smaller. That could indicate that the silver chloride
environment in the nanocomposite is favorable for silver paramagnetic activity, as literature
reports include the importance of the environment on the ESR signal intensity of silver
aggregates “%.  The number of paramagnetic centers in BW7 and BW9 nanocomposites
decreases with the synthesis temperature increase. This effect can be related to the increase in
the size of silver aggregates, as small-size silver aggregates predominantly contribute to the
ESR signal #°. Therefore, the number of paramagnetic centers, proportional to the normalized
amplitude, is lower for BW7 and BW9 nanocomposites synthesized at 80 (£1) °C (samples
Ag3, Ag4, and Agb) because of large-sized Ag crystallites observed in PXRD (Table 4.3).

Amplitude (A1/A2) and linewidth (Hi/Hz2) asymmetry indicate anisotropy, being higher for
BWS5 nanocomposites synthesized at elevated temperatures (samples Ag3, Ag4, and Ag5) and
BW?7 and BW9 nanocomposites synthesized at 25 (1) and 50 (x1) °C (samples Agl and Ag2,
respectively). That is attributed to the broad heterogeneous distribution of NPs sizes 414,
Presumably, a larger number of larger silver aggregates are formed in BW7 and BW9
nanocomposites at elevated synthesis temperatures. Most likely, these larger aggregates have
non-interacting spins that are more localized, and the high synthesis temperatures give rise to
more homogeneous silver beyond the size limit required to generate an ESR signal. Therefore,
the number of paramagnetic centers observed in ESR spectroscopy and the anisotropy of the
sharp singlet for BW7 and BW9 nanocomposites synthesized at 80 (x1) °C are lower.
Contrastingly, higher synthesis temperatures of 50 (£1) and 80 (x1) °C result in the formation
of smaller silver crystallites in BW5 nanocomposites (Table 4.3). Possibly, these smaller size
aggregates capable of exhibiting paramagnetic properties, having a more heterogeneous size
distribution, lead to higher anisotropy.

A 10-kGy vy-irradiation of BW7Ag3, BWO9Ag3, and BW5Ag3 nanocomposites
[synthesized at 80 (+1) °C for 120 min] enhances the sharp singlet peak of g-factor of 2.0044
to 2.0055. That indicates the formation of new paramagnetic centers, presumably because of

electrons and holes generated locally in the materials or Ag clusters (Figure 4.11) #%°,
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Figure 4.11. ESR spectra for (a, a') BW7Ag3, (b, b') BW9Ag3, and (c, ¢') BW5Ag3 non-
irradiated nanocomposites synthesized at 80 (1) °C for 120 min, measured at room
temperature, 25 (x1) °C, and after 10-kGy y-irradiation measured in the temperature range of
100 to 295 K. The spectra in panels a’, b*, and ¢’ are the magnified spectra presented in panels
a, b, and c, respectively; they show a sharp band at ~350 mT.
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y-irradiated silver halides do not produce any ESR bands, but clusters synthesized from silver
nitrate exhibit a singlet line after irradiation. That is most likely due to silver clusters forming
or generating electrons localized in the AgCl-like conduction band 1% 41°. When the analysis
was performed at low temperatures, a signal from the silicon in the quartz tube was detected in
all samples.

Parameters of the singlet band of the 2.0044 to 2.0055 g-factor in the ESR spectra are
temperature dependent, and the rate of change depends on sample composition (Figure 4.12).
The g-factor does not vary significantly with temperature (Figure 4.12a). The number of
paramagnetic centers in the y-irradiated nanocomposite samples decreased with the analysis
temperature increase from 100 to 295 K (Figure 4.12b). That is likely because of generated
silver clusters decomposition resulting from faster movement at higher temperatures.

Moreover, the spins get more localized, limiting the clusters' interactions with the environment.
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Figure 4.12. Temperature dependence (in the range of 100 — 295 K) of parameters of the sharp
Ag singlet at ~350 mT in ESR spectra (a) g-factor, (b) amplitude normalized to weight, (c)
linewidth, (d) amplitude asymmetry, and (e) linewidth asymmetry recorded for 10-kGy y-
irradiated BW5, BW7, and BW9 nanocomposites Ag3 synthesized at 80 (x1) °C for 120 min.
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The amplitude and linewidth decrease with increasing analysis temperature, accompanied
by a slight increase in the amplitude and linewidth asymmetry above 200 K for BW7Ag3 and
BW9Ag3 nanocomposites (Figure 4.12b, 4.12c, 4.12d, and 4.12¢). The trend is not very clear
for BW5Ag3, which could be due to the overlap of the broad band of the ~50 mT linewidth
and the 2.011 g-factor.

4.3.7.b Photoelectrochemistry
The photoelectrochemical activity of selected nanocomposites was studied. That was because

AgsPOs is a highly photoactive material effective in OER and the degradation of organic
pollutants %2 416418 Moreover, AgCl has been applied as an efficient catalyst for

photocatalytic organic pollutants' degradation #%°.
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Figure 4.13. Linear sweep voltammetry curves with light chopping for bare FTO electrodes
and electrodes coated with nanocomposites synthesized at 25 (£1) °C for 120 min, using the
BW?7, BW9, and BWS5 brewery wastes in sodium phosphate buffer solution (pH = 7.2) at a
10-mV s scan rate.

The samples synthesized at 25 (£1) °C for 120 min using BW5 (BW5Agl), BW7
(BW7AgQl1), and BW9 (BW9Ag1) were taken as initial test samples for determining the
photoelectrochemical activity due to their significant composition variations and the interesting
ESR spectra for the BW5Ag1 nanocomposite (Figure 4.10c). The LSV curves for bare and
nanocomposites-coated FTO electrodes, in the potential range of 0.50 to 1.00 V vs. Ag/AgCl,

are shown in Figure 4.13. The experiment was performed by illuminating the FTO electrodes
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at certain time intervals while scanning the potential between 0.50 and 1.00 V vs. Ag/AgCI.
The photocurrent density increased at a bare FTO electrode from 0.2 to 0.4 pA cm™ with the
applied potential increase. That is not surprising as the FTO is a semiconductor. The
photocurrents at nanocomposites-coated FTO electrodes also increased with the applied
potential. However, the nanocomposites-coated FTO electrodes revealed photocurrents higher
than those at the bare electrode, at least up to 0.85 V vs. Ag/AgCl.

The BWO9Agl nanocomposite with pure AgCl in the structure and BW7Agl
nanocomposite with the highest AgsPOa content in the structure exhibited almost similar
activity in the potential range of 0.60 to 1.00 V vs. Ag/AgCI. Interestingly, the shape of the
photocurrent curve during illumination at the potential above 0.60 V becomes rather complex,
indicating the formation of charge trapping states under light irradiation. For the BW5Ag1l
nanocomposite containing AgsPOa4 in minor amounts and AgCl in significant amounts, together
with a small amount of Ag NPs, photocurrent densities were higher than for all other samples
studied. A maximum photocurrent density of 0.93 pA cm™ was at a potential between 0.90
and 1.00 V vs. Ag/AgCl at the BW5Ag1 nanocomposite-coated FTO. In view of the literature
data on the photoactivity of the AgCI/Ag composites **° and AgsPO4/Ag composites 42042 this
result stresses the importance of metallic Ag NPs' presence in the composite and the mixed-
phase composite presence. Moreover, the presence of Ag clusters in the BW5Agl
nanocomposite of a structure, suggested by the ESR spectroscopy results, most likely plays a
role in a relatively higher photoactivity of this nanomaterial. However, the obtained
photocurrents remain relatively small for the nanocomposites fabricated. Although it is not
uncommon for photocurrent densities to amount ~1 pA cm™2 269 422423 sjlyer-based materials
can reach even higher photoactivity 42°4?!,  The poor internal organization of the
nanocomposite components could inhibit the electron-hole separation, leading to their fast
recombination. Furthermore, this structural arrangement can hinder electron transport to the
electrode. A combination of both of these effects might lead to low photocurrents measured.

Therefore, the nanocomposites’ synthesis and materials deposition procedures need further
optimization to improve their photoactivity. Moreover, a relevant support material might be
introduced to mediate the electron transfer, increasing the photocurrents 42425, Furthermore,
these materials' application for photocatalytic waste removal, especially for organic pollutants'
degradation, may be envisaged in future studies. Consequently, this application route was not
further pursued because of time constraints.
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4.3.7.c Electrocatalytic oxygen reduction reaction (ORR)
Silver-based compounds have also found application as catalysts in oxygen reduction reaction

(ORR). Therefore, attempts were made to apply the synthesized nanocomposites as ORR
electrocatalysts.

Firstly, the behavior of bare and nanocomposite-coated electrodes in Oz saturated and
deaerated (Ar saturated) aqueous solution was compared (Figure 4.14). Apparently, in the
dissolved oxygen absence in the NaOH solution, the cathodic peak is absent for both bare and
BW?7 nanocomposite-coated electrodes, indicating that the peak recorded for the O2 saturated

solution is due to ORR.
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Figure 4.14. Comparison of linear sweep voltammetry curves for ORR at a bare and
exemplary BW7Ag3 [synthesized at 80 (x1) °C for 120 min] nanocomposite-coated GC disk
electrode of RRDE at a rotation rate of 2000 rpm and 10 mV s™* scan rate in O2 and Ar saturated
0.1 M NaOH.

Subsequently, the ORR experiments were performed using an RRDE, a neutral solution of
0.1 M KNOs, and a basic solution of 0.1 M NaOH to understand the pH effect on the ORR at
the nanocomposites-coated electrode surface. The 1 mM potassium ferrocyanide formal
potential (0.165 V) vs. Ag quasi-reference electrode in 0.1 M KNOs was shifted by ~55 mV in
the negative direction compared to the potassium ferrocyanide formal potential vs. Ag/AgCl.
The curves in Figure 4.15 correspond to the current at the RRDE, wherein the GC disk was

coated with nanocomposites synthesized at different temperatures for 120 min, and the
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potential was linearly swept between 0.00 and —1.00 V vs. Ag quasi-reference electrode at a
scan rate of 10 mV st under 0, 400, 800, 1000, 1200, 1600, 2000 rpm rotation rates in 0.1 M
KNOs. The Au ring electrode potential was fixed at a value of 1.00 V vs. Ag quasi-reference
electrode to oxidize hydrogen peroxide that could be generated at the disk electrode. As the
disk potential was swept from 0.00 to —1.00 V vs. Ag quasi-reference electrode, the onset ORR
potential yielded a cathodic current measured between —0.25 and -0.32 V vs. Ag quasi-
reference electrode for nanocomposite-coated electrodes (Figure 4.15).
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Figure 4.15. Linear sweep voltammetry curves recorded at the RRDE at rotation rates of
0 to 2000 rpm and 10 mV s~* scan rate in 0.1 M KNOs using the GC disk electrode coated with
nanocomposites synthesized at different temperatures for 120 min. (Nanocomposites syntheses
conditions are denoted as follows: Agl - 25 °C, 120 min, Ag2 - 50 °C, 120 min, Ag3 - 80 °C,
120 min).

The current gradually increased with a further potential decrease and formed a plateau between
—-0.60 and -1.00 V vs. Ag quasi-reference electrode. This plateau is the mass transfer-limited
range of the LSV voltammogram, wherein the ORR reaction rate is limited by the oxygen

availability at the electrode surface. The cathodic current increased with the w increase, as
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expected. For all studied composites, the voltammograms' shapes were similar. At a given
rotation rate, the highest currents were measured for the GC electrode coated with the BW7
nanocomposites (BW7Agl, BW7Ag2, and BW7Ag3), followed by BW5 nanocomposites
(BW5Ag1, BW5Ag2, and BW5Ag3) and BW9 nanocomposites (BW9Ag1l, BW9Ag2, and
BW9Ag3), which yielded lower currents.

When oxygen starts to reduce at the GC disk electrode, reaction products, including H20z,
are carried away by centrifugal forces from the disk electrode and transported to the ring
electrode for subsequent electrode reaction. Suppose H20: is produced during ORR at the disk
electrode. In that case, it is then oxidized at the ring electrode resulting in an anodic current
coinciding with the oxygen reduction current. That way, one can determine if the ORR reaction
IS a 2 or 4-electron process. In the latter case, no signal of H202 oxidation would be seen.
Figure 4.16 shows disk and ring electrodes' currents for the bare and exemplary BW7Ag3

nanocomposite-coated electrodes.
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Figure 4.16. Comparison of linear sweep voltammetry curves for ORR at the bare and
exemplary BW7Ag3 [synthesized at 80 (x1) °C for 120 min] nanocomposite-coated GC disk
electrodes of RRDE in 0.1 M KNOs at a rotation rate of 2000 rpm and a scan rate of
10 mv s

A clear positive potential shift by ~100 mV of the onset ORR potential for the nanocomposite-
coated electrode is evident compared to the bare GC electrode. The anodic current at the ring
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electrode appears simultaneously with the oxygen reduction current at the disk electrode. This
behavior indicates the formation of H20z, i.e., two-electron oxygen reduction. Noticeably, the
collection efficiency of this RRDE system, evaluated using potassium ferrocyanide in 0.1 M
KNOs, was ~40%. Therefore, the anodic ring current of H202 electro-oxidation should be
~40% of that of the ORR cathodic disk current. It is the case for both bare and nanocomposite-
coated electrodes. All other nanocomposites behaved similarly. The Koutecky-Levich plots
were constructed to confirm the number of electrons involved in the ORR in KNOgz (Figure
4.17). Slopes of the plots for all nanocomposites are similar. The number of electrons
transferred and the kinetic current densities in the ORR were determined using these plots.
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Figure 4.17. Koutecky-Levich plots for the ORR in 0.1 M KNOs at (a) BW7, (b) BW9, and
(c) BW5 nanocomposites-coated GC disk electrodes of RRDE at two different potentials after
the onset of the plateau range. (Nanocomposites syntheses conditions are denoted as follows:
Agl - 25 °C for 120 min, Ag2 - 50 °C for 120 min, Ag3 - 80 °C for 120 min).

The following values of parameters used in the calculations, i.e., F = 96 487 C mol™* 4%,
Do=2.0x10°cm?s147 v, =1.27 x 102 cm? s 4% and ¢ = 1.10 x 10 mol cm= *2 were

applied in Equation 2.3 to obtain the number of electrons transferred and kinetic current
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densities in the ORR using the slope and intercept values, respectively, determined from the
Koutecky-Levich plots; the GC disk electrode surface area being 0.1256 cm? (Table 4.7). All
ORRs were 2-electron processes indicating that the ORR proceeds via the H20: intermediate
formation. The number of electrons determined for some nanocomposite-coated electrodes is
slightly lower than two, indicating possible parasite reactions occurring at the composite
surface. Moreover, the kinetic current densities were the highest for the BW7 nanocomposites
followed by BWS5, and BW9 nanocomposites. This indicates that BW7 nanocomposites
facilitate faster electrode transfer, in agreement with higher AgsPO4 concentration and thinner

organic overlayer in this material.

Table 4.7. Parameters derived from the Koutecky-Levich plots for ORR in 0.1 M KNOs at the
BW?7, BW9, and BW5 nanocomposites-coated electrodes at two different potentials after the
onset of the plateau range. (Nanocomposites syntheses conditions are denoted as follows:
Agl - 25 °C for 120 min, Ag2 - 50 °C for 120 min, Ag3 - 80 °C for 120 min).

Sample Potential, Ey Number of Kinetic current density, jko
V vs. Ag electrons mA cm™
quasi-ref. transferred, n
S A 5
BWTAG? By o1 1007
BWIAGE g o6 208
BW9AgL o0 78 Lag
BW9AG2 o0 201 L2
BWIAG3 o0 o6 Lss
BW5AgL By o6 226
BWSAG2 oo Lo 178
BWSAS g 176 o2
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A similar effect was observed when the experiments were performed using a highly basic
solution of 0.1 M NaOH. Basic solutions promote ORR, and therefore these tests were
performed. In Figure 4.18, the LSV curves correspond to the current at the RRDE electrode,
wherein the GC disk electrode was coated with nanocomposites synthesized for 120 min at
different temperatures as the potential was swept between 0.00 and —1.00 V vs. Ag quasi-
reference electrode at 10 mV s scan rate at 0, 400, 800, 1000, 1200, 1600, and 2000 rpm
electrode rotation rates in 0.1 M NaOH. The Au ring electrode potential was kept at

1.00 V vs. Ag quasi-reference electrode.
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Figure 4.18. Linear sweep voltammetry curves recorded at the RRDEs in 0.1 M NaOH at
rotation rates of 0 to 2000 rpm and 10 mV s~ scan rate using GC disk electrodes coated with
different nanocomposites, synthesized at different temperatures for 120 min. (Nanocomposites
syntheses conditions are denoted as follows: Agl - 25 °C for 120 min,
Ag2 - 50 °C for 120 min, Ag3 - 80 °C for 120 min).

The onset potential of ORR at the nanocomposite-coated electrodes was between —0.01 and
—0.11 V vs. Ag quasi-reference electrode. The current plateau range was between —0.40 and
-1.00 V vs. Ag quasi-reference electrode. Moreover, peak-like features appeared in the

voltammograms at potentials more negative than —0.40 V vs. Ag quasi-reference electrode for
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some nanocomposites, predominantly those synthesized at 25 (1) and 80 (x1) °C (Agl and
Ag3 samples). Herein, also, the highest currents were for BW7 nanocomposites (BW7Ag1,
BW7Ag2, and BW7Ag3), followed by BW5 nanocomposites (BW5Agl, BW5Ag2, and
BW5Ag3), while BW9 nanocomposites (BW9Ag1, BW9Ag2, and BW9Ag3) yielded lower

currents.
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Figure 4.19. Comparison of linear sweep voltammetry curves for the ORR at the bare and
exemplary BW7Ag3 [synthesized at 80 (x1) °C for 120 min] nanocomposite-coated GC disk
electrode of RRDE in 0.1 M NaOH at a rotation rate of 2000 rpm and 10 mV s scan rate.
(Note: The Iring vs. Ev curves were offset to start at 0 pA).

Figure 4.19 compares the bare and exemplary BW7Ag3 nanocomposite-coated electrodes
for ORR. The currents at the bare GC electrode in 0.1 M NaOH (Figure 4.19) are higher than
in 0.1 M KNOs (Figure 4.16). The ORR onset potential at the nanocomposites-coated electrode
is by ~100 mV more positive than at the bare GC electrode, similar to that observed in 0.1 M
KNOs (Figure 4.16). The positive shift of the onset potential at the bare and nanocomposite-
coated electrodes in NaOH, compared to KNOs, is not surprising as basic solutions promote
the ORR. There is a significant difference between the ring currents of bare and
nanocomposite-coated disk electrodes for the NaOH system. The anodic current at the ring
electrode appears together with the cathodic current at the disk electrode for ORR at the bare
GC disk electrode, which indicates the formation of H20z, i.e., two-electron ORR. However,

there is a notably diminished anodic current for the BW7Ag3-coated electrode despite a clear
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cathodic current associated with the ORR. This lower current indicates that either H202 is not
produced in sufficient quantities in the ORR at the nanocomposite-coated disk electrode or the
transport of the H202 through the coating is slower and therefore cannot be observed at the ring
electrode for the given w values. For clarification, Koutecky-Levich plots were prepared to

confirm the number of electrons involved in the reaction.
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Figure 4.20. Koutecky-Levich plots for ORR in 0.1 M NaOH at (a) the bare GC disk electrode
of RRDE, as well as (b) BW7, (c) BW9, and (d) BW5 nanocomposites-coated electrodes at
two different potentials after the onset of the potential range of the plateau. (Nanocomposites
syntheses conditions are denoted as follows: Agl - 25 °C for 120 min, Ag2 - 50 °C for 120
min, Ag3 - 80 °C for 120 min).

Figure 4.20 shows the Koutecky-Levich plots for the ORR in 0.1 M NaOH. For this
solution, plot slopes for all nanocomposite-coated electrodes are also similar. The parameters'
values, applied in Equation 2.3 to obtain the number of electrons passed and Kinetic current
densities during the ORR at the electrode, were F = 96487 C molt 4%

Do =222 x10°cm? st 428 vy = 1.27 x 102 cm? s 428 and CJ = 1.08 x 10 mol cm=3 428,
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The bare electrode shows a 2-electron process at a lower plateau potential which turned into a

4-electron process at a higher plateau potential (Table 4.8).

Table 4.8. Parameters derived from the Koutecky-Levich plots for ORR in 0.1 M NaOH at a
bare GC disk electrode of RRDE and the BW7, BW9, and BW5 nanocomposites-coated
electrodes at two different potentials after the onset of the plateau range. (Nanocomposites
syntheses conditions are denoted as follows: Agl - 25 °C for 120 min, Ag2 - 50 °C for 120
min, Ag3 - 80 °C for 120 min).

Sample Potential, Ey Number of N o
V vs. Ag electrons Kinetic current q;ansny, jko
; mA cm
quasi-ref. transferred, n
~0.45 2.06 0.75
Bare electrode ~1.00 437 123
BW7Ag1 -0.50 1.72 6.95
-1.00 1.82 5.53
BW7Ag2 -0.60 1.66 11.46
-1.00 1.72 10.07
-0.55 1.65 2.10
BW7AgS ~1.00 1.77 2.08
BWOAg1 -0.60 1.96 0.99
-1.00 1.88 1.12
BWOAg2 -0.50 1.62 0.68
-1.00 1.60 0.78
-0.65 1.58 1.32
BWIAGS ~1.00 1.58 1.22
BW5Ag1 -0.55 1.69 3.12
-1.00 1.72 5.09
BW5Ag2 -0.60 1.90 1.11
-1.00 1.94 1.22
-0.65 1.56 2.62
BW5AgS ~1.00 1.65 1.82

The nanocomposites exhibited a 2-electron process at all plateau potentials, which is
surprising considering the diminished ring currents for nanocomposites-coated electrodes
(Figure 4.19). Moreover, herein the number of electrons transferred is slightly lower than two,

indicating that some side reactions occur at the nanocomposites’ surfaces. To further examine

189

http://rcin.org.pl



the mechanism of the ORR at these nanocomposite-coated electrodes, it is essential to explore
techniques like ESR spectroelectrochemistry.

The kinetic current densities in the NaOH solution are still the highest for BW7
nanocomposites (Table 4.8), which indicates these materials with relatively thinner overlayer
coatings and higher AgsPOxs in their structure could be the most effective cheap alternatives for
ORR electrocatalysis. ~ Similar onset potentials have been reported for silver-based
nanomaterials. However, as the ORR on silver is strongly shape- and structure-dependent, the
comparison of activities is a bit complex 2¥’. The 2-electron pathway of ORR has been
observed for NPs containing a protective organic shell that leads to the passivation of the
surface for electron charge transfer #2°. Moreover, defective and angular surfaces result in a
smaller number of electrons transferred but exhibit higher activity of Oz reduction compared

to smooth Ag surfaces 4%,
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Figure 4.21. Linear sweep voltammetry curves recorded at GC disk electrodes of RRDE
coated with films of (a) BW7 (BW7Ag3), (b) BW9 (BW9Ag3), and (c) BW5 (BW5Ag3)
nanocomposites, synthesized at 80 (£1) °C for 120 min, then y-irradiated with the 10 kGy dose,
at rotation rates of 0 to 2000 rpm, and 10 mV s scan rate in 0.1 M NaOH and (d) their
Koutecky-Levich plots.
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The ORR was also accomplished for three nanocomposites synthesized at 80 (x1) °C for
120 min, i.e., BW7Ag3, BW9Ag3, and BW5Ag3, after y-irradiation with a dose of 10 kGy to
examine the irradiation effect on the samples' properties. After the irradiation, the RRDE
curves yielded higher currents for these nanocomposites, and the onset potential was slightly
more positive (Figure 4.21a-c). That could point to the significance of paramagnetic centers
in the materials as y-irradiation led to an increased number of paramagnetic centers in the
composites, as seen in the ESR spectroscopy characterization (Figure 4.12 and Table 4.6).

Moreover, some interesting variations exist in the Koutecky-Levich analysis of the
irradiated materials (Figure 4.21d). Although the nanocomposites' electro-reduction still
exhibits a 2-electron process, the number of electrons transferred in the BW5AgQ3
nanocomposite electro-reduction exceeded 2 in 0.1 M NaOH after y-irradiation. Interestingly,
the irradiation also led to markedly improved electron transfer kinetics for BW7 and BW9
materials while did not change much electron transfer kinetics at BW5 modified electrodes
(Table 4.9). That suggests the possibility of exposure of nanocomposites to y-irradiation to

improve their electron transfer kinetics and change the reaction mechanism.

Table 4.9. Parameters derived from the Koutecky-Levich plots for ORR in 0.1 M NaOH at
the y-irradiated BW7Ag3, BW9Ag3, and BW5Ag3 nanocomposites-coated GC disk electrodes
of RRDE at two different potentials after the onset of the plateau range.

Sample Potential, Ey Number of Kinetic current density, jko
V vs. Ag quasi electrons mA cm™
ref. transferred, n
-0.55 1.64 8.18
BW7Ag3 ~1.00 1.85 419
—0.65 1.63 3.42
BWIAg3 ~1.00 1.70 2.40
—0.65 2.68 1.16
BW5Ag3 ~1.00 211 1.88
191

http://rcin.org.pl



4.4 Discussion and conclusions
Brewery wastes from stages 5 (BWS5), 7 (BW7), and 9 (BW9) of the brewing process were

successfully valorized for the synthesis of green silver nanocomposites. For growth
mechanism understanding, several nanocomposites were prepared at different temperatures
[25 (*1), 50 (£1), and 80 (+1) °C] and synthesis times at 80 (1) °C (10, 30, and 120 min).
The synthesis temperature and time affected the relative compositions of the three silver
phases, namely, AgsPOs, AgCl, and Agmet, in the BW5 and BW7 nanocomposites and the
relative compositions of AgCl and Agmet in BW9 nanocomposites. The lack of chlorine in
BW?7 and the abundance of phosphorus-based compounds caused silver phosphate formation.
The presence of yeast and a nitrogen-rich environment can also be instrumental in the growth
of silver phosphate. Contrastingly, BW5 and BW9 are rich in phosphorous and chlorine;
therefore, competing reactions favored the growth of majorly AgCl. BW9 yields only AgCl
and Agmet NPs. The AgsPOas phase is absent in all BW9 nanocomposites. The spontaneous
formation of AgCI results from the exchange reaction between silver nitrate and a source of
halide present in the brewery wastes. Therefore, at high amounts of ClI in the BW5 and BW9
wastes, AgCl is obtained in significant quantities. After AgCl formation, the excess silver
nitrate follows another exchange reaction with the phosphate source leading to AgsPO4 in BW5
nanocomposites 1. The conversion of silver salts by all brewery wastes led to a more
diversified composition of the nanocomposite structure with increasing synthesis temperature
and time.

Increasing the synthesis temperature can promote reactions that may not be spontaneous
under room temperatures, including several parallel reactions yielding a composite structure.
The Agmet growth in all the nanocomposites is favored only at elevated temperatures. In the
case of BW7 nanocomposite, the Agmet is observed only at 80 (£1) °C (BW7Ag3). At lower
temperatures, the formation of AgsPO4 predominates. In BW9 nanocomposites, increasing
synthesis temperature incorporates more Agmet into the structure, starting from 50 (£1) °C.
However, a substantial amount of Agmet is evident only at 80 (£1) °C. Because of increasing
synthesis temperature, reaction with BW5 yields Agmet NPs with smaller crystallite sizes, and
reaction with BW7 and BW9 vyields Agmet NPs with larger crystallite sizes. Moreover,
substantial amounts of Agmet are obtained here at 80 (1) °C. The most favored reaction at 25
(x1) °C is the formation of AgCIl and AgsPOs, depending on the type of BW precursor.
Although Agmet is obtained at 25 (£1) °C synthesis temperatures in some nanocomposites like
BW5Ag1, the growth of the phases is promoted at 80 (1) °C (BW5Ag3). With increasing
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synthesis temperature, particles become more highly aggregated. The reducing agents in BW5,
BW?7, and BW9 are either activated or formed at higher temperatures, reducing Ag cations
from the +1 to O oxidation state.

Amino acids, carbohydrates, polyphenols, and sugars are well-known agents responsible
for reducing silver cations to silver metal and capping NPs #3243 However, different
compounds present in BW5, BW7, and BW9 are responsible for NP synthesis. In alkaline
solutions, sugars are potent reducing agents “**. The added effect of hydroxyl radicals in silver
cation reduction is also evident at high pH values. Therefore, the reducing capacity of these
agents is not prominent in our synthesis as the brewery wastes are acidic. The Ag" reduction
by polyphenols is also affected by the system's pH, which impacts the NP size and shape. At
low pH, this reduction leads to larger-size NPs #%. Therefore, the low pH in our system led to
the formation of a small amount of large-sized Agmet NPs in the composite structure primarily
due to polyphenol-induced reduction.

Amino acids and proteins contain carbonyl groups with a strong affinity toward metal NPs
4% Therefore, they are some of the critical capping agents. Proteins are present in all the
wastes. Thus, the overlayer of BW5 and BW9 nanocomposites contain protein moieties.
However, the intensity of the BW7 nanocomposites' overlayer vibrations attributed to protein
amide | and Il vibrations are relatively small. This IR spectroscopy activity indicates that the
surface of AgsPO4 and AgCIl NPs plays a significant role in determining the organic groups
that will form a part of the overlayer. The protein peptides preferentially attach to
nanocomposites with considerable AgCI in the structure. Several organic functional groups
have participated in the capping, forming a rich overlayer. BW5 nanocomposites have the
thickest overlayer capping, followed by BW9 nanocomposites and then BW7 nanocomposites
with the smallest thickness of the overlayer coating. The overlayer is the thickest if the
synthesis temperature is 50 (1) °C. This high temperature facilitates the organic groups'
attachment to the NP surface.

Nanocomposites were characterized in several ways to understand their catalytic activity.
The presence of Ag aggregates and the environmental influence on the paramagnetic centers
in nanocomposites was observed, as BW9 nanocomposite with majorly silver chloride in the
structure contained the highest number of paramagnetic centers. Silver clusters present in BW5
nanocomposites (BW5Ag1) appeared to play a significant role in photocatalytic activity.
Moreover, y-irradiation significantly increased the number of paramagnetic centers in the
nanocomposites. The synthesized nanocomposites exhibit photoactivity in the water-splitting

reaction, albeit the photocurrents were up to 0.9 pA cm=. Presumably, the photocurrent is low
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because of significant structural defects and a low degree of organization in the composite
structure, which favors electron-hole recombination and hinders charge transport to the
electrode. Interestingly, the photocurrent of the AgCIl/Ag/AgsPO4 composite, prepared using
the BW5 reagent, was the highest of all studied composites. Therefore, it seems that the
presence of the Ag NPs and clusters in the composite positively affects the photoactivity of the
material. Photoactivity of the AgsPO4 phase in major amounts and pure AgCl was quite
similar.

Besides, the synthesized nanomaterials exert a promising effect as ORR catalysts. The
onset of ORR at the nanocomposite-coated electrode is by ~100 mV positively shifted
compared to the ORR onset potential at the bare GC electrode. Furthermore, the
nanocomposites favor the two-electron oxygen reduction process. BW7 nanocomposites with
high AgsPO4 content and thin organic capping favored faster electron transfer kinetics. The
nanocomposite synthesis needs some optimization, especially in view of synthesizing non-
agglomerated nanocomposites with higher levels of monodispersity and uniformity, preparing
stable coatings of the nanocomposites on GC electrodes, and removing the organic overlayer.
However, it can be concluded that with optimized structure and composition, these materials
can be promising cheap alternatives for large-scale OER and ORR.
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Overview, summary, and
future prospective

Catalytic materials are the foundations of a sustainable future. Therefore, developing green

synthetic routes for catalytic materials and rendering the catalytic process eco-friendlier is the
need of the hour. In this regard, electrosynthesized MIPs for application in electrocatalysis are
certainly greener than conventional catalytic methods. It can be seen that the electrosynthesis
of organic conductive MIPs is a simple and cost-effective method owing to the ease of their
preparation. Furthermore, combining MIP technology with electrosynthesis excludes toxic
oxidants and initiators, yielding a cleaner process. The MIP layer would allow for selective
synthesis of the desired products. Organic MIPs yielding shape-selective catalytic activity have
not been widely explored for synthetic applications. Therefore, the present research
demonstrated that conducting MIPs prepared by electropolymerization can mimic enzymes for
selective synthesizing value-added compounds.

To this end, biphenols were chosen as initial targets as C-C coupling reactions are
widespread in industrial applications. The challenges faced in preparing organic conducting
MIPs have been studied mechanistically, and the successful pathways to obtain catalytic MIPs
have been revealed. The MIPs were efficient in the selective electro-oxidation of the 2,4-
dimethylphenol (DMPh) to the desired C-C coupled 3,3',5,5'-tetramethyl-2,2'-biphenol
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(TMBh). A5 to 7-fold increase in the desired product yield was obtained for MIP film-coated
electrodes over NIP film-coated and up to 39% increase compared to bare electrodes. This
selectivity increase indicates that organic MIPs could be considered prospective materials for
preparing efficient and selective catalytic technologies. The theoretical simulations confirm
this experimentally observed selectivity of MIPs towards the TMBh product.

However, tackling the aging issue and possibly replacing laboratory synthesized
monomers with commercial monomers is required to further advance this technology to an
industrial scale. Moreover, the stability of the organic MIP films is a concern if they have to
be applied for repeated synthesis due to electrode film poisoning effects, although the MIP
films exhibited high stability for synthesis up to 2 h. Additionally, replacing the currently used
Pt electrodes for materials that would exhibit selectivity towards the desired product and
performing the electrosynthesis in ionic liquids or media that stabilize the reaction
intermediates would be the potential future paths for further improving the selectivity of the
electrosynthesis and lowering the environmental footprint.  Toward this, theoretical
simulations could be applied to check the reaction's spontaneity in various solvents and
electrode surfaces, thereby providing pre-optimized systems to start experiments. As the
procedure for preparing organic MIPs for electrosynthesis has been elucidated, further
C—C coupling reactions can also be studied following the guidance of this project.

There is also increasing awareness that catalytic materials should be prepared using
greener, resource-efficient, and environmental-friendly methods. To this end, using industrial
wastes as precursors for NP synthesis enables the recycling of the wastes and greener synthesis
of the variety of NPs. The brewing industry wastes are produced in large quantities globally,
and there is an imminent need to find alternative recycling options for these wastes to prevent
the growing environmental pollution. Therefore, using these brewery wastes from different
stages of the brewing process for synthesizing silver nanomaterials was an exciting goal.
Surprisingly, nanocomposites of AgsPO4, AgCl, and Agmet Were obtained using the brewing
stage 7 (BW7) and stage 5 (BW5) wastes. The formation of AgsPOa is not generally observed
in the green synthesis of silver nanomaterials. Therefore, the composition and properties of
the studied brewery wastes are unique for obtaining the AgsPO4 phase. The composition and
properties of the wastes were studied in detail to understand their effect on formed
nanocomposite. Disparately, the BW9 waste from final stage 9 of brewing converted the silver
salt to mainly AgCl with minor amounts of Agmet. Ergo, an interesting variation in the
nanocomposite phases could be obtained using the different wastes and performing synthesis

under different conditions. The Ag" ion reduction was promoted only at higher temperatures,
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possibly because the reducing agents were activated or created at higher temperatures. The
highest AgsPOas content (90%) was obtained using BW7 at room temperature [25 (x) °C]
synthesis for 120 min, and the highest AgCI content (100%) was obtained using BW9 at room
temperature [25 (£) °C] synthesis for 120 min. All other variations in synthesis temperature
and time led to mixed nanocomposites. BWS5 yielded mixed nanocomposites under all
synthesis conditions. The organic surface capping was rich in functional groups observed in
the brewery wastes. Preferential adsorption of functional groups on AgCl was observed.
Increasing the synthesis temperature led to incorporating higher amounts of the minor
components in the nanocomposite structures. The organic capping was the thinnest on BW7
nanocomposites followed by BW9 and then BW5 nanocomposites.

The nanocomposites were efficient electrocatalysts for the ORR as they positively shifted
the oxygen reduction potential by ~100 mV compared to the bare electrode. Moreover, the
nanocomposites showed photoactivity, albeit observed photocurrents were up to 0.9 pA cm™.
This smaller photoactivity was probably because of a lack of structural orientation, leading to
more defects and charge trapping states. Therefore, further accuracy in the control over the
phase composition and NP size would help prepare well-defined uniform nanomaterials with
enhanced catalytic activity. Consequently, further optimization of the synthetic process is
required to obtain precisely engineered NPs. Moreover, removing surface organic coating or
converting them to carbon nanomaterials, for example, through heat treatment, would be an
exciting perspective to enhancing these nanomaterials’ catalytic properties. After optimization,
these NPs could also be combined with the organic MIPs to develop the electrosynthesis
methods leading to the selective and effective synthesis of value-added compounds like the
biphenols.

By developing these two technologies, the present dissertation aims to bring about
aspiration for greener research technologies enabling a route for a sustainable future. Although
there is a long way ahead, a journey of a thousand miles begins with a single step, and this

work hopes to be one of those few steps.
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Annex

The analyses included in this Annex relate to electrosyntheses at MIP-2 film-coated electrodes

in Chapter 3.

Mass spectrometry (MS) experiments
Introduction

The mass spectrometry (MS) analyses were performed for different species obtained after the
DMPh electro-oxidation at MIP-2 film-coated Pt plate electrodes in ACN : DCM (9 : 1, v/v)
solvent with (TBA)CIOx4 to identify the products of the reaction.

Technique

MS is a powerful analytical technique widely applied for identifying unknown compounds and
determining detected molecules' chemical and structural properties. The samples are converted
into gaseous ions by high-energy ionizing radiations, sometimes with fragmentation. These
ions are then separated and characterized according to their mass-to-charge ratios (m/z) **’.
lonic or neutral species can be formed depending on the chemical reactions occurring in the
gas phase. The ions' relative abundances are also exhibited in the MS spectra. The ions provide
essential information about the nature and structure of the parent molecules. Generally, the
MS spectrometer has three major components (Figure Al-a) 4,
1. The ion source produces the ionizing radiation for converting the sample into gaseous
ions/neutral species.
2. The mass analyzer sorts the ions based on their m/z ratios.
3. The ion detection system detects and records the relative abundance of the separated
ions.
Additionally, a sample introduction system, vacuum pumps to maintain a high vacuum
(~10° — 10® mm Hg), and a computer to control the equipment and data analysis are also
included in the MS instrument setup “*°. The MS spectrum displays a plot of ion abundance
vs. mass-to-charge ratio (Figure Al-b). The obtained m/z values in MS spectra can either be

compared to the reference libraries or reference compounds.
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Figure Al. (a) Instrumentation and (b) spectra obtained in mass spectrometry (MS) 44,
Materials and method

(a) Separation of electro-oxidation products

A Shimadzu Corp. (Kyoto, Japan) HPLC setup was used for electro-oxidation products'
separation. Initially, the HPLC chromatogram of the solution at 254 nm obtained after DMPh
electro-oxidation was collected to detect the different fractions. The detailed HPLC analysis
is explained in Chapter 2, Section 2.2.1.c6. Following this, a fraction collector FRC-10A from
Shimadzu attached to the HPLC system was used to collect different fractions at retention times
of 6.7, 11.0, 14.1, 14.9, and 19.7 min. These fractions were then passed through a silica gel
60 for column chromatography (0.040 — 0.063 mm, mesh 230 — 400, Merck KGaA) filled
50-mm long homemade column with 10 mm diameter using dichloromethane as the mobile
phase to remove the tetrabutylammonium cations and perchlorate anions from the solution.
Following this, the dichloromethane was evaporated, and then the solid was resuspended in
1 mL ofan ACN: DCM (9: 1, v/v) solution. The reference compound DMPh was used directly
after diluting in ACN : DCM (9 : 1, v/v) solution for MS analysis.

(b) Mass spectrometry (MS) analysis

MS analyses were performed using a Synapt G2-S mass spectrometer (Waters, Milford, MS,
USA) equipped with an atmospheric pressure chemical ionization (APCI) system and a
quadrupole-time-of-flight (TOF) mass analyzer. The whole system is located in the Laboratory
of Mass Spectrometry of the Institute of Organic Chemistry, Polish Academy of Sciences,
Warsaw, Poland. Samples were dissolved in methanol (Honeywell, LC-MS Chromasolv™,

purity > 99.9%) and then injected into the APCI ion source. The injection volume was
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1 -8 L, depending on the concentration of the samples. Methanol was used as a mobile phase
with a 100 pL/min flow rate. The measurement was performed in the negative ion mode with
the resolving power of the qTOF analyzer at 20,000 full widths at half maximum. The
lock-spray source generated the lock-spray spectrum of Leucine-enkephalin, and the recorded
spectra in the range of m/z = 50 — 1200 were corrected. The desolvation and cone gas used
was nitrogen, and their flow values were set to 600 L/h and 100 L/h, respectively. The source
temperature was set to 120°C, and the probe temperature was 550°C. The nebulizer gas
pressure was set to 5.0 bar. The corona current was set to 12.0 pA, and the sampling cone
voltage and source offset were 30 V. The instrument was controlled, and the data were

processed using the MassLynx V4.1 software package (Waters).
Results and discussion

Different fractions of the reaction products at retention times of 6.7, 11, 14.1, 14.9, and 19.7
min, obtained after electrosynthesis at MIP-2a film-coated electrodes, and the DMPh
reference compound were analyzed by MS. In all recorded spectra signals at m/z of 98.94 and
100.94 Da are observed, which arise from CIO4™ ion fragmentation (Figure A2). This result
indicates that removing the supporting electrolyte ions was only partially successful.
Nevertheless, the presence of those ions did not obscure the signal from other ions.

The 14.1-min fraction should contain the desired TMBh product as seen from HPLC
reference spectra (Figure 3.19b). Therefore, the 14.1 min fraction spectrum (Figure A2-a) can
be taken as the reference for TMBh. The fractions at 14.1 (Figure A2-a) and 14.9 min
(Figure A2-b) show some similarities in the fragmentation patterns with a most pronounced
ion at m/z of 241.12 Da, being compatible with TMBh structure with removed proton, and a
less intense signal at m/z of 144.97 Da. The origin of the ions at m/z of 144.97 is not clear yet.
However, the fraction at 14.1 min contains an intense signal at m/z of 220.97 Da, which is
absent in the fraction collected at 14.9 min. Spectra of both fractions have small intensity
signals at m/z above 250 Da, which can be attributed to coupling products of the primary
fragmentation ions. This result suggests that both fractions contain compounds with similar
structures, possibly isomers of TMBh, which is also supported by their similar retention times.

The fraction at the retention time of 19.7 min (Figure A2-c) shows a dominant signal at
m/z of 144.97 Da and a weaker signal at 253.23 Da. It also exhibits several peaks of similar
intensity at 168.99, 220.89, 241.12, 283.26, and 289.11 Da. The signal with m/z of 289.11 Da
is almost equal to 2 x 144.97 Da, indicating a dimeric structure.
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Figure A2. Mass spectra of HPLC separated fractions at (a) 14.1, (b) 14.9, (c) 19.7, (d) 11.0,
and (e) 6.7 min retention time and mass spectra of (f) reference DMPh compound. All spectra
were recorded in negative ion mode using atmospheric pressure chemical ionization (APCI).
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There are also medium-sized signals at 504.51, 537.51, and 666.05 Da (not shown) which could
be products of the primary ions coupling. The more complex fragmentation pattern for this
fraction compared to that of fractions at 14.1 and 14.9 min indicate the breaking of a more
complex molecule, including the TMBh unit. This fragmentation pattern, along with a higher
retention time of the fraction, indicates a higher mass and less polar compound.

Mass spectrum of fraction collected at retention time 11.0 min (Figure A2-d) shows signals
at m/z of 283.26 and 241.12 Da together with less intense signals at 144.96 and 168.99 Da, as
well as several weak signals at 196.98, 220.88 and 255.23 Da. It also contains weak signals at
m/z values above 350 Da (mainly at 410.36 and 537.51 Da), which are most probably products
of the coupling of formed primary ions. The complex fragmentation pattern and lower
retention time indicate that this product is a more polar derivative of TMBh containing a higher
number of polar groups in its structure. This fraction was formed in relatively significant
amounts during electrosynthesis at bare electrodes.

Finally, the fraction at 6.7 min (Figure A2-e) shows a strong signal at m/z of 168.99 Da
and weaker signals at 220.89, 283.26, and 384.97 Da. This result suggests that the compound
molecular mass is lower than TMBNh, closer to the DMPh. Lower retention time also indicates
a more polar compound, most probably a non-coupled product of DMPh oxidation. This
fraction, as well, was a major product of electrosynthesis at bare electrodes. The MS of the
DMPh pure compound (Figure A2-f) was performed to understand the fragmentation pattern
in phenols as a reference.

In conclusion, MS analysis yielded some information on the possible side-products formed
in electrosynthesis by the MIP-2 system. However, further analysis is essential for determining

the exact structure of the compounds formed.
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Everything has a reason
What comes will go
As the river flows, let life too

Stagnant places never grow
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