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ABSTRACT

Uric acid plays a major role in medical applications since its abnormal concentration translates
into a diagnostic tool for clinical disorders such as gout, hyperuricemia or the Lesch-Nyhan
syndrome. Therefore, the development of purine sensors became significant and relies on the
fabrication of thin films and/or membranes based on nanomaterials. Metal-organic frame-
works are constituted by organic linkers and metal ions. These have shown some promising
results as sensors that can be attributed to their crystallinity, high and permanent porosity,
and the presence of several active sites. This work will focus on Fe-MOF-74, with a crystal
structure consisting of hexagonal channels and highly reactive metal sites. Metal-organic
frameworks are conventionally prepared by solvothermal/hydrothermal methods, obtained
as microcrystalline powders. These indirect techniques become limited by the complexity in
casting the material to the desired shape. Direct techniques have been used to overcome these
limitations, namely, the electrochemical method. This work reports the cathodic deposition of
Fe-MOF-74 for the electrochemical detection of uric acid. Herein, pro-ligands were synthesised
and characterised by nuclear magnetic resonance, Fourier transform infrared spectroscopy
and elemental analysis. The electro-synthesised films were characterised by Fourier transform
infrared spectroscopy, elemental analysis, atomic force microscopy, X-ray diffraction,
Brunauer, Emmett and Teller surface area from N2 adsorption, scanning electron microscopy,
particle-induced X-ray emission and Rutherford backscatter spectrometry. Finally, these films
were applied to the electrochemical detection of uric acid and evaluated based on their limit

of detection, sensitivity, and linear range.
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RESUMO

O 4cido drico desempenha um papel importante em aplicagdes medicinais, dado que a sua
concentracdo anormal se traduz num diagndstico de alteragdes clinicas, como a gota,
hiperuricemia, ou a sindrome the Lesch-Nyhan. Posto isto, o desenvolvimento de sensores de
purinas tornou-se significante, estando dependente do fabrico de filmes finos e/ou
membranas baseados/as em nanomateriais. As redes metal-organicas sdo constituidas por
ligandos organicos e ides metélicos. Estas tém vindo a apresentar resultados promissores
enquanto sensores, atribuidos a sua elevada cristalinidade e porosidade, assim como a
presenca de varios sitios ativos. Este trabalho sera focado na Fe-MOEF-74, que apresenta uma
estrutura cristalina constituida por canais hexagonais e centros metélicos altamente reativos.
As redes metal-organicas sdo convencionalmente preparadas através de métodos
solvotérmicos/hidrotérmicos, obtendo-as na forma de pd microcristalino. Estas técnicas
indiretas tornam-se limitadas pela complexidade na moldagem dos materiais na forma
desejada. As técnicas diretas tém vindo a colmatar estas limitagdes, nomeadamente, o método
eletroquimico. Este trabalho reporta a deposicao catédica da Fe-MOF-74 e derivados para a
detecdo eletroquimica de 4acido dtrico. Para tal, pré-ligandos foram sintetizados e
caracterizados através de ressonancia magnética nuclear, espetroscopia de infravermelho com
transformada de Fourier e andlise elementar. Os filmes eletrosintetisados foram caracterizados
através de espetroscopia de infravermelho com transformada de Fourier, andlise elementar,
espetroscopia de forca atomica, difracdo de raios-X, drea superficial de Brunauer, Emmett and
Teller obtida através da adsor¢do de N2, microscopia eletrénica de varrimento, emissdo de
raios-X induzida por particulas e espectrometria de retroespalhamento de Rutherford. Por fim,
estes filmes foram aplicados na detegdo eletroquimica de acido trico avaliados com base no

limite de detecdo , sensibilidade e gama linear.

Palavas chave: Voltametria ciclica, deposicdo catdédica, filmes, dcido urico
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INTRODUCTION

1.1 Biorelevant molecule sensing

Over the past decade, the scientific community has been working on developing rapid, sensi-
tive, and selective analytical methods for the quantitative determination of target molecules.
The determination of small biomolecules, such as glucose,[!] dopamine,2] L-tyrosine,[3] L-cys-
teine [4] adenosine triphosphate (ATP),I5] hydrogen peroxide (H202),16] ascorbic acid,l”], or
urea,[8] has been of particular interest. This is due to their important physiological functions
in life processes and various biochemical reactions, such as life signal transmission, genetic
expression, and metabolism.[9] Consequently, their abnormal values are associated with harm-
ful effects in human health, showing toxic or even carcinogenic properties.!'] As a result, re-
searchers have been detecting biorelevant small molecules for the early diagnosis and treat-
ment of the related diseases.[11-14]

To quantify such species, chemical sensors are a suitable option. Regarding the type of the
obtained signal, diverse methodologies can be used to obtain different sensors, such as elec-
trical, electrochemical, optical, thermometric, magnetic or mechanical devices.[15] These are
constituted by two main components: the chemical receptor, which will interact with the tar-
geted analyte and emit sensing information to the transducer; the transducer, which will trans-
form the previous into an electrical signal.[!5] For example, in electrochemical sensing (Figure
1.1) a given analyte will interact with a receptor. Such interaction will result in an electron flow
that will be transformed by the transducer which is, in this case, the working electrode.[16]
Such transformation will result into an electrical signal (e.g., amperometric) that will be pro-
cessed, amplified, and finally displayed in a readable manner. Regarding its fabrication, im-
portant sensing characteristics include sensitivity, selectivity, response time, reusability, long-

term stability, simplicity and low cost.[16]
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Figure 1.1 - Schematic diagram of an electrochemical sensor.

1.1.1 Purine sensing

Purines (Figure 1.2) are small biorelevant molecules included in a class of heterocyclic aro-
matic and natural organic compounds. Their ring system can be viewed as a pyrimidine ring
fused to an imidazole unit. Not only do they constitute the genetic code, but they also have a
huge role in metabolism, protein synthesis and signalling processes.['”] Consequently, if the

metabolism of these compounds is somehow affected, it can lead to neurologic disorders.[18]
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Figure 1.2 - Purine scaffold (represented in turquoise) and some of its principal derivatives.

Uric acid (UA) is the final metabolic product, produced from the breakdown of purines pre-
sent in the cells. Its normal concentration levels range from 0.13 to 0.46 mM in the blood and
from 1.49 to 4.5 mM in the urine.l1%20] Abnormal values may be associated with different clin-
ical disorders, including gout, cardiovascular diseases, the Lesch-Nyhan syndrome, type 2
diabetes, multiple sclerosis, Parkinson’s and Alzheimer’s diseases, renal failure, hyperurice-
mia, and others.[21-23] Consequently, the concentration level of UA translates into a useful di-
agnostic marker for related diseases.

The conventional method for UA detection and quantification remains the enzyme-based as-
say. Yet, it is limited in terms of interference from other biological analytes, long incubation

time, strict pH conditions, expensive enzymes, and low determination accuracy.[?4] Other



analytical techniques have been implemented, such as high-performance liquid chromatog-
raphy (HPLC),[?5] liquid chromatography coupled to tandem mass spectrometry (LC-
MS/MS),126] gas chromatography coupled to mass spectrometry (GC-MS),127! fluorescence,[28]
and spectrophotometryl2%l. However, these also display several drawbacks such as the re-
quirement of expensive apparatus, complex sample treatment, skilled operators, and are time-
consuming.[?4] Electrochemical detection is an attractive alternative due to its simplicity, of-
fering a sensitive and rapid analysis response towards these small molecules, adding that it is
inexpensive, portable, and easy to operate.[30] There has been a steady increase in the devel-
opment of stable electrochemical sensor films, also known as chemically modified electrodes

(CMEs, see Table 1.1) for uric acid sensing.

Table 1.1 - Examples of CMEs used for the electrochemical detection of uric acid.

Film material Specification Detected analytes [Ref] (year)
Organic Poly(bromocresol purple) Uric acid, xanthine, and hypoxanthine 311 (2010)
polymers Poly(L-methionine) Uric acid, xanthine, and hypoxanthine (321 (2013)
Carbon DWCNT2/Choline Uric acid, ascorbic acid, and dopamine [331(2013)
nanotubes BCNTP Uric acid and dopamine [341(2019)
(CN) SWCNEe Uric acid, ascorbic acid, and dopamine 1351(2009)
Au NP/Chd Uric acid and dopamine [361(2007)
Nanoparticles ] o o )
(NP) Ni/C NP4 Uric acid, ascorbic acid, and dopamine [371(2016)
SnO@Mn NP Uric acid, ascorbic acid, and folic acid [381(2016)
CD@ZIF-CuNC Uric acid [391(2021)
ZIF-67 /GO Uric acid and dopamine [40](2018)
Zeolitic
ZIF-11 Uric acid [411(2021)
imidazolate
Uric acid, dopamine,
frameworks ZIF-8@Co-TA® . [421(2020)
(ZIFs) acetaminophen, and tryptophan
s
Uric Acid and
ZIF-67 / g-C3Naf _ [431(2020)
acetaminophen
Metal-organic Eu-MOF Uric acid [441(2021)
frameworks MOF-71 Uric acid [451(2021)
(MOFs) Ce@Zn-MOF Uric acid [46](2021)

aDWCNT: doubled-walled carbon nanotube ¢SWCN: single-walled carbon nanohorn € TA: tannic acid
b BCNTs: boron-doped carbon nanotube dNP: nanoparticles; Ch:choline f 5-C3Ny4: graphitic carbon nitride

@:doped /: mixed
Nanomaterials and organic polymers have been developed as uric acid electrochemical sen-
sors.[47] Based on the electrochemical activity of the metal ions and the well-ordered porous
y p
structure, MOFs are excellent candidates for the electrochemical detection of biorelevant mol-

ecules and have been recently developed towards uric acid detection.



1.2 Metal-organic frameworks

Metal-organic frameworks (MOFs) or coordination polymers (CPs) constitute a class of 1 to 3-
dimensional crystalline porous materials. This prominent type of reticular structures have
been reported since the 1990s with pyridyl ligands, obtaining MOFs with permanent porosity,
through the pioneering work of Yaghi and Hoskins.[48-50] MOFs are composed of a coordina-
tion interaction between a metal node and a ligand/linker (Figure 1.3) achieving a geometri-

cally well-defined structure.[5!]

Q o
Q Q

Q Q
Q Q

MOF

Qo . -

Metal node

Figure 1.3 - Simple representation of MOF formation, by coordination between a metal node and an organic
linker, where the metal ions are the vertices, and the organic linkers are the edges.

Common organic linkers are benzene-1,3,5-tricarboxylate (BTC), benzene-1,4-dicarboxylate
(BDC) and 2,5-dioxido-1,4-benzenedicarboxylate (DOBDC). Depending on the coordination
sites of the linker, as well as the metal size and d-electron coordination, different topologies

may be obtained and, consequently, different MOFs (Figure 1.4).
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Figure 1.4 -Representation of BTC, DOBDC and DBC ligand structures with the related MOFs and ion metals,
adapted from refs.[52-58]

Typically, these frameworks are synthesised by hydro- or solvothermal techniques. The for-
mer involves the MOF preparation from high-temperature aqueous solutions (ranging from
80 to 220 °C) under high pressures, while the latter uses organic solvents instead.[>! Such co-
ordination polymers can be characterised by Fourier-transform infrared spectroscopy (FTIR),

Brunauer-Emmett-Teller (BET) surface area from N2 adsorption, scanning electron



microscopy (SEM) atomic force microscopy (AFM), X-ray diffraction (XRD), solid-state nu-
clear magnetic resonance (NMR), or thermogravimetric analysis (TGA).15!

Metal-organic frameworks exhibit extraordinary structure properties, such as high crystallin-
ity, permanent porosity, high surface area, and availability of active sites, which makes them
promising and versatile compounds towards a variety of applications. Examples are host-
guest chemistry,[%0] luminescence,[61] gas storage,[62] sensing,[63] proton conductivity,[64] hy-
drocarbon separation,[®%] catalysis,[%¢] drug delivery,167] polymerisation and oligomerisation
reactions,[8] magnetism,[9%] membrane fabrication,[70] and removal of toxic and warfare chem-
icals.[71] For this reason, a wide range of MOFs has already been extensively studied and is
expected to exist around 20000 structures already reported in the literature.[72]

MOFs' functionalisation or modulation can be applied to enhance the host-guest interactions
and to enhance or expand the scope of their chemical applications.[”3] Linker design has shown
to be a useful approach by both pre- and post-synthetic MOF functionalisation.[74] Therefore,
organic structures can be tailored in terms of their geometry, length, ratio and functional
groups, resulting in different framework sizes, shapes and internal surfaces.[58] One great ex-
ample of MOF pre-synthetic functionalisation is the introduction of functional groups on the
ligand main chain that behave as guest-interactive sites. These groups can be crucial to im-
prove the host-guest interactions, by enhancing the hydrogen bonding, donor-acceptor, polar-
isation, and/or dipole-quadrupole interactions.[”3] For instance, the pro-ligand biphenyl-
3,3’,5,5- tetracarboxylic acid (H4BPTC), a benzene-1,3,5-tricarboxylic acid (H3BTC) derivative,
has been functionalised with amide, oxalamide, isoquinoline, squaramide, diazine and oxa-
lamide moieties (Figure 1.5).175-80] These were successfully assigned for gas adsorption (C2Hz,
COz2 and CHa) as well as Friedel Crafts catalysis.
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Figure 1.5 - Representation of H4BPTC non-functionalised pro-ligand and possible moiety functionalisation for
the construction of pre-synthetic functionalised MOFs.

1.2.1 MOE-74 series

This work will be focused on MOF-74, constituted by the 2,5-dioxido-1,4-benzenedicarbox-
ylate ligand (DOBDC, see Figure 1.6a) with an approximate 7 A length.[81 Its structural range
has been expanded by altering the metal node (M), forming the M-MOF-74 series, where
M=Mg2*, MnZ*, Fe2*, Co?*, Ni2+, Cu2+, Zn2+ and Cd?2+.1821 Zn-MOF-74 was the first reported
M-MOF-74 structure by Rosi et all#3]. In these frameworks, the coordination between the lig-
ands with the metal nodes results into edge-connected {MOe} octahedra and forms a rod-
shaped secondary building unit (SBU, see Figure 1.6b with Zn-MOF-74 as an example).[52 The
solvent molecules, normally DMF and/or water molecules will complete the pre-activated oc-
tahedral coordination environment of the metal centre. These series presents characteristic
hexagonal channels along the c-axis (Figure 1.6¢c with Zn-MOF-74 as an example) with a di-
ameter of approximately 11 A.[84] Such porosity translates into Langmuir surface areas ranging
from 1957-1277 m?g!, with the highest value attributed to Mg-MOF-74 and the lowest to Zn-
MOF-74.[84]



DOBDC

Zn-MOF-74

Figure 1.6 - a) DOBDC ligand structure; b) Zn-MOF-74 SBU; c) Crystalline framework structure of Zn-MOF-74.
Adapted from refs.[83,85]

When the material is exposed to high temperatures under vacuum, it is expected to release the
solvent molecules coordinated with the metal ions. This results in a square pyramidal geome-
try, where each metal ion possesses an open coordination site (Figure 1.7 with Mg-MOF-74 as
an example). The structure is then considered in its active state, with highly reactive and elec-

tron-deficient metal sites, enabling enhanced host-guest interactions.[80]

o
0. (G
o O Mg(NO3),.6H,0 (activation)
3 o -
o
DOBDC DMF

Figure 1.7 - Example of Mg-MOF-74 formation and activation. Adapted from ref.[8¢]

These frameworks have been extensively investigated for gas sensing and separation applica-
tions. They perform an excellent CO2 adsorption capacity,[8487-89 being Mg-MOF-74 the most
promising framework for low-pressure physisorption of COz, as described by Caskey et al[%.
Adsorption of H2 was also demonstrated by Stavila et all°ll with a titanium-functionalised
Mg-MOF-74.

MOFEF-74 inspired frameworks had also been produced with the MOF pre-synthetic function-
alisation technique. Nguyen et all%2] reported the methanol uptake capacity of two new MOF-
74 derivatives, denoted as VNU-74-1 and -II (VNU: Vietnam National University. For the



ligand structures, see Figure 1.8a). Tran et all%3l also developed MOF-74 analogues, reporting
MOF-184 (for ligand structure, see Figure 1.8b), for the catalytic cycloaddition of COz.
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Figure 1.8 — a) VNU-74-1 and -1l ligands, developed by Nguyen et a/?2l and b) MOF-184 ligand, developed by
Tran et all®3l.

Although MOF-74 series reveals to be successful for gas sensing, it also showed promising
results for molecule sensing applications. Deng et al[81] reported isoreticular (IR) MOF-74 de-
rivatives with one to eleven phenylene rings (denoted as IRMOEF-74-I to -XI, see Figure 1.9)
between the salicylic acid fragments at the ends of the chains, which expanded the MOF pores
from 11 to 98 A, reporting IRMOF-74-XI as the material with the largest pore aperture in crys-
talline materials to date. Larger pore MOFs, such as IRMOF-74-XI and IRMOF-74-VII were

tested for the accommodation and adsorption of proteins, respectively.
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Figure 1.9 - Ligand structures of IRMOF-74-1 to -X1, developed by Deng et aZ[81l.



Although the MOF-74 series has already displayed some remarkable results for CO2 sensing
and cycloaddition catalysis, as well as protein adsorption, a wide range of guest molecules
remains unstudied. As previously discussed, MOF-74 series is particularly attractive by the
highly reactive and electron-deficient metal sites, enlargeable hexagonal channels, high poros-
ity and high surface areas. Hence, efforts are being made to produce MOF-74 as a chemical
sensor.[949]

For uric acid sensing, amongst all the possible ion metals in M-MOF-74, Fe?* is, by far, the
most advantageous, since it is non-toxic, low-cost and earth-abundant.[96] Moreover, Fe-MOF-
74 has been proven to be more conductive (c = 4.8x10-8 S.cm-!) than the other M-MOF-74 by
about 5 orders of magnitude, which could lead to electronic applications.[”] Nevertheless,
Fe2+-MOF-74 is known for its instability in the presence of oxygen, as the metal nodes easily
oxidise to Fe3+.[98%] Since most applications require the exposure of Fe-MOF-74 to air, alter-
natives must be developed. To overcome this limitation, Wang et aZ[190 reported the produc-
tion of Fe3*-MOF-74 and found that both Fe2+- and Fe3+-MOFs yielded similar XRD patterns,

meaning a similar structural topology.

1.3 Metal-organic frameworks as sensor devices

Researchers have been developing nanotechnological and electric devices, namely, smart
membranes, catalytic coatings, and sensors.[101] Although zeolites and metal oxides remain
conventional for these types of applications, associated with a well-defined structure and sta-
bility, they are also limited by their non-versatile structural range, high-temperature operation

requirement, cross-selectivity, and baseline drifts caused by ageing effects.[102]

Until recent years, metal-organic frameworks were viewed as insulators and therefore ex-
cluded from such devices. This was due to their common electrochemical instability and low
conductivity.[103] Nevertheless, synthetic advances have been producing MOFs electrically
conductive and with charge mobility,[104] including the MOF-74 series.[”] MOFs may be a
useful alternative to overcome the limitations of zeolites and metal oxides due to their reversi-
ble adsorption, high catalytic activity, high porosity or wide structural diversity. Moreover, to
the possibility to operate at room temperature and their stability, self-assembled nanostruc-
ture, switchable response to external stimulus, structural diversity and host-guest interaction
possibilities.[105-107] Moreover, functional moieties can also be easily introduced into the
framework, by either pre- or post-synthetic modifications, giving an infinite scope of structural
diversity.[108] Combining the conductivity missing puzzle with the highly attractive character-
istics enables a new generation of MOF-based sensor devices. Such frameworks have been

recently studied for molecule sensing applications regarding gas,[109110] nitrobenzene



derivatives,[111] persistent organic pollutants,[112l heavy metal ion sensing,[113] antibiotics,[114]

and explosives.[115]

Regarding the implementation of MOFs as components or interfaces for such technological
devices, they are needed in the form of deposited films or coatings into solid substrates. Such
films must also exhibit defined porosity combined with tunable chemical functionality, thick-
ness, and high homogeneities, as well as the presented morphology.[116117] Although sol-
vothermal and hydrothermal are the conventional MOF fabrication techniques, described in
Chapter 1.2, these yield the product as a fine powder with intrinsic brittleness, insolubility,
and non-thermoplastic properties. Hence, can hardly be shaped onto the intended configura-
tion and the MOF layers do not lead to a firm bond with the substrate.[118] They are also limited
by time and energy consumption, need a great amount of solvents, and are often exposed to
thermally induced film cracking.l1191 Thus, the development of effective and direct fabrication
approaches are necessary to readily deposit the MOF film on the solid substrates, ideally in a
dense, homogeneous and oriented fashion. To date, several direct fabrication alternatives have
been developed to produce crystalline nanomaterial films, such as mechanochemical, electro-

chemical, layer-by-layer, sonochemical or self-assembly growths.[119,120]

1.4 Metal-organic framework films by cathodic deposition

Although the previous techniques can overdue the conventional limitations, the majority are
still complex and time-consuming. Amongst all, electrochemical fabrication has already
shown several advantages over the conventional methods, such as shorter synthesis times and
milder conditions.121l Moreover, its straightforwardness to scale up and optimise the film
morphology and thickness makes it an ideal technique for the new MOF-film generation.[122]
Electrochemical MOF thin films are generally prepared in solutions containing metal ions, or-
ganic ligands and electrolyte sources, commonly in a three-electrode cell.[122] Moreover, the
working electrodes that are normally used, e.g., Si, metals, fluorine or indium tin oxides (FTO
or ITO, respectively), polymers, meshes or carbon-based substrates are compatible with the
electronic devices.[123] Through the years, metal-organic frameworks have been deposited by
all four electrochemical procedures: galvanic displacement and anodic, cathodic and electro-

phoretic depositions (Figure 1.10).[105121,124]
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Figure 1.10 - Different categories of electrochemical MOF film fabrication.

Although anodic is the conventional electrochemical deposition technique, it has some draw-
backs caused by the interference of reactions occurring at the anode. Furthermore, the choice
of anodic materials is limited and the durability of those electrodes is low due to corrosion.[125]
Alternatively, reductive/cathodic deposition can be viewed as an alternative to solve those
limitations, since any conductive surface can be used as a cathode and is less affected by sec-
ondary reactions. It was firstly implemented by Dinca et aL[126127] for the deposition of MOF-
5, constituted by Zn2+ as the metal ion and BDC as the ligand. It has a very attractive mecha-
nism since the metal ion and organic ligand precursors are simply added in an electrolytic
solution along with the pro-base (PB) source in appropriate concentrations. Then, the deposi-
tion is initiated with the application of a reductive/cathodic potential. During the experiment,
a series of successive reactions are triggered by this potential (Figure 1.11), starting with the
reduction of a pro-base (EtsNHCI) to the respective base (Et3N). This base will deprotonate the
pro-ligand (H2BDC) and release the ligand (BDC). This leads to the interaction of BDC with
the metal ion (Zn?*) and the deposition of the MOF-5 film on the cathode surface.
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Et,N

H,BDC
2CI- _
Et;NHCI 0.0
BDCZnZ*é:K
& BDC=
ZnCl,
o o

MOF-5 cathodic
electrodeposition

Figure 1.11 - Cascade electrochemical reactions occurring during the cathodic deposition of MOF-5, described by
Dinca et all127],

Throughout the last decade, a new generation of MOF films are being produced by the ca-
thodic method into different types of working electrodes (WE, represented in Table 1.2), that
could be applied to further technological applications, such as sensor devices. Regarding the
choice of pro-bases, amine sources remain the most relevant due to their behaviour as mild

bases and low-cost. Greener alternatives have been reported with H202 or even atmospheric
Oy.[124,128]

Table 1.2 - Electro-synthesised MOFs by cathodic deposition, represented accordingly to its pro-base source.

PB

PB reduction E; MOFs WE  [Ref]
source
105V (vs. (EtsNH)2Zn3 Pt o
Ag/Ag(cryptand)*)  (BDC)4IMOF-5  gauze
Cu-BTEC
np Cu-BDC GC [129]
EtsNH* 2Et;NH* + 2e™ = H, + 2Et;N Cu-BTC
np HKUST-1@Ag spC  [130]
np HKUST-1 (151]
HKUST- GC
-0.9 (vs. SCE) 1(Fe)/Fe [9]
O 0,+e =205 07:;:;%13; M P;/Ifgs I 41 GC [128]
-1.75V (vs.
_ _ _ Ag/Ag(cryptand)*) MOF-5 FTO e
NOoy ~ NOs +2em =NO, +H0 np Eu-HBPTC [132]
2H,0 + 2~ = H, + 20H
np Cu2(BTEC)(DMF Gr.aph- [133]
)2 ite
HKUST-1
H202 H,0, + e~ = 2H,0 + 05 Ag /ﬁg(g:;g; ) MIL-53(Fe) ITO  [124]
MOF-5
E}: cathodic peak potential GC: glassy carbon SPC: screen-printed carbon
np: not presented |: bilayer @: doped /: mixed
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According to the available information, MOF-74 has not yet been synthesised by any electro-
chemical method. Combining MOF-74 properties (e.g., open metal sites, large pores, catalytic
and sensing activity) with a film morphology could lead to endless possibilities in terms of
industrial and technological applications. Hence, it is necessary to find optimisation strategies

to develop new MOF-74 films and to test their sensing applications.

1.5 Aim of this thesis

This work relies on the production of novel metal-organic films for the electrochemical sensing
of uric acid. From all the metal-organic structures available, the MOF-74 series was selected
for this thesis and focused on Fe-MOEF-74 as the sensing probe due to its higher conductivity
and unharmful properties. With the purpose of enhancing the supramolecular interactions
between the host (Fe-MOF-74) and guest (uric acid) components, MOF pre-synthetic function-
alisation was suggested by synthesising H4L analogues, identified as H4L1, H4[.2 and H4L3
(Figure 1.12). All three analogues would have a higher ligand length than Hal.. H4L.2 and H4L.3
were suggested as novel pro-ligands, by incorporation of benzimidazole and squaramide moi-
eties, respectively.

COOH COOH
OH OH

COOH
O

OH H
COOH O N HN
OH O >
N HN o)
HO O
COOH o O
HO

Commercially

available COOH HO
Published Published COOH COOH
H4L H4L1 H4L2 H4L3

Figure 1.12 - Synthesised pro-ligands in this work.

To obtain the MOF films, cathodic deposition was selected as an electrochemical method to
immobilise Fe-MOF-74 and derivatives on the working electrodes.

Once the films were characterised, the final step would be to test their ability to electrochemi-
cally detect uric acid. For this, the films would have to respond to different uric acid concen-
trations and their performance would be evaluated regarding their limit of detection, sensitiv-

ity, linear range, and standard deviation.

13






2

RESULTS AND DISCUSSION

2.1 Pro-ligand synthesis and characterisation

This chapter contains a brief description of the synthesis of organic pro-ligands H4L1, H4L.2
and H4L3. Moreover, their FTIR and NMR characterisations will be shown and discussed.

2.1.1 H4L1 synthesis and characterisation

The synthesis of HaL1 pro-ligand (Scheme 2.1) was adapted from Grunder et all134] using a
total of 4 reaction steps and the preparation of 3 intermediates, Ia, Is and Ic which will be

described below.

Miyaura (6] OMe O _OH

Borylation

O _OMe Benzylation o_ oMe coupling OBn hydrogenation
(Bpin),, KOAc, 1. Hy, PA/C,
OH BnBr, |<2(:o3 OBn Pd( PPhs 2Clo | CsF, Pd(dppf)Cl, THF, 75 °C, 48h
+ A —/———— L
CH3CN 80°C p- dloxane reflux, p-dioxane/H,0O 2. THF,

overnight overnight (2:1 viv), 5M NaOH aq. O

n=77% n=65% 90 °C, overnight BnO (1:1 viv), 70 °C,

n

n =66% overnight HO

Suzuki-Miyaura Catalytic.

=59%
|B Meo” SO Nk HOT o
Basic Hydrolysis
H,L1

Scheme 2.1 - Synthetic steps employed to obtain pro-ligand H4L1.

The first synthetic step consisted of the protection of the hydroxyl group of the phenol func-
tion, from the commercial reagent methyl 2-hydroxy-4-iodobenzoate. This reagent was reacted
with benzyl bromide in a basic medium and yielded IA (see Scheme A.1 in Annexes for the
suggested mechanism). To obtain a complete reaction, the benzyl bromide reagent was added
in excess (1.5 eqv.). However, benzyl bromide was still detected in the final crude by 'H NMR
in CDCl3 (residual peak at 7.26 ppm) by its characteristic aliphatic proton at 4.5 ppm (Figure
A.1in Annexes). Recrystallisation in hot hexanes successfully removed the undesired reagent,
yielding IA as white needles. Even though the reaction seemed complete when monitored by

TLC, a lower yield than expected was obtained (n=77%), which can be related with the
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recrystallisation process. Intermediate IA was characterised by 'H and 13C NMR spectroscopy
(Figure A.2 and Figure A.3, respectively, in Annexes), in CDCIl3 (residual peak at 77.16 ppm
for 13C NMR) and agrees with the published data.[134]

For the next step, the I boronic ester was prepared (see Scheme A.2 in Annexes for the sug-
gested mechanism). This intermediate was synthesised through a Miyaura borylation cou-
pling between IA and bis(pinacolato)diboron, identified as (Bpin)2. It was catalysed by
Pd(PPh3)2Cl2 and resorted to KOAc as the transmetalation reagent. Moreover, the reaction
was performed in a Schlenk flask under inert atmosphere, with dry p-dioxane as solvent. The
reaction mixture was filtered and treated with activated charcoal. The remaining crude was
purified by flash-chromatography in a silica gel column (1:9 acetone/petroleum ether), yield-
ing IB as white needles. This intermediate was also characterised by 'H and 13C NMR spec-
troscopy (Figure A.4 and Figure A.5, respectively, in Annexes) and, once again, agrees with
the reported spectra.[134]

The final intermediate Ic was obtained by coupling IA and IB through a Suzuki-Miyaura reac-
tion (see Scheme A.3 in Annexes for the suggested mechanism). Herein, Pd(dppf)Cl2 (10
mol%) was the catalyst and CsF the transmetalation reagent, also performed in a Schlenk flask
under inert atmosphere, in a previously N2 degassed mixture of p-dioxane/H20 (2:1 V/V,
respectively).

The crude was further purified by flash-chromatography in a silica gel column (1:9 ace-
tone/petroleum ether) and characterised by H and 13C NMR (Figure A.6 and Figure A.7, re-
spectively, in Annexes) in CDCl3, also consistent with the published data.[134]

Ha4l1 was obtained by the hydroxyl deprotection reactions, respectively, catalytic hydrogena-
tion and basic hydrolysis (see Scheme A.4 in Annexes for the suggested mechanism). For the
hydrogenation reaction, Pd/C (20 mol%) was added to a previously degassed Schlenk flask
with dry tetrahydrofuran (THF), followed by the addition of Ic, with a H2 balloon adapted on
top of a condenser. The reaction was monitored by TLC until no reagent was left and was
filtered through a celite pad to remove the Pd/C catalyst. The crude was then directly used in
the next reaction step, by the addition of a solution of 0.5 M NaOH aq. (1:1 V/V). Once the
reaction was complete, the volume of the mixture was reduced in vacuum and was followed
to an acidic work-up. It resulted in a precipitate that was filtered and washed with H20, yield-
ing H4L1 as a white powder. It was characterised by TH and 13C NMR spectroscopy (Figure
A.8 and Figure A.9, respectively, in Annexes) in (CD3)2SO (residual peak at 2.50 ppm), which
are also in agreement with the ones reported.[134]

H4L1 was also characterised by FTIR spectroscopy (Figure A.10 in Annexes). The bands attrib-
ution can be found in Table A.1 in Annexes. The spectrum showed bands at 3417 cm-! and
3011 ecm-! that were assigned to the stretching of hydroxyl bond (vo-H) from both phenol and
carboxylic acid functions, respectively. Although the stretching of aromatic C-H bonds (vc-H)
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is usually detected at wavenumbers higher than 3000 cm!, it was only possible to detect a
peak at 2959 cml. As there are no aliphatic C-H bonds in this molecule and this band was
frequently detected throughout this thesis, it was assigned to the aromatic C-H bonds. The
bands between 1667 and 1619 cm™! were assigned to carbonyl group stretching (vc=0). The
ones observed in the range of 1453 and 1462 cm-! were assigned to the bending of the C-O-H
bond from the carboxylic acid function (§c-0-H). The C-O bond stretching (vc-0) from either
carboxylic acid and/or phenol functions was also observed in from 1291 to 1222 cm™!. The
bending of the C-H bonds (6c-H) from the aromatic ring was attributed to the bands between
1095 and 770 cm1.

2.1.2 Hal .2 synthesis and characterisation

To the best knowledge, H4l.2 is a new pro-ligand, and its synthesis was based on the reactions
used to prepare H4L1. During this procedure, 3 intermediates, ID, It and Ir were also synthe-

sised (Scheme 2.2) and will be described below.
0s_OMe Oy _OH

OBn . OH
Ring opening Ring closure Suzuki-Miyaura Catalytic
coupling hydrogenation

Br
N H 1. Hy, Pd/C, H
= CsF, Pd(dppf)Cl o
NaBH, _HCOOH >+22 1 O5F Pd(pphCl (dppf)Cly O > THF, 75 °C, 48h O >
\N EtOH RT, NH, MeOH 85 °C, p-dioxane/H,0 N 2. THF, N
overnight 45 min. (2:1 viv) 5 M NaOH agq.
Br n=92% n=70% 90 °C, overnight (1:1viv), 70 °C,
n=68% overnight
BnO n=92%  Ho

MeO™ Yo Basic hydrolysis HO 0o

I, suggested HyL2

Scheme 2.2 - Synthetic steps employed to obtain pro-ligand H4L2.

To obtain the halogenated benzimidazole intermediate, IE, a first step was employed by the
reduction of the commercially available 4,7-dibromobenzo[c][1,2,5]thiadiazole reagent with
NaBHz4 (see Scheme A.5 in Annexes for the suggested mechanism), adapting a reported pro-
cedure.[135] The reaction was monitored by TLC and, once it was complete, the organic phase
from the reaction mixture was extracted and concentrated, yielding ID as a beige solid. It was
characterised by TH NMR spectroscopy (Figure A.11 in Annexes) in (CD3)2SO, and the spec-
trum agrees with the literature.[13]

The preparation of IE (see Scheme A.6 in Annexes for the suggested mechanism) was also
adapted from the literature with modifications.[136] Ip and formic acid (HCOOH) were added
to a round-bottom flask and sealed with a septum. It was heated at 85 °C for 45 minutes. This
was followed by a basic work-up and yielded Ig as a beige solid. The product was also char-
acterised by TH NMR spectroscopy (Figure A.12 in Annexes) in (CD3)2SO. The spectra of Ie
and ID were overlayed and do not coincide, proving that there was no reagent left (Figure A.13

in Annexes). Moreover, Ig spectrum is in agreement with the literature.[137]
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To yield IF, IE and IB were coupled by a Suzuki-Miyaura reaction (see Scheme A.7 in Annexes
for the suggested mechanism) and were purified by a flash-chromatography in a silica gel
column (1:9 acetone/petroleum ether). The product was characterised by 1H NMR spectros-
copy (Figure A.14 in Annexes) in (CD3)2SO. The 'H spectrum showed a peak at 12.85 ppm, in
the same range as the peak found in the 'H spectrum of Ig at 13.24 ppm, and so, it was at-
tributed to the NH group from the imidazole moiety. Moreover, the peak at 8.40 ppm was
attributed to the proton of the imine group of the same moiety. In the aromatic range, it was
expected, at least, 7 peaks, leading to a total of 18 protons. In this case, only 4 signals were
attributed to the 18 aromatic protons of the molecule. The 'H spectrum of Ir was compared
with both IE (Figure A.15 in Annexes) and IB (Figure A.16 in Annexes) reagents. Since the
spectra did not match, it was possible to state that a new product was formed, suggesting Ir
as the most plausible structure.

H4L2 was obtained by catalytic hydrogenation and hydrolysis reactions of I (see Scheme A.8
in Annexes for the suggested mechanism). It was characterised by 1D 'H and 13C NMR (Figure
2.1 and Figure 2.2), 2D homonuclear COSY and TOCSY (Figure A.17 and Figure A.18, respec-
tively, in Annexes) and heteronuclear HSQC and HMBC (Figure A.19 and Figure A.20, respec-
tively, in Annexes). The NMR spectra were performed in (CD3)2SO (residual peak at 2.50 ppm
for TH and 39.52 ppm for 13C NMR). Residual acetone was observed in both H and 13C NMR
spectra at 2.08 and 30.77 ppm, respectively. The 'H NMR spectrum showed a broad and weak
peak at 11.42 ppm, with an integration of 2 protons, that could be attributed to the proton of
the carboxylic acids (COOH). Moreover, the characteristic peak at 8.46 ppm could also be at-
tributed to the proton of the imine function, H11. HSQC showed the direct correlation between
the 'H peak at 7.48 ppm with two 13C peaks at 116.90 and 122.32 ppm. This 'H peak had an
integration of 4 protons and so, it was constituted by a mixture of two 'H peaks with two
equivalent protons each.

From the 13C NMR spectrum, it was possible to identify an isolated peak at 171.87 ppm in the
typical chemical shift range of the carbonyl group, therefore attributed to C1. At alower chem-
ical shift, it was found another unshielded and isolated peak at 161.25 ppm that could be at-
tributed to C3, which is directly bounded to an electronegative oxygen atom. Moreover, two
peaks were detected at 144.67 and 143.50 ppm, respectively. HSQC showed the correlation
between Hi1 (8.46 ppm) and C11 (143.50 ppm). The closer peak at 144.67 ppm was assigned to

C2, which is bonded to the electronegative carboxylic acid function.
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Figure 2.2 - 13C NMR spectrum of H4L2 in (CD3)2S0.
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The HMBC spectrum showed the correlation between C1 (171.86 ppm) and H7 (7.93 ppm) as
the closest proton to the carbonyl group (3/). Moreover, C2 (144.67 ppm) correlated with both
H7 (7.93 ppm) and a multiplet at 7.48 ppm, which could be either attributed to He or Ha. COSY
confirmed the correlation between He (7.47 ppm) and H7 (7.93 ppm). TOCSY showed the cor-
relation between all the protons of this aromatic ring, confirming the presence of H4 in the
mixture at 7.48 ppm. With no peaks left, by default, the multiplet was also assigned to Ho. The
13C peaks directly correlated with H7, H4+9 and Hes were attributed using the HSQC spectrum.
The missing quaternary carbon peaks at 112.03 and 127.00 ppm were attributed to C10, C5 and
Cs, concerning the expected chemical shift range. C10 is directly correlated to a nitrogen atom,
and so, it was expected to be more unshielded than the other carbons. Therefore, C10 was as-
signed to the 122.31 ppm peak. Since Cs and Cs have very similar nuclear environments, both
were assigned to the peak at 112.03 ppm. Although Ha+9 is a proton mixture, their 13C peaks
are well resolved, detected at 122.31 and 116.90 ppm. Due to the electron-donating effect of
the hydroxyl group in the aromatic ring, the nucleus on ortho- and para-positions are expected
to be more shielded than the meta-position. Based on that information C4, ortho-positioned to
the hydroxyl group was assigned to the peak at 116.90 ppm and C9 to the peak at 122.31 ppm.
The attribution data is presented in Table A.2 In Annexes.

The H4L2 pro-ligand was also characterised by FTIR (Figure A.21 in Annexes) with a very
similar spectrum to H4L1. The attributions are presented in Table A.3 in Annexes. It showed
the vo-H bands at 3407 and 3126 cm™!, from the phenol and carboxylic acid functions, respec-
tively, and vc-H between 2959 and 2842 cml. In this case, the vc=0 band is more complex
which can be due to overlapping of the C=N stretching (vC=N) between 1670 and 1576 cm™1.
Additional bands were attributed to §C-0-H at 1438 cm™!, as well as vc-O from either phenol or
acid functions, between 1337 and 1153 cm-!. Finally, it was also possible to detect bands as-
signed to 8c-H from 879 to 695 cm.

Ha4l2 composition was obtained by elemental analysis (EA), with an experimental percentage
of % 51.84 (C), 4.92 (H) and 4.66 (N). These were different from the expected, respectively, %
64.62 (C), 3.62 (H) and 7.18 (N). Since the product was not in the form of a loose powder, before
sending the sample for analysis, the product was dissolved in CH2Cl2, dried, and washed with
Et20. Hence, H4L2 could be solvated by the previous molecules, and it was attributed a mo-
lecular formula of 3H4L2.4CH2Cl2.3Et20.9H20, with a calculated composition of % 52.55 (C),
4.94 (H) and 4.90 (N), with the highest shift of 0.71 for the C atoms. These values were closer
to the obtained experimentally and 3H4L2.4CH2Cl2.3Et20.9H20 was the suggested composi-
tion of the sample.

Motivated by the successful preparation of H4L2, efforts were made to synthesise two addi-
tional pro-ligands with benzobistriazole- and benzobisthiadiazole-based moieties (Scheme

A9, in Annexes) by the same coupling procedure as Hal.l and H4L2. For the first case,
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although it was possible to synthesise the bromated intermediate by a reported procedure,[138]
the coupling reaction was not successful, suggesting that the product degraded in the purifi-
cation step (flash-chromatography in silica-gel column). In the case of the benzothiadiazole, it
was not possible to obtain the bromated intermediate by the selected procedure.[13] Instead,

an insoluble powder was obtained and was not further characterised.

2.1.3 Hal3 synthesis and characterisation

Similar to the previous pro-ligand, H4L3 is also a new structure. Its synthesis was adapted
from analogues already reported in the literature.[?5140] This procedure involved a zinc cata-
lysed coupling (Scheme 2.3) of 4-amino salicylic acid (IG) with 3,4-dimethoxy-3-cyclobutene-
1,2-dione (squaric ether). These will be described below.
COOMe (ba'gfﬁgﬁfﬁm) COOH
OH NaOH (5 M, aq.) OH
THF, 70 °C, overnight

n=85%
NH, NH;
Ig
Zn-catalised
coupling
o o Etherification o o lg, Zn(OTf),, I
j\;/( CH(OEt), j\;f NMP ji
- e —_—
HO OH 80E°t((3)|1’8h ~0 0\, Toluene,
’ IH: Suggested reflux 24h
=9%
HO
(0] OH
H4L3

Scheme 2.3 - Synthetic steps employed to obtain pro-ligand H4L3.

The preparation of IG began with the deprotection of the commercially available methyl 4-
amino-2-hydroxybenzoate using the same hydrolysis conditions as those used to obtain H4L1,
yielding the intermediate as a white powder (see Scheme A.10 in Annexes for the suggested
mechanism). It was characterised by TH NMR (Figure A.22 in Annexes) in the deuterated sol-
vent (CD3)2S0, in agreement with the literature.[141]

An initial attempt to synthesise squaric ether (IH) was followed by reacting 3,4-dihydroxy-3-
cyclobutene-1,2-dione (squaric acid) with triethylortoformate (CH(OEt)3) in dry ethanol
(EtOH, see Scheme A.11 in Annexes for the suggested mechanism), also adapted by a literature
procedure.l1421 The crude was characterised by 'H NMR and COSY spectroscopy (Figure A.23
and Figure A.24 in Annexes) in (CD3)2SO. The 'H NMR spectrum showed ethanol residual
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peaks (at 4.64 and 3.37 ppm), as well as a highly shifted water residual peak (at 6.30 ppm),
which could be due to the possible intermolecular H-bonds between water and squaric deriv-
atives. Two peak groups were also observed, both constituted by a triplet and a quartet. Ac-
cording to the literature,[143] it was possible to assign the 4.57/1.33 ppm peak group to the
squaric ether and the remaining to the triethyl orthoformate reagent. Additionally, two sin-
glets were also detected at 4.21 and 3.16 ppm, suggesting the presence of the squaric acid rea-
gent, or even mono-etherified products. It was possible to conclude that the crude contained
a mixture of both reagents and the product. Unfortunately, this mixture was highly unstable,
as it quickly decomposed to an insoluble compound that was not characterised. Given the
difficulty to isolate IH, the H4L3 pro-ligand synthesis was performed by a one-pot reaction
with no isolation of the intermediates (see Scheme A.12 in Annexes for the suggested mecha-
nism), yielding H4L3 as a yellow powder, in a very low yield (n=9%). This value could be
caused by competing reactions involving the impurities from the first step and, due to the lack
of opportunity, no further synthesis optimisations were performed. H4L3 was characterised
by 1D 'H and 13C NMR (Figure 2.3 and Figure 2.4), 2D homonuclear COSY (Figure A.25 in
Annexes) and heteronuclear HSQC and HMBC (Figure A.26 and Figure A.27, respectively, in
Annexes). NMR spectra were performed in (CD3)2SO. In the 'H NMR spectrum, acetone and
water were observed with residual peaks at 2.08 and 3.39 ppm, respectively. Moreover, the
spectrum showed two highly unshielded peaks at 11.51 and 10.15 ppm, in a typical shift of
acidic protons of aromatic ring substituents. These could be attributed to either the carboxylic
acid or the amine functions.

The 13C NMR spectrum also showed additional peaks at typical chemical shifts, such as the
ketone group, Co, as well as the carboxylic acid function, C1 (at 182.18 and 171.70 ppm, respec-
tively). COSY showed the interaction between two peaks at 7.78 and 6.92 ppm, which could
either be He or H7, and the uncorrelated peak at 7.22 ppm was attributed to H4. HSQC showed
the direct correlation between H4 and C4 (105.50 ppm). HMBC showed the correlation between
Co (182.19 ppm) and the acidic proton at 10.15 ppm, which could only be attributed to the NH
function. The other unshielded 'H peak at 11.51 ppm was attributed to the proton from the
carboxylic acids (COOH).
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NH correlated with another unshielded 13C peak at 166.11 ppm, which was assigned to Cs.
Additionally, it correlated with two 13C peaks in the typical sift range of aromatic C-H func-
tions, C4, at 105.50 ppm and another at 109.74 ppm, which could be attributed to Cs. By HSQC,
Cs correlated with the H peak at 6.93 ppm. Also, C1 (171.70 ppm) correlated only with one 'H
peak at 7.78 ppm, which could only be assigned to H7, being the closest proton to the carbonyl
function (3)). H7 (7.78 ppm) also correlated with two more quaternary carbons at 162.59 and
144.65 ppm, which were assigned to C3 and Cz, respectively. Finally, He (6.93 ppm) correlated
with an extra quaternary carbon at 107.70 ppm, and, since it appeared in the typical aromatic
carbon range, it was attributed to Cs. The remaining 13C or 'H peaks from C-H groups were
further obtained by HSQC and the overall attribution data is presented in Table A.4 In An-
nexes.

H4L3 pro-ligand was also characterised by FTIR spectroscopy (Figure A.28 in Annexes). It is
structurally more complex than H4L1 or H4L2, therefore it was possible to identify extra bands,
with the attribution data in Table A.5 in Annexes. A band ranging from 3473 to 3417 cm™! was
identified, constituted by two humps. These were attributed to the stretching of N-H (VN-H)
and vO-H. Moreover, in the typical range of vc=0 it was detected an additional sharp band,
that could be attributed to the ketone functional group, at 1789 cm-l. The overlapped bands
between 1684 and 1606 cm! could be attributed to the vc=0 from the carboxylic acid, the
stretching of C=C from the o,B-unsaturated ketone (vc=C). The remaining bands in the spec-
trum were attributed to §C-0-H at 1404 cm!, vc-0 from phenol or carboxylic acid between 1295
and 1173 cm™, and §c-H from 957 to 620 cm™L.

The elemental composition of H4L3 was also obtained by EA, with experimental values of %
55.47 (C), 3.54 (H) and 7.10 (N). These were very close to the ones predicted, respectively, %
56.26 (C), 3.15 (H) and 7.29 (N) and so, it was assumed that the sample was constituted by pure
Hal 3.

2.2 Fe/L film: optimisations and characterisations

To the best knowledge, MOF-74 films have not yet been reported. Therefore, it was necessary
to optimise experimental conditions to obtain films using the cathodic deposition method. In
this thesis, the parameters chosen to be optimised were the precursors' concentrations, time of
deposition, working electrode areas and temperature. The film precursors were FeCl3-6H20
(M) as the metal ion, HsDOBDC (H4L) as the pro-ligand and Ets3NHCI (PB) as the pro-base.
The selected PB has been reported in the literature and forms Et3N, a mild base.[96,127,129]
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2.2.1 Cathodic deposition of Fe/L with a ratio of 7:2:2 (M:H4L:PB, respec-
tively)

According to the literature, ratios between 5:2 and 7:2 (M:H4L, respectively) are commonly
used to produce MOF-74 by solvothermal conditions.[98102] Herein, the ratio of 7:2 (M:H4L,
respectively) was selected as a first approach. It is also reported that the PB is regenerated
during the deposition process.l1271 Hence, the ratio of 1:1 (H4L:PB, respectively) was also se-
lected, which led to a first approach with a precursor ratio of 7:2:2 (M:H4L:PB, respectively).
The redox behaviour of the precursor species (M, H4L and PB) was studied by cyclic voltam-
metry (CV). These studies were performed in a previously degassed DMF solution containing
0.1 M of tetrabutylammonium hexafluorophosphate (TBAPFs) as the supporting electrolyte.
The one-compartment electrochemical cell was assembled with fluorine tin oxide (FTO, A=1
or 0.7 cm?) as working, platinum wire as counter and 3M Ag/AgCl as reference electrodes.
All potentials are referenced to the 3 M Ag/AgCl reference. The CV of M (Figure 2.5a) showed
a redox pair peak at-0.19 and 0.36 V, attributed to Fe3+/2+ (Equation 1), similar to the reported
values.[%]

Fe3*t + e~ = Fe2+ (Equation 1)

It also displayed a reduction shoulder at approximately -0.65 V, followed by a current crossing
starting at -1.3 V. This suggested the reduction of Fe?* to Fe0 and its deposition on the FTO
electrode, also in agreement with the literature.[9] Fe0 is then re-oxidised to Fe2* and the pro-
cess can be observed at -0.44 V (Equation 2).
Fe?* +2e~ = Fe" (Equation 2)

To confirm the relationship between the current crossing and the oxidation peak at -0.44 V, a
second CV was performed (Figure 2.5b) to a higher cathodic limit (-1.5 V). Although the peak
for Fe3*/2+ remains identical, a more intense current crossing and oxidation peak was ob-
served (at -1.3 V and -0.41 V, respectively). This proved that both processes are related and
that, by increasing the potential to more negative values, more Fe?* species are reduced to Fe?
and re-oxidized to Fe2*. For subsequent depositions, the growth potential must be more neg-
ative than -0.19 V, so that Fe?* species are present. Moreover, if a potential close to -1.3 V is

applied, the reduction of FeZ* to Fe? is also possible.
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Figure 2.5 - Cyclic voltammograms of a) M; b) M with a cathodic limit of -1.5 V and c) overlay of M and M+PB.
Species were added in 10 mL of N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at 100
mV.s L. The one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as
counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 7 mM of M and 2 mM of PB.

The CV of the M+PB mixture (Figure 2.5c), showed the disappearance of the current crossing

and the minimisation of the Fe? oxidation peak, originally observed at-1.3 and -0.44 V, respec-

tively. This indicated the presence of a competitive reaction that was preventing the Fe?* re-

duction to Fe? and consequent deposition. The minimisation of these peaks can be attributed

to the Fel oxidation by PB (Equation 3), as mentioned in the literature.[127]
2Et;NHY + Fe® > Fe?* + 2Et;N + H,

The CV of H4L was also performed (Figure 2.6a) and it showed less defined redox processes

that can be associated with a less electroactive species. Yet, it was possible to observe oxidation

(Equation 3)

peaks in the -0.7 to 0.4 V range and another oxidation peak at -0.9 V. Moreover, it was also

possible to observe reduction peaks at -0.03 and -0.72 V.
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Figure 2.6 - Cyclic voltammograms of a) H4L, b) PB and c) overlay of PB and PB+H4L mixture. Species were
added in 10 mL of N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.s™.. The
one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M
Ag/AgCl as reference electrodes. Species quantities: 2 mM of H4L. and 2 mM of PB.

The CV of the PB (Figure 2.6b) showed a reduction peak at -0.58 V, attributed to the tri-
ethylammonium proton reduction (Equation 4).196:127]
2Et;NH* + 2e™ - H, + 2Et3N (Equation 4)

Comparing the CVs of PB and the PB+H4L mixture (Figure 2.6¢), it was found an increase of
the reduction peak response at -0.58 V. Since the peak potential did not shift when compared
to the CV of PB, it could be attributed to a higher H* reduction induced by the ligand depro-
tonation.[961271 The CV showed an additional reduction peak at -0.87 V. As reported,[144.145]
this structure undergoes a two-step deprotonation process. Hence, the peaks at -0.58 and -0.87
V can be attributed to the deprotonation of the carboxylic acid and phenol functions, respec-
tively.

The CVs of H4L+M and H4L+M+PB mixtures (blue and pink, respectively, in Figure 2.7),
showed a very similar behaviour, except for the higher peak response in the case of the
H4L+M+PB. The oxidation peaks between -0.76 and -0.65 V could be attributed to HaL
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oxidations. The presence of the Fe3*/2+ redox pair peaks was also observed, as described above
(see Figure 2.5 for comparison). Moreover, two new peaks were observed: an oxidation peak

at -1.3 V and a reduction peak at 0.65 V. These were attributed to redox peaks of the metal-

ligand interaction.
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Figure 2.7 - Cyclic voltammograms overlay of HiL+M (blue) and H4L+M+PB (pink) mixtures. Species were
added in 10 mL of N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.s.. The
one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M

Ag/AgCl as reference electrodes. Precursor quantities: 7 mM of M, 2 mM of H4L and 2 mM of PB.

After studying the electrochemical behaviour of the precursors, cathodic depositions were
made, using chronoamperometry. The three precursors were added to the one-compartment
electrochemical cell and degassed with N2 for at least 30 minutes (Figure 2.8). Then, a cathodic
potential was applied for one hour, measuring the current vs. time. After the deposition, the
tilms were washed with DMF and H2O, dried at room temperature and further characterised.

In this thesis, the films deposited with all three precursors (M+ H4L+PB) are identified as Fe/L

films.

Precursor solution:
10 mL DMF

0.1 M TBAPFs e
7 MM FeCly.6H,0 (M) \
2 mM H.DOBDC (HiL)

2 mM EtsNHCI (PB) ] ‘ ‘ 1 (v
Y ) N;degassmg ’ dep05|ted

)/ for 30 min. film

Figure 2.8 - Schematic representation of the cathodic deposition experiment.
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From the CVs, electrodepositions should occur at potentials where the Fe3* is reduced to Fe*
(-0.19 V), PB is reduced to triethylamine (-0.58 V) and H4L is deprotonated (-0.87 V). Electro-
depositions were performed at different working potentials (Eapp), ranging from -1.4 V to -1.1
V (Figure 2.9), which will be further referred to as growth potentials. All depositions yielded
a thick dark-blue film, except when the growth potential was -1.1 V. The cathodic current was
measured along the deposition and the chronoamperograms behaviour were analysed. The
chronoamperogram with a growth potential of -1.1 V (Figure 2.9a) displayed an abrupt current
decay after 50 seconds, until it reached a current limit and remained constant through the rest

of the deposition time. Hence, an abrupt behaviour can be associated with impossibility to

obtain the film.
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Figure 2.9 - Chronoamperograms following the deposition of the Fe/L films with growth potentials of a) -1.1V,
b)-1.2V,c)-1.3 Vand d) -1.4 V. Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPFe
as the supporting electrolyte and recorded at 100 mV.sL. The one-compartment electrochemical cell was also con-

stituted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Precursors
quantities: 7 mM of M, 2 mM of H4L and 2 mM of PB.

The growth potentials of -1.2 V or -1.3 V show a different behaviour (Figure 2.9b,c). Current
fluctuations were observed in the initial part of the process that could be attributed to the

precursor transformations into the required species (e.g., PB reduction to base, H4L
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deprotonation to the L ligand, iron complexation with the ligand, and so on). When -1.2 V and
-1.3 V were used as growth potentials, the current gradually increased up to approximately
1200 and 140 seconds, respectively. Afterwards, both have an exponential decay towards the
approximate current value of the double layer. The chronoamperogram with a growth poten-
tial of -1.4 V (Figure 2.9d) does not show current fluctuations. Since -1.4 V is a growth potential
more negative than -1.3 and -1.2 V, competitive reactions may occur at a faster rate and are not
observed.

Although it was possible to deposit dark-blue films, part of these detached during the washing
and drying process. It was possible to observe an orange pre-layer by naked eye. FezL is re-
ported as a red-orange material,[8] which did not match to the colour of the film's surfaces
and could be due to partial Fe2+ oxidation. On the other hand, it was also reported the presence
of an iron composite with the deposition of another Fe-MOF.[%I This phenomenon could also
be possible in this work, since the M CV showed a current crossing at around -1.3 V. To con-
clude about the possibility of an iron composite, the M+PB mixture was deposited with a
growth potential of -1.4 V, yielding an orange/brown thin film. Contrarily to the Fe/L film,
this chronoamperogram (Figure 2.10a), did not show a gradual behaviour with a single current
decay. Hence, it was concluded that the deposition of iron was possible. By colour similarities,

it can be suggested that the pre-layer was constituted by an iron composite.
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Figure 2.10 - Chronoamperograms following the deposition of a) the M+PB and b) M+H4L mixtures. Electrodepo-
sitions were performed in 10 mL of N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at
100 mV.s™l. The one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as
counter and 3 M Ag/AgCl as reference electrodes. Precursors quantities: 7 mM of M, 2 mM of H4L. and 2 mM of
PB.

To study the importance of the PB, the H4L+M mixture was deposited with a potential growth
of -1.4 V and yielded a light-blue film. The chronoamperogram (Figure 2.10b) showed an ab-
rupt current decay, although not as fast as the deposition of Fe/L with a growth potential of -
1.1 V (Figure 2.9a). The presence of a thin film could be attributed to the presence of water in
solution from M (FeCl3.6H20). Once water is reduced it releases OH- ions that could also
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deprotonate the ligand and behave as an additional pro-base. The presence of water from M
will always be present because the depositions were not obtained in anhydrous conditions.
Since the presence of PB resulted in a thicker film, it can be assumed that PB is an essential

precursor.
22.1.1 Characterisation of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively)

FTIR and DRIFT characterisation

The H4L precursor was firstly analysed by FTIR (Figure A.29 and Table A.6 in Annexes) and
the spectrum is in agreement with the literature.[146] The bands found at 3520 and 3082 cm!
were attributed to the typical wavenumbers of vO-H from the carboxylic acid and phenol func-
tions, respectively. It was also observed the presence of aromatic vc-H at 2880 cm™!, and vc=0
at 1646 cml. The band at 1427 cm! and the group found at 1357 and 1288 cm! were assigned
to §Cc-0-H and vC-0O, respectively. Finally, the bands on 905-696 cm™! could be attributed to 8c-
H.

Films were analysed by diffuse reflectance infrared Fourier transform spectroscopy (DRIFT),
which is a non-destructive surface FTIR spectroscopy. This technique is useful to analyse the
surface of the films, without sample preparation. DRIFT takes use of the diffuse reflectance of
the incident infrared radiation, obtaining a spectrum identical to FTIR.[147]

The FTIR of H4L and DRIFT of Fe/L were compared (Figure 2.11). The Fe/L spectrum (see
attributions in Table A.7, in Annexes), showed a band at 3226 cm™! attributed to vo-H from
water. The presence of vC-H bands was also observed between 2963 and 2861 cm-!, which could
be either attributed to aromatic bonds from the H4L or aliphatic groups from the DMF,
TBAPFe, or Et3N impurities. The spectrum of the Fe/L film showed two sharp bands at 1537
and 1422 cm! that do not match the H4L spectrum. H4L is composed by carboxyl functions,
by the presence of the vc=0 band at 1646 cm-1. Since the PB deprotects H4L, it was expected
that the film presented carboxylate functions. Hence, the new bands can be attributed to the
symmetric and asymmetric stretching of the O-C-O function (vO-c-0). Additional bands were
attributed to vc-0 of the phenoxide function ranging from 1236 to 1204 cm™!. The DRIFT
showed a band ranging from 890 to 802 cm-!, assigned to 8c-H. Finally, the presence of iron
coordinated to oxygen atoms was also observed by the presence of a band at 560 cm-1, at-
tributed to the stretching of the Fe-O bond (vFe-0).19] The presence of the vo-c-0 and vFe-O was

indicative of the H4L deprotonation and coordination to M.
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Figure 2.11 - FTIR spectrum of H4L (black) and DRIFT spectrum of the Fe/L film (blue, with a 7:2:2 ratio of
M:H4L:PB, respectively) deposited at -1.4 V. Spectra were recorded in a range of 4000-500 cm-1.

The M+PB film was also characterised by DRIFT (Figure A.30, in Annexes). It showed a dif-
ferent spectrum to the Fe/L film, suggesting the presence of a different material. DRIFT
showed the vo-H band at 3393 cm, attributed to the presence of water or hydroxyl groups
from iron hydroxide species. It also displayed the vc-H bands around 2921 cm™! that could be
attributed to the aliphatic bonds from the Ets3N or TBAPFs impurities. The observed band at
544 cm! was attributed to the vFe-0 from possible iron oxide or hydroxide species. Other than
that, it was possible to find a band along with instrument noise, characteristic of O-H bending
(60-H) from water. This DRIFT study suggested that the M+PB film was constituted by iron
oxide/hydroxide species. Moreover, the M+PB film spectrum was different from the Fe/L
one, meaning that Fe/L is not mainly constituted by an iron composite and contains the H4L

component.

SEM characterisation

SEM characterisation was employed to analyse the morphology of the films. Images of the
surfaces of the films deposited at-1.2 V,-1.3 V and -1.4 V were obtained with different magni-
fications (Figure A.31 to Figure A.33 in Annexes). Figure 2.12 presents the SEM images of the
Fe/L film with same magnifications (x5000) deposited at different growth potentials. The last
image shows the H4L+M film deposited at -1.4 V, also magnified at x5000. The Fe/L films
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showed a similar morphology, constituted by a set of disc-shaped aggregates that grows by
staking discs on top of each other. The aggregates have similar sizes, except for the growth

potential of -1.2 V, that shows a higher size disparity.

Fe/L film Fe/L film

E...=-1.2V E.op =-1.3V

app. — app

S. 0800 SHm 226194 2 %S, 08 SKEm 226194

Fe/L film g ARG M+PB film
e-tav E = LAYV

E

: -~

A

7

22819 4 2SR XS, 088

n ~t ) 3 ~

Figure 2.12 - SEM images (x5000) of the Fe/L films (7:2:2 ratio of M:H4L:PB, respectively) deposited at-1.2 V,-1.3
Vand -1.4 V, and the M+PB film deposited at-1.4 V.

This work only shows one image of the surface of the HaL.+M film, which was representative
of all the film area. Although it showed the presence of small aggregates, the film was not
nearly as thick as the Fe/L ones, meaning that the presence of the PB was crucial for the overall
growth of the film.

The image of the Fe/L film with a growth potential of -1.4 V with lower magnification (x50,
Figure 2.13a) showed an overview of the heterogeneity of the film. The images of the Fe/L
film with a growth potential of -1.4 V and a higher magnification (x5000, Figure 2.13b), show
accentuated slits. The slits were not observed in the SEM images of the remaining films. The
FTO electrode was still stable at -1.4 V (Figure A.34, in Annexes) and so, it was not expected
to suffer any morphological modification caused by the growth potential. Hence, a different
material might have been previously deposited to what was assumed to be the Fe/L film, in a

more uniform and homogenous way.
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Figure 2.13 - SEM image of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V and magnified
at a) x50 and b) x5000.

As stated above, the M CV showed the deposition of Fel at a potential around -1.3 V. Although
it would be expected that Fe?*+ reacted with the ligand to yield the MOF film, this approach
follows a precursor ratio of 7:2:2 (M:H4L:PB, respectively). The high excess of Fe?* can be re-
duced to Fe? and further deposited to form the pre-layer. Although it was not possible to con-
firm the presence of the pre-layer in the remaining films, a growth potential of -1.4 V results

on a cracked pre-layer.

XPS characterisation

The surface of the Fe/L and M+PB films were analysed by X-ray photoelectron spectroscopy
(XPS). The survey spectra were focused on the C 1s, O 1s and Fe 2p peak deconvolution (Table
A.8in Annexes). If not stated otherwise, the peaks were attributed based on refs.[96,148-150]

The C 1s peak of both films (Figure 2.14) was deconvoluted into a peak at 285.0 eV attributed
to C in the sample holder and C-C and C-H bonds from surface C atoms, respectively, which
are impurities. The Fe/L film could be further deconvoluted into two peaks centred at 286.7
and 288.9 eV. These were attributed to the C-O bonds from the phenoxide function, and C-O
bonds from the carboxylate function. The M+PB film was not constituted by the L component.
Yet, it could still be constituted by triethylamine, composed by C atoms. Its C 1s spectrum
could be deconvoluted into similar binding energy peaks centred at 286.8 and 288.6 eV. These
were attributed to the C-N function by either triethylamine or DMF, and the amide O=C-N

function.
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Figure 2.14 - XPS spectra of the Fe/L (7:2:2 ratio of M:H4L:PB, respectively) and M+PB (7:2 ratio of M:PB, respec-
tively) films deposited at -1.4 V, amplified in the C 1s peak.

The Fe 2p zone of both M+PB and Fe/L films (Figure 2.15) showed the Fe 2p1/2 and 2p3/2
peaks. The Fe2p3/2 peak was deconvoluted and showed a high number of peaks. This can be
associated with a variety of Fe3*/2+ species from both films. Although they were expected to
have different compositions, it has been suggested the presence of an iron oxide/hydroxide
pre-layer on Fe/L film. XPS indicates that this pre-layer has a similar constitution of the M+PB
film. Moreover, the possibility to obtain the content of the pre-layer of Fe/L proves the heter-
ogeneity and roughness of the film.
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Figure 2.15 - XPS spectra of the Fe/L (7:2:2 ratio of M:H4L:PB, respectively) and M+PB (7:2 ratio of M:PB, respec-
tively) films deposited at -1.4 V, amplified in the Fe 2p peak.

It was not possible to deconvolute the O 1s peak of the Fe/L film. The O 1s peak of the M+PB
film (Figure 2.16) was deconvoluted into three peaks centred at 530.0, 531.3 and 532.1 eV, at-

tributed to the oxygen from metal oxides/hydroxides, as expected.
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Figure 2.16 - XPS spectra of the the M+PB film (7:2 ratio of M:PB, respectively) deposited at -1.4 V, amplified in
the O 1s peak.

The atomic concentration (%) of the Fe, C, O, and N atoms was quantified (Table A.9 in An-
nexes). The experimental values were compared with the expected values of Fe2L. The Fe/L
film agrees with the C and O content with minimal differences, except for the Fe content. This
could be due to the interference of the surface C atoms, blocking the Fe response. The minimal
C and O atomic differences could be assigned to the presence of H20O or DMF completing the
octahedral metal geometry. XPS concluded that Fe/L is composed by both iron metal ion and
L. The M+PB film showed a similar iron content, contrarily to the C and O. The percentage of
C was lower than the predicted for FezL, and the O content was higher, which agrees with the

absence of the organic ligand component and the presence of iron oxide /hydroxide mixtures.

XRD characterisation

As already discussed in Chapter 1.2., metal-organic frameworks are characteristic for their
high crystallinity. The FTO substrate was firstly characterised by XRD, Figure A.35 in An-
nexes) and found to have two peaks. The diffractogram of the Fe/L film deposited with a
growth potential of -1.4 V was also characterised (Figure A.36 in Annexes). The Fe/L film and
FTO diffractograms were identical, proving that the film was overall amorphous. This was not
a surprise, since the reported Fe-MOF films do not show a high crystallinity.[9124] The dif-
fractogram of the M+PB film (Figure A.37, in Annexes) did not display additional peaks as it
was also amorphous.

The lack of crystallinity could be explained by the presence of the iron oxide/hydroxide pre-
layer, that could be affecting the film growth organisation. Since one of the main goals of this
work was to obtain a crystalline framework, different strategies were necessary to minimise

the pre-layer and to induce film crystallinity.
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2.2.2 Grafting

To facilitate an homogeneous nucleation and growth, electrode surface modification, also
known as grafting, could be a useful technique to anchor the metal nodes to the substrate
(working electrode).[151] This method takes use of the in-situ covalent bonding of the function-
alising molecule to the surface of the electrode. Herein, 4-aminosalicylic acid (4-ASA) was se-
lected to functionalise the FTO working electrode. It has a similar structure to the H4L pro-
ligand, constituted by the same coordination sites. The grafting procedure (Scheme 2.4) was
adapted from Wu et all152. It involved the N2 degassing of 4-ASA dissolved in an acidic so-
lution in an one-compartment electrochemical cell. It was followed by the addition of NaNO2
and was expected to yield a diazonium salt. Running a CV showed an irreversible peak at -
0.34V, caused by the reduction of the diazonium salt and covalent binding of the salicylic acid
(SA) to the FTO working electrode. The functionalised FTO will be further referred to as

SA@FTO.
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COOH COOH
OH 2 (9)

COOH
\r
HCI, NaNO, %\*/\, /* > rﬁ‘&w
—_—
+ -
N ,

Il ,/
. - SA@FTO
Diazoniynf salt T

, ~

4-ASA

0.00 —
-0.054
0.10-
0.154

-0.20

i (mA.cm™)

-0.25 4
-0.30 4

-0.35 > diazonium salt reduction

-0.4 -0.2 0.0 0.2 0.4 0.6
E(V vs. 3M Ag/AgCl)

Scheme 2.4 - Schematic representation of FTO electrode functionalisation. Species were added in 10 mL of N2 sat-
urated DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.sL. The one-compartment electro-
chemical cell was also constituted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as reference

electrodes.

The CVs of FTO and SA@FTO were performed in a solution containing 1 mM of ferrocene
(Figure 2.17) Ferrocene/ferrocenium (Fc/Fc*) is considered a well-defined redox couple and
often recurred as an internal standard for potential values. Since SA@FTO and FTO display

different redox behaviours, it can be assumed that at least some content of SA has been
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successfully attached to the FTO. The SA@FTO redox peaks have a smaller potential difference
(AEp= 0.6 V) and the FTOs' (AEp= 0.87 V), meaning that SA@FTO enhances the electron trans-

fer.

-

-1I.0 | -OI.5 | O!O | 015 | 1{0 | 1.5
E (V vs. 3M Ag/AgCl)

Figure 2.17 - Cyclic voltammograms of 1 mM of ferrocene with FTO (black) and SA@FTO (red) as working elec-
trodes. Studies were performed in 10 mL of N2 saturated DMF with TBAPFe as the supporting electrolyte and
recorded at 100 mV.s™L. The one-compartment electrochemical cell was also constituted by platinum wire as coun-
ter and 3 M Ag/AgCl as reference electrodes.

The electrochemical behaviour of the HaL, PB and M precursors on SA@FTO was studied. The
precursor CVs in FTO and SA@FTO were compared (Figure A.38, in Annexes) and showed
some differences regarding the peak response. The CV of the PB on SA@FTO revealed an ad-
ditional reduction peak. SA is a molecule with both carboxylic and phenolic functions. Similar
to the CV of H4L+PB in FTO (for comparison, see Figure 2.6), the PB could also deprotonate
the functionalised layer, which also contains carboxylic acids and phenolic functions. There-
fore, the reduction peaks at -0.60 and -0.97 V could be attributed to the deprotonation of the
carboxylic and phenol functions of SA.

The Fe/L films were also deposited on SA@FTO working electrode. Similar to the FTO depo-
sition approach, films were deposited with growth potentials between from -1.1 Vand -1.4 V.
Depositions yielded dark-blue films at -1.4 and -1.3 V and no visible films at -1.2 and -1.1 V.
The chronoamperograms with growth potentials of -1.4 V and -1.3 V (Figure 2.18) show some

charge fluctuations in the first seconds followed by a gradual current decay.
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Figure 2.18 - Chronoamperograms following the deposition of the Fe/L films on SA@FTO, with growth poten-
tials of a) -1.4 V and b) -1.3 V. Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPF¢ as
the supporting electrolyte and recorded at 100 mV.s™L. The one-compartment electrochemical cell was also consti-
tuted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Precursors quanti-

ties: 7 mM of M, 2 mM of H4L. and 2 mM of PB.

On the other hand, the chronoamperograms obtained with growth potentials of -1.2 and -1.1
V (Figure A.39 in Annexes) displayed a fast current decay. After the decay to less negative
currents, the chronoamperogram at -1.2 V starts to invert the deposition behaviour and grad-
ually decays to more negative currents.

The same behaviour was observed in the deposition of the M+PB film at -1.4 V (Figure A.40 in
Annexes). This decay could be attributed to the interference of oxidation reactions (e.g., Fe2+
oxidation to Fe3*) competing with the film deposition.Since the M+PB film was obtained with
identical colour/texture from either FTO or SA@FTO working electrodes (orange /brown film)

it suggests that the functionalisation may not minimise the iron deposition.
2221 Characterisation of the Fe/L films on SA@FTO (7:2:2 of M:H4L:PB, respectively)

DRIFT characterisation

The Fe/L film with a growth potential of -1.4 V on SA@FTO was characterised by DRIFT. Fe/L
showed identical spectra, either by deposition of FTO or SA@FTO (Figure 2.19). The spectra

are constituted by the same vibrational modes and without bands shifts. The bands assigned
to vO-H at 3226 cm!, vC-H ranging from 2963 to 2861 cm™! and symmetric and asymmetric vo-
c-0 at 1537 and 1422 cm’!, respectively, were also observed. Also, vc-0 from phenoxide at 1217
cm’l, §c-H at 843 cm ! and vre-0 at 562 cml.
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Figure 2.19 - DRIFT spectra of the Fe/L films (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V on a) FTO
(dark blue) and b) SA@FTO (olive). Spectra were obtained in a range of 4000-750 cm™! and blank was measured
with a gold coated plate.

XRD characterisation

The SA@FTO electrode was firstly analysed by XRD (Figure A.41 in Annexes) and the diffrac-
togram only showed the characteristic FTO peaks. The Fe/L film (Figure A.42 in Annexes)

deposited with a growth potential of -1.4 V on SA@FTO was also characterised and still no
additional peaks were found. XRD helped to conclude that the FTO functionalisation was not
useful to induce film crystallinity. This could be explained by the continued presence of the

iron pre-layer.

2.2.3 Additional precursor interaction studies

The ratio of 7:2:2 (M:H4L:PB, respectively) was not successful to obtain a crystalline film nor
to minimise the iron deposit pre-layer. To optimise the deposition conditions, NMR, FTIR and
ultraviolet-visible (UV-vis) spectroscopies were used, and the precursor interactions were
studied.

NMR studies (pro-ligand /base)

The MOF film formation is dependent on the pro-ligand deprotonation by the basic species
(triethylamine), formed by the PB in-situreduction. To prove that this chemical transformation
happened, H4L was characterised by TH NMR in (CD3)2SO, with triethylamine (identified as
B) mixtures. These differed in ratios ranging from 1:0 to 1:2 (H4L:B, respectively). The H spec-
trum of H4L (Figure A.43 in Annexes) showed residual water at 3.43 ppm, and a singlet peak
at 7.27 attributed to the aromatic protons, in agreement with the literature.[153] It also showed
a very broad band at 10.61 ppm, which can be attributed to the carboxylic acid protons. The
peak of the phenol group was not observed, and the NMR studies proceeded without focusing
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on that signal. When B was gradually added (Figure A.44 in Annexes) the 'H spectra showed
the disappearance of the carboxylic acid proton at 10.61 ppm (Figure A.45 in Annexes) and
revealed the appearance of a peak at 8.94 ppm that shifts to 9.17 ppm (Figure A.46 in Annexes).
This indicated a chemical transformation, which could likely be the H4L. deprotonation. The
1H spectra also showed the shift of H1 (Figure A.47 in Annexes) suggesting a different chemi-
cal environment. The addition of B also originated two peaks at 3.10 and 1.17 ppm (Figure
A.48in Annexes), attributed to the aliphatic He and H7 from triethylamine/triethylammonium
species. These correlated in COSY spectrum of the 1:2 mixture (L:B respectively, Figure A.49
in Annexes).

The TOCSY spectrum of the 1:2 mixture (H4L:B, respectively, Figure A.50 in Annexes) showed
the correlation between He/H7 and the peak at 9.17 ppm, which was assigned to the NH of
triethylammonium. This study demonstrated that the triethylamine base was able to deproto-
nate the ligand in a mixture of 1:2 (H4L:B, respectively). Since the PB is regenerated through

the deposition process, the 1:1 ratio was also selected for the next approach.

FTIR and DRIFT studies (ligand /metal ion)

When performing electrochemical studies, it was noticed that the colour of the solution
changed whenever H4L was mixed with M or vice-versa (Figure A.51 in Annexes). The colours
of the precursor solutions were light yellow in the case of L and canary yellow in the case of
M. When mixing, a dark-green solution was formed, to what was assumed to be the coordina-
tion of L and M. One cause to the impossibility to obtain a crystalline film could be due to the
deposition of the coordinated species formed in solution with no structural rearrangement. To
conclude if this was occurring, the M+H4L mixture was dissolved in DMF and left to evaporate
for a couple weeks. The resulting precipitate (further identified as P) was washed with di-
chloromethane and dried in vacuum. It was analysed by FTIR and compared with the FTIR of
H4L and DRIFT of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V for
1 hour. Some spectral differences were addressed, starting from the P FTIR showing a band at
3437 cm1, assigned to vo-H, that did not coincide with H4L nor Fe/L. The P spectrum also
displayed a band at 2994 cm™! coincident with the film and attributed to vc-H. This band was
more intense than the other spectra and could be due to a higher C-H content from DMF sol-
vent molecules. To confirm the presence of DMF, additional bands at 2835 and 2785 cm™! are

at the typical wavenumbers of the Fermi resonance from the aldehyde function.
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Figure 2.20 - FTIR spectra of HaL (blue) and P (brown) and DRIFT spectrum of the Fe/L film (7:2:2 ratio of

M:Ha4L:PB, respectively) deposited at -1.4 V (green).

The FTIR spectrum of P also showed a band at 1561 cm™! that did not match with any of the
other spectra. It showed an intermediate wavenumber value between the vc=0 band of H4L at
1654 cm™! and one of the vo-c-0 bands of Fe/L at 1537 cml. This suggested that P may be
constituted by a mixture of carboxylic acid and carboxylate species. The bands at around 1220
cm! were identical to the ones found in the Fe/L film, attributed to the vc-0 of phenoxide

groups. There were two bands remaining that only coincide with the Fe/L spectrum, assigned

to the §C-H at approximately 822 cm™! and the vFe-0 at 562 cm™1.

The P spectrum proved the presence of pre-film complexes, by the shifting of the vc=0 band
from H4L and the presence of the vFe-0 band. Moreover, it does not show any band coincident

with the carboxylate band of Fe/L film at 1537 cm-1. This means that the coordination envi-

ronment was different, and so, Fe/L and P had a different composition.
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UV-vis studies (ligand/metal ion)

With the formation of pre-film complexes, the UV-vis spectroscopy could give additional in-
formation about the optimum ratio of M and H4L. The UV-vis spectrum of M (Figure 2.21 and
Table A.10, in Annexes) showed four peaks at 276, 322, 363 and 521 nm. It was expected that,
in solution, FeCl3:6H20 forms the respective hexaaquairon(Ill) complex, [Fe(H20)6]3*. This
complex is a d? high-spin compound and no spin transitions to excited states are allowed.[154]
Hence, these bands could be attributed to charge transfer (CT) transitions between the Fe3+*
ion metal and the H2O ligands. H4L was also characterised by UV-vis, showing a band at 370
nm, in agreement with the literature.[155] This could be attributed to n—r* or m—m* transitions.
The UV-vis spectrum of the M+H4L mixture with a ratio of 1:1 showed new bands at 298, 316
nm and 364 that coincide with the M and H4L bands. A more isolated band was spotted at 580

nm, assigned to the coordination between M and H4L, and was selected for the concentration

studies.
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Figure 2.21 - UV-vis spectra of H4L (black), M (red) and H4L+M (blue) in DMF. Species quantities: 0.1 mM of M
and 0.1 mM of HqL.

UV-vis spectra were acquired with different H4L+M concentration ratios (Figure 2.22). The
H4L concentration was kept constant at 0.1 mM and M concentrations ranged from 0 mM to
0.275 mM. The extinction coefficients (£max, dm3.mol-l.cm1) values at around 580 nm were
calculated from the Beer Lambert Law (Equation 5), ranging from 438 to 628 dm3.mol-l.cm-!
(Table A.11 in Annexes).

A = gnaxlc (Equation 5)
Where A: Absorbance, 1: path length (1 cm) and c: concentration of the specie(s) (dm3.mol ™).
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Figure 2.22 - UV-vis spectra of H4L:M mixtures with different ratios in DMF.

The UV-vis spectra showed a higher peak absorbance as the M concentration also increased,
until it reached a limit at the 1.5:1 ratio (of M:H4L, respectively) and stabilised at an absorbance
of around 0.16. Since Fe2L is constituted by a stoichiometric ratio of 2:1 (M:H4L, respectively),
this precursor quantity could be a better alternative than the 7:2 ratio. UV-vis confirmed this
by showing that the 2:1 ratio band at around 580 nm, previously attributed to the charge trans-

fer between M and H4L, belongs to the maximum response limit.

2.2.4 Cathodic deposition of Fe/L with a ratio of 2:1:1 (M:H4L:PB, respec-
tively)

Aiming to promote better film organisation, the iron excess was minimised to the FezL stoi-
chiometric ratio (2:1 of M:H4L, respectively) and the ratio of H4L and PB was maintained as
previously (1:1). This approach uses concentrations of 4 mM of M, 2 mM of H4L and 2 mM of
PB. The CV of 4 mM and 7 mM of M were compared (Figure 2.23a) and showed unshifted
Fe3+/2+ redox pair peaks. The redox peaks of 4 mM of M display an inferior peak response,
which was expected due to the less concentration. The CV of 4 mM of M also showed unshifted
Fe2+/0 redox pair peaks with the same peak response as the 7 mM CV.

The CV of the M+PB mixture was also run. Comparing it with the M CV, (Figure 2.23b), it also
showed the reduction of the Fel oxidation peak and the current crossing. Similar to the previ-
ous approach, it proves that PB has the ability to oxidise Fe to Fe2*, thus minimising the Fe
deposition. The CV with the H4L+M+PB mixture (Figure A.52 in Annexes) displays an iden-
tical behaviour to the one performed at a 7:2:2 ratio (M:H4L:PB, respectively, see Figure 2.7).
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Figure 2.23 - a) Cyclic voltammograms overlay of 7 mM of M (light green) and 4 mM of M (dark green); b) Cyclic
voltammograms overlay of 4 mM of M (dark green) and the mixture of 4 mM M and 2 mM PB ( ). Species
were added in 10 mL of N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.s1.
The one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter and
3 M Ag/AgCl as reference electrodes.

The films were deposited following growth potentials of -1.4 V,-1.3 V and -1.2 V. The poten-
tials of -1.4 and -1.3 V yielded a dark-blue film, and -1.2 V did not yield a visible film. The
chronoamperogram obtained at -1.2 V (Figure A.53 in Annexes) showed an irregular behav-
iour and a low current produced, which agrees with the impossibility to obtain a visible film.
Both -1.3 V and -1.4 V (Figure 2.24) showed a current decay with a gradual behaviour, similar
to an exponential function. The -1.3 V plot also showed current fluctuations, attributed to the
coupled reactions expected to happen in the first moments of the deposition process, already

mentioned above.
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Figure 2.24 - Chronoamperograms following the deposition of the Fe/L films with growth potentials of a) -1.4 V
and b) -1.3 V. Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPFe as the supporting
electrolyte and recorded at 100 mV.s'1. The one-compartment electrochemical cell was also constituted by FTO as
working, platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Precursors quantities: 4 mM of M, 2
mM of HaL and 2 mM of PB.
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2241 Characterisation of the Fe/L films (2:1:1 of M:H4L:PB, respectively)

DRIFT characterisation

The Fe/L films obtained at -1.3 V and -1.4 V were characterised by DRIFT (Figure A.54 in
Annexes). Both spectra are identical to the Fe/L film deposited at -1.4 V with a 7:2:2 ratio
(M:H4L:PB, respectively). The bands do not present any wavenumber shifts, and so, it can be
suggested that the films deposited with a 2:1:1 ratio (M:H4L:PB, respectively) have a similar
composition to the ones obtained by a 7:2:2 ratio (M:H4L:PB, respectively).

SEM characterisation

The same films were characterised by SEM (Figure A.55 and Figure A.56 in Annexes), obtained
with different magnifications. The films morphology was identical to the 7:2:2 (M:H4L:PB, re-
spectively) approach, observing stacked aggregates with similar sizes. In this case, both film
images show the presence of slits underneath what was assumed to be the Fe/L film (Figure
2.25). This has already been suggested to be an iron pre-layer. Hence, it was possible to admit
that the 2:1:1 (of M:H4L:PB, respectively) approach may not be useful to minimise this pre-

layer.

25 kW ©1 5808

Figure 2.25 - SEM images (x1500) of the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V (left)
and -1.4 V (right) for 1 hour.

PIXE characterisation

Particle-induced X-ray emission (PIXE) and Rutherford backscatter spectrometry (RBS) were
used to characterise the composition of the Fe/L film deposited with a growth potential of -
1.3 V. The content of the Fe, Cl and Sn atoms was obtained by the 2D compositional maps from
PIXE spectrum (Figure 2.26). The presence of Cl was observed and follows the presence of Fe.
Cl species are likely present as counter ions of Fe3+. This suggests that the films are constituted
by a mixed valence of Fe3+/2+. For further analysis, the Fe and Cl content was associated with
the presence of the Fe/L film and Sn is a constituent FTO electrode. These maps show that the

Fe and Cl atoms partially covered the FTO surface, with the presence of both warm- and cold-
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toned zones. For clarity, different film zones were selected, identified as 1 and 2. Zone 1 was
constituted by a high content of film on the top in contrast with Sn that was almost undetect-
able. On the other hand, 2 was constituted by a film hole, followed by minimal Fe and Cl and
with a high presence of Sn. This means that the films are heterogeneous and have high con-

centration zones.
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Figure 2.26 - Fe, Cl and Sn atom mapping of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3
V, obtained by PIXE (beam size of 530x530 um?).

Four film zones were selected, identified as 003 to 006 (Figure 2.27) and the RBS spectra were
obtained. The spectra are not equivalent, revealing different peak intensities. This was ex-
pected since the film was not homogeneous. Since elements emit characteristic X-rays, it was
possible to attribute each peak to the matching atom. The presence of C, O and Fe atoms was

detected in the film, with minimal Sn. This agrees with the presence of the expected Fe/L film.
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Figure 2.27 - RBS spectra (beam dimension: 3x4 um?) obtained by different zones of the Fe/L film (2:1:1 ratio of
M:H4L:PB, respectively) deposited at -1.3 V, identified as 003 to 006.

The Fe/O and Fe/C atomic ratios were calculated from the RBS spectra in the zones 003, 005
and 006 (Table 2.1). The experimental vales were compared with the expected for Fe2L. The
approximate thickness of the film zones was also obtained, based on the atom number per
cm?. Zone 005 was almost 3 times thicker than zone 003, proving the roughness and heteroge-

neity of the film. Focusing on the Fe/O and Fe/C ratios, all film zones displayed a higher Fe
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content than expected. Moreover, Fe/C ratio was much higher than Fe/O, meaning that both
Fe and O atoms are found with higher quantities than the C atoms. This agrees with the pos-
sibility of a pre-layer constituted by iron oxide/hydroxide. Zone 005 has the higher ratio dis-
parity to the expected values. Although it was a thicker film zone, the Fe/O and Fe/C ratios
were expected to have remained constant, if the composition was only based on the Fe/L film.

It did not happen, which suggests that zone 005 has a higher content of iron oxide/hydroxide.
Table 2.1 - Fe/O and Fe/C film atomic ratios obtained from the RBS spectra.

Atomic ratio Expected for FezL 003 005 006
Fe/O 0.33 0.75 0.83 0.66
Fe/C 0.25 0.45 1.92 1.33
Thickness (nm) - >4182 >11208 >11146
XPS characterisation

The surfaces of the Fe/L films deposited with a growth potential of -1.4 and -1.3 V were ana-
lysed by XPS. The survey spectra were focused on the C 1s, O 1s and Fe 2p peak deconvolution
(Table A.12 in Annexes). The attributions were based on the same references as the XPS char-
acterisations from the previous film approach.

The C 1s peak (Figure 2.28) of the Fe/L film deposited at -1.4 V showed a peak at around 282.5
eV that was attributed to the C from the sample holder. Moreover, both XPS spectra showed
a peak at 285 eV assigned to C-C and C-H bonds from surface C atoms. Both films display two
additional peaks deconvoluted at 286.5/286.9 and 288.7/288.8 eV, attributed C-O bonds from

the phenoxide function, and C-O bonds from the carboxylate function, respectively.[148]
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Figure 2.28 - XPS spectra of the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.4 and -1.3 V, am-
plified in the C 1s peak.

The Fe 2p1/2 and 2p3/2 peaks were also identified in the Fe 2p zone (Figure 2.29). The Fe2p3/2
peak was deconvoluted and, similarly to the 7:2:2 (M:H4L:PB, respectively) approach, these
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films are also constituted by different Fe3+/2+ species. Although it seemed that the -1.3 V film
presented a higher diversity of the Fe species, the lowest energy peaks are attributed to satel-

lites, which were not possible to recognise at the -1.4 V film spectrum.
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Figure 2.29 - XPS spectra of the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.4 and -1.3 V, am-
plified in the Fe 2p peak.

The O 1s peak (Figure 2.30) was deconvoluted into two identical peaks at 532.4/532.2 and
531.8/531.6 eV, attributed to the phenoxide and carboxylate functions. The XPS spectrum of

Fe/L deposited with a growth potential of -1.4 V showed an additional peak at 530.3 eV, as-
signed to the O found from iron oxides.
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Figure 2.30 - XPS spectra of the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.4 and -1.3 V, am-
plified in the O 1s peak.

The atomic concentration (%) of the Fe, C and O atoms was obtained (Table A.13 in Annexes).
Once again, the experimental values were compared with Fe2L.. Both films presented close
values of C and O, except for Fe, attributed to the interference from the surface C atoms. The
Fe/L film deposited at -1.4 V showed a higher content of Fe and O, but fewer C than the -1.3
V film. This could be associated with a higher heterogeneity of the -1.4 V film that could
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uncover more zones of the pre-layer and be detected by XPS. This agrees with the O 1s peak

at around 530.2 eV from the same film.

Elemental analysis characterisation

The Fe/L film deposited with a growth potential of -1.3 V for 1 hour was characterised by
elemental analysis (EA). For this, several films were deposited at -1.3 V and scrapped, until a
Fe/L powder of approximately 2 mg was reached. It was obtained an experimental composi-
tion of % 14.98 (C), 0.84 (N), 1.79 (H) that did not match to the theorical values of Fe2DODBC,
respectively % 31.42 (C), 0.66 (H) and 0 (N). Hence it was necessary to adjust film compositions
to find the closest values to the experimental.

First, theorical compositions of the sample were obtained considering the Fe/L film consti-
tuted by DMF, Et3N or H20 coordinated to the metal ion to complete an octahedral geometry
(Table A.14 in Annexes). Yet, the theorical compositions were still very far from the experi-
mental.

The film has a minimal constitution of N atoms (0.84%). So, nitrogen-containing molecules
(DMF or Et3N) would still be present in the film, but not coordinated to all metal sites. OH-
and CI- species could also be present as counter-ions, considering a Fe3+/2+ mixed valence film.
It should also be considered the presence of water and an iron oxide/hydroxide mixture. Tak-
ing all this factors into account, compositions including a mixture of H2O, DMF EtsN, OH-, CI-
and iron oxide/hydroxide leaded to values closer to the experimental (Table A.15 in Annexes).
This characterisation suggested that the film was not constituted by an isolated coordination
polymer, but a mixture of different species completing the octahedral geometry, counter ions,

and an additional layer composed by iron oxide/hydroxide.

BET characterisation

A BET surface area of approximately 1161 m2.g"! was obtained from the Fe/L film deposited
with a growth potential of -1.3 V for 1 hour. The experimental value was lower than the re-
ported BET surface area of Fe2L (1360 m2.g™1).[98] This means that the material was less porous
than expected and could be explained by a possible unorganised structural arrangement
caused by the presence of a Fe3*/2+ mixed valence film or an iron oxide/hydroxide pre-layer.
Moreover, the presence of Fe3* implies the presence of counter ions balancing the charge, that

would reduce the free pore volume and area.

XRD characterisation

The diffractogram of the Fe/L film deposited with a growth potential of -1.3 V for 1 hour did
not show additional peaks than the ones already attributed to the FTO working electrode (Fig-
ure A.57 in Annexes). This concluded that this new approach was not useful to induce an

organised film growth.
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For further reference, the depositions of the Fe/L films with a ratio of 2:1:1 (M:H4L:PB, respec-
tively) deposited with a growth potential of -1.3 V for 1 hour are identified as the opti-

mised/original conditions.

2.2.5 Other approaches to induce crystallinity

Post-synthetic heating under ambient atmosphere

To try to induce crystallinity, the films were deposited following the optimised conditions on
both FTO and SA@FTO, for comparison. The films were then exposed to a post-synthetic heat-
ing procedure adapted from the literaturel”4156] The instrumentation consisted of a furnace at
atmospheric pressure (Figure 2.31). The films were heated with a ramp rate of 4 °C/min until
reaching 100 °C. The temperature was kept for 12 hours after which was further increased to
200 °C at the same rate and maintained at this temperature for 2 hours. The films were natu-

rally cooled to room temperature.

T(°C)

""""""" s “ \\y \K //

100 °C for 12h - 200 °C for 2h

Figure 2.31 - Schematic representation of the post-synthetic heating approach.

The temperature-treated films showed a colour change from dark blue to brownish orange
and were visibly more heterogeneous. They were characterised by DRIFT obtaining a distinct
spectrum from the original films (Figure 2.32). It did not show vc-H bands, that were expected
to appear in the range of 2900-3000 cm™1. The bands presented a very broad shape, and it was
not possible to make any attributions. This characterisation suggested that the structure has

been degraded.

51



100

100

80
=) —~ Ve from CO,
98 é:/ Von C-H
= -
60 b) Veoc -
(sym)
| ] v / Veo
— A-treated (FTO) — FelL coc
4o | Aireated (SAGFTO) 40 —Atreated Fe/L (asym) SC_H
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
v (cm™)

v (cm™)
Figure 2.32 - DRIFT spectra of a) temperature-treated films on FTO (blue) and SA@FTO (pink); b) original Fe/L

film (green) and heated temperature-treated film (blue) on FTO. Spectra were recorded in a range of 4000-750 cm
L and the blank was measured with a gold coated plate.

The temperature-treated films were also characterised by SEM (Figure A.58 and Figure A.59
in Annexes). It was noted that the temperature induced an increased pre-layer cracking and
shrinking into more localised zones (Figure 2.33). Yet, the morphology of the temperature
treated Fe/L films remained like the non-thermal treated films.

Fe/L film

Fe/L film :
=-13V

E.op = 1 3.V on SA@FTO s

Fe/L film

Fe/Lfilm "
E.p =-1:3V.on SA@FTO E.pp=-1.3V.
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A-treated A-treated

Figure 2.33 - SEM images of the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V before and
after the temperature treatment. The temperature-treated films are identified as "w/T".
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Since this information was not in agreement with DRIFT, the temperature treated Fe/L film
previously deposited on SA@FTO was selected to be characterised by PIXE and RBS. The 2D

PIXE maps of the Fe, Cl and Sn atoms (Figure 2.34) show the presence of a more heterogeneous

film, with a more localized concentration of iron and chlorine.
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Figure 2.34 - Fe, Cl and Sn atom mapping of temperature-treated Fe/L film (2:1:1 ratio of M:H4L:PB, respectively)
deposited at -1.3 V on SA@FTO, obtained by PIXE (beam size of 530x530 pm?).

Two highly concentrated Fe zones were selected to obtain the RBS spectra, identified as 018
and 019 (Figure A.60 in Annexes). From the peaks, it was also possible to obtain the Fe/O and
Fe/C atomic ratios (Table 2.2). Although there are no significant changes in Fe /O or the overall
thickness, the Fe/C ratio has abruptly increased to abnormal values with differences of 8.55
and 2.78 for zones 019 and 018, respectively. This could only mean that the temperature treat-
ment degraded most of the organic component, and it was mainly left with an iron deposit.
This carbonisation process has already been described in the literature for Co-, Zn- and Ni-

MOF-74 with higher temperatures (more than 300 °C).[157,158]
Table 2.2 - Fe/O and Fe/C film atomic ratios obtained from the RBS spectra.

Atomic ratio Theoretical Zone 019 Zone 018
Fe/O 0.33 0.78 0.55
Fe/C 0.25 8.80 3.03

Thickness (nm) - >10900 >11884

The temperature-treated Fe/L film in FTO was characterised by XRD (Figure A.61 in An-
nexes). The diffractogram still did not show any additional peaks rather than the ones at-
tributed to the FTO electrode. Hence, this technique was unsuccessful to obtain a crystalline

film.

Film activation

The Fe/L film previously deposited by optimised conditions was activated adapting a proce-
dure from the literaturel15°] It was exposed to DMF solvent changes followed by CH2Clz. Then,

it was placed in a furnace under vacuum and heated at 150 °C overnight. The goal was to
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remove DMF and other impurities and obtain open Fe3+/2+ sites, that could result in a better
film organisation. The post-activated film was characterised by DRIFT (Figure A.62 in An-
nexes). The spectrum was identical to the original film, except for a shift of the voH band at
3040 cm™! that covered the expected vcH band. This shift could be attributed to a higher content
of water.

The post-activated film was also characterised by XRD (Figure A.63 in Annexes), still not

showing any additional peaks. So, this approach was not viable to obtain a crystalline film.

Less deposition time (growth study)

The morphology of the Fe/L films was studied over different deposition times to conclude
about the film organisation along the different deposition stages. These were deposited with
a growth potential of -1.3 V with durations ranging from 8 seconds to 45 minutes (Figure A.64
in Annexes). The films obtained between 8 and 190 seconds were not visible. From 15 minutes
ahead, a dark-blue film was obtained.

The 15-minute film was characterised by DRIFT (Figure A.65 in Annexes). Comparing it with
the original 1-hour film, it was possible to conclude that the spectra coincide, and the bands
have not shifted.

The FTO electrode, as well as the films deposited for 8 and 20 seconds and 15, 20 and 30
minutes were characterised by AFM, obtaining both 2D and 3D images (Figure A.66 to Figure
A.71 in Annexes). Although AFM did not characterise the films crystallinity, it revealed mor-
phological information, as well as approximate values of film depth. The AFM images of FTO
showed a rough material, with a morphology characteristic of metal oxides. The images of the
8- and 20-second films show a very ordered morphology, with a dune-like consistency at 8
seconds, that formed terraces at 20 seconds (Figure 2.35). The morphologies of the 15-, 20- and
30-minute films agree with the SEM images of the 1-hour films. Herein, it was also noted that
the films were constituted by disc-shaped aggregates stacked on top of each other. Moreover,
the AFM image of the 30-minute film presents a different layer depositing on top of the stacked
aggregates, which could be due to an unorganised growth. This new layer could be further
analysed by the 45-minute or 1-hour films, however, they were too thick to be characterised
by AFM.

54



75.0 nm

i5min, 2 pm
L4
250.0 nm "y

Figure 2.35 - 2D AFM images of deposited Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited for 8 and
20 seconds (1 x 1 pm) and 15, 20 and 30 minutes (2 x 2 pm).

The approximate thickness of the 8- and 20-second films was obtained by the 2D maps, reach-
ing values of at least 15 nm and 185 nm, respectively (Figure 2.36). These shorter deposition
approaches could be advantageous if the films were proven to be crystalline by XRD. On the
other hand, this fast rate could be associated with a random growth and be one of the causes

of obtaining an amorphous Fe/L film.
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Figure 2.36 - 2D AFM image of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited for 8 (2 pm x 2 pm)
and 20 seconds (5 pm x 5 pm) with identified zones showing films depths of 15 nm and 185 nm, respectively.

55



For comparison, the M+PB film was also analysed by AFM (Figure A.72 in Annexes). The im-
ages showed a typical metal oxide morphology, similar to FTO, as already expected. This

agrees with the presence of an iron oxide/hydroxide film.

Longer deposition time (1h vs. 24h)

Other cause to the lack of crystallinity could be a fast nucleation rate. Hence, by applying a
less negative potential, the film could deposit by a slower rate and obtain a more organised
growth. Moreover, Fe-MOF-74 is conventionally prepared by reactions that take between 18
to 24 hours.[?8100] Hence, a longer deposition time with a less negative potential growth could
result in a higher crystallinity. Thus, a Fe/L film was deposited with a growth potential of -
1.0 V for 24 hours. This approach yielded a dark-blue film, visibly thinner than the original
Fe/L film. The chronoamperogram (Figure A.73 in Annexes) showed an irregular behaviour
through the hole deposit time, which could be caused by a slower deposition rate. It was also
displayed abrupt current fluctuations from 4 hours of deposition, which could be attributed
to film detaching, and was further proven by the presence of precipitate in the bulk solution.
Focusing in the first hour of deposition, it was possible to note an exponential decay, in agree-
ment with the chronoamperogram behaviour of the original Fe/L film.

The 24-hour film was characterised by DRIFT (Figure A.74 in Annexes). Comparing it with the
original Fe/L film, it showed identical spectra, with coincident and unshifted bands.

The film was also characterised by XRD (Figure A.75 in Annexes), and the diffractogram still
did not show extra peaks, concluding that this approach was still not useful to obtain a crys-

talline film.

Synthesis with temperature (90 °C)

Solvothermal/hydrothermal conventional techniques rely on high temperatures (80 to 220
°C)I59]. Hence, producing the films under a higher temperature could induce crystallinity.
Moreover, since the high temperatures would conduct in a faster deposition rate, it was se-
lected a less negative growth potential. The one-compartment electrochemical cell was placed
in an oil bath at 90 °C and Fe/L films were deposited with a growth potential of -1.2 V for two
depositions times: 1 hour and 15 minutes. A light-blue film was obtained after 15 minutes, and
a dark-blue film after 1 hour. The 1-hour film was visibly thicker than the 15-minute. Similar
to the 24-hour approach, the chronoamperograms (Figure A.76 in Annexes) do not show grad-
ual decay along the deposition time. This behaviour could also be due to the influence of a
slower diffusion or/and film detaching.

Only the 1-hour film was characterised by DRIFT (Figure A.77 in Annexes). It coincides with
the original Fe/L film spectrum, with unshifted bands, except for the impossibility to find the
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vC-H bands. The spectrum of the 1-hour film showed a more intense voO-H band that could be
masking the vC-H.

The 1-hour film was also characterised by XRD (Figure A.78 in Annexes), showing a diffrac-
togram only containing the characteristic FTO peaks. Hence, it was still not possible to obtain

a crystalline film.

Higher quantity of pro-base (4 mM vs. 2 mM)

To optimise the conditions, it was attempted a higher quantity of PB, from 2 mM to 4 mM.
Fe/L films were deposited with growth potentials of -1.3 V for two selected deposition times:
1 hour and 15 minutes. This depositions contained a precursor ratio of 2:1:2 instead of the
original 2:1:1 (M:H4L:PB, respectively). The 15-minute film was almost not visible, and the 1-
hour film yielded a dark-blue film with a worse aspect than the original Fe/L film. It presented
undeposited zones that could be associated with a higher film detaching. The chronoam-
perograms of the 1-hour and 15-minute films (Figure A.79 in Annexes) diverged from the ex-
pected exponential behaviours, which could be associated with a higher content of parallel
reactions between the base and the other present species.

The 1-hour film was characterised by DRIFT and overlayed with the original Fe/L film (Figure
A.80 in Annexes). Once again, the spectra coincide, apart from a slight shift of the voH band
which could indicate a higher content of water.

The 1-hour film was characterised by XRD (Figure A.81 in Annexes), and still no additional

peaks to the ones attributed to the FTO electrode were observed.

Deposition with an applied magnetic field

The Fe/L film was deposited with an external magnetic field (B) parallel to the FTO working
electrode. This approach was motivated by the possibility of B inducing an organised film
growth, as already reported by other works.[160.161] A Teflon-electrochemical cell was assem-
bled and displayed in the centre of a magnet (Figure A.82 in Annexes) and the three electrodes
were connected to a portable potentiostat. The film was deposited with a growth potential of
-1.3 V and a magnetization of 1 T for 1 hour.

This film was analysed by DRIFT (Figure A.83 in Annexes) and, by comparing it with the
original Fe/L film, it also displayed the same spectrum, with the exact same bands, differing
from a slight shift of the vo-x band.

It was also characterised by XRD (Figure A.84 in Annexes) and the diffractogram showed a
different behaviour from the diffractograms presented throughout this thesis. This difference
was attributed to the modification of the FTO structure organisation induced by magnetiza-

tion.
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2.3 Fe/L1,Fe/L2 and Fe/L3 films: production and characterisa-
tion

Aiming to improve the supramolecular interactions between the host (film) and the guest (uric
acid), Fe/L analogues were produced, identified ad Fe/L1, Fe/L2 and Fe/L3.

Similar to the Fe/L approaches, the redox behaviour of the precursors was also studied. The
CVs of the HaL1, H4l.2 and H4L3 pro-ligands (Figure A.85 in Annexes) show similar electro-
chemical responses to H4L. Overall, they all are weak electroactive species. The CVs of the PB
mixtures with H4L1, H4L2 and H4L3 were expected to show an enhanced reduction peak co-
incident to the isolated PB reduction peak at around -0.58 V, that was previously attributed to
the pro-ligand deprotonation. Moreover, the presence of two reduction peaks was also ex-
pected if the deprotonation was also controlled by a two-step process. Yet, CVs only display a
reduction peak at around -0.87 V (Figure A.86 in Annexes). This does not discard the pro-
ligands deprotonation but indicates a different protonation process than HaL.

The mixtures of M with H4LL1, H4L.2 and H4L3 (Figure A.87 in Annexes) show a current cross-
ing at around -1.25 V, and the Fe2+/0 redox peaks, at around -0.88 V and -0.39 V, in agreement
with the M+H4L CV.

The addition of PB to the previous mixture (Figure A.88 in Annexes) minimises the current
crossing at around -1.25 V assigned to the Fe deposition and the Fe?* oxidation peak at around
-0.39 V.

The optimised deposition of the Fe/L film was set with a precursor ratio of 2:1:1 (M:H4L:PB)
and a growth potential of -1.3 V for 1 hour. The solutions containing HaL.1, H4L.2 or H4L3 as
pro-ligand precursors were deposited following those same conditions. All depositions
yielded marron films, differing from the dark blue Fe/L films. The chronoamperograms (Fig-
ure 2.37) display gradual current decays, resembling exponential functions. All depositions
show minimal current fluctuations in the first seconds of electrodeposition. Fe/L3 showed the

highest current variation of around 0.1 mA.
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Figure 2.37 - Chronoamperograms following the deposition of a) Fe/L1, b) Fe/L2 and c) Fe/L3 films at-1.3 V.
Electrodepositions were performed in 10 mL of N2 saturated DMF and TBAPFe as the supporting electrolyte. The
one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M
Ag/AgCl as reference electrodes. Precursor quantities: 4 mM of M, 2 mM of H4lL1, H4l2 or H4L.3 and 2 mM of PB.

To test if less potential could be used for the deposition, films were also produced with a
growth potential of -1.2 V. The depositions also yielded marron films. This time, the chrono-

amperograms (Figure 2.38) showed a less gradual current decay, with more fluctuations. This

can be associated with a slower rate of deposition.
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Figure 2.38 - Chronoamperograms following the deposition of a) Fe/L1, b) Fe/L2 and c) Fe/L3 films at-1.2 V.
Electrodepositions were performed in 10 mL of N2 saturated DMF and TBAPFs as the supporting electrolyte. The
one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M
Ag/AgCl as reference electrodes. Precursor quantities: 4 mM of M, 2 mM of H4lL1, H4L.2 or H4L.3 and 2 mM of PB.

DRIFET characterisation

The Fe/L1, Fe/L2 and Fe/L3 films deposited at -1.3 V were characterised by DRIFT (Figure
2.39 in main text and Figure A.89 and Figure A.90 in Annexes, respectively). All films were
compared with the matching pro-ligands and showed band shifts, which agrees with the pro-
ligand deprotonation and respective coordination to the metal ion. For example, Fe/L1 still
showed the vc-H and §C-H bands from H4L1. Yet, the vo-H bands of H4L1 are altered to a single

band at around 3400 cm™!, which could be attributed mainly to the presence of water.
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Figure 2.39 - FTIR spectrum of H4L1 (black) and DRIFT spectrum of the Fe/L1 film (blue) deposited at-1.3 V.

Spectra were recorded in a range of 4000-500 cm-1.

Similar to Fe/L, the vc=0 band from the pro-ligands was not observed in the Fe/L1, Fe/L2 or
Fe/L3 films. Moreover, the presence of two new bands (Table 2.3) at around 1500 cm™ and

1400 ecm™! confirmed the presence of carboxylate functions by deprotonation of the pro-lig-

ands.
Table 2.3 - Symmetric and asymmetric vo-c-0 bands from Fe/L1, Fe/L2 and Fe/L3.
Band (cm) Fe/L1 Fe/L2 Fe/L3
Symmetric vO-C-O 1546 1564 1497
Asymmetric vO-C-O 1413 1413 1355
SEM characterisation

The Fe/L1, Fe/L2 and Fe/L3 films deposited with a growth potential of -1.3 V were charac-
terised by SEM (Figure A.91 to Figure A.93 in Annexes). Comparing the previous with the
Fe/L image in the same magnification (Figure 2.40), they were also constituted by disc-shaped
aggregates stacked on top of each other. Fe/L2 showed a cracked pre-layer and, likewise Fe/L,
could be assigned to the iron pre-layer. All SEM images show slight differences in the aggre-
gates' sizes. From all, Fe/L and Fe/L2 have the most regular size distribution, with medium-
sized aggregates. Contrarily, Fe/L3 displays the most irregular distribution, with distinctly

big aggregates on the surface that were not found in the remaining films.
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Figure 2.40 - SEM images of the Fe/L1, Fe/L2 and Fe/L3 films deposited at -1.3 V and amplified at x5000.

PIXE/RBS characterisation

The Fe/L1, Fe/L2 and Fe/L3 films deposited at -1.3 V were characterised by PIXE and RBS.
The PIXE 2D maps of Fe/L1 (Figure 2.41) showed a similar pattern to the 2D maps of the Fe/L
film. On the other hand, it showed a higher distribution of Sn, which suggests that Fe/L1 may
be thinner than Fe/L.

100 um 482003R1:Sn (ITN)
Fe/L1 AR

OH &

Figure 2.41 - Fe, Cl and Sn atom mapping of the Fe/L1 film deposited at -1.3 V, obtained by PIXE (beam size of
530%530 pm?).

An RBS spectrum was obtained by selecting a zone identified as 007 (Figure A.94 in Annexes).

The spectrum showed an intense Si peak, and a Sn peak that was more intense than the one
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attributed to Fe. The approximate thickness was obtained with a value of 2000 nm and agrees
with the previous conclusions, since the Fe/L film had a thickness of around 11000 nm. The
approximate Fe/C and Fe/O ratios of Fe/L1 were obtained (Table A.16 in Annexes) from the
film zones identified as 006, 007 and 008. All show close values to the expected for Fe2L1,
except for 006 that showed a higher Fe content than expected. This could be influenced by the
presence of an iron pre-layer.

The PIXE 2D atomic maps of Fe/L2 and Fe/L3 (Figure 2.42 and Figure 2.43) showed an iden-

tical morphology to Fe/L1 in terms of film heterogeneity and atomic distribution of the films.
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Figure 2.42 - Fe, Cl and Sn atom mapping of the Fe/L2 film deposited at -1.3 V, obtained by PIXE (beam size of
1060x1060 pm).
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1060x1060 pm).

It was not possible to obtain adjusted RBS spectra of neither Fe/L2 or Fe/L3 so far. Hence, the
atom ratios were be based on unadjusted RBS spectra of different zones of the films. The Fe/C
and Fe/O ratios for Fe/L2 (Table A.17 in Annexes) were based on a zone identified as 106.
Moreover, it showed an approximate thickness of 1900 nm, which was even lower than the
Fe/L1 film. It displayed similar Fe/O and Fe/C ratios to Fe2L.2, except for the N/O content,
which was higher. This could be due to the interference of DMF or EtsN molecules. The ex-
perimental ratios of Fe/L3 were also obtained by (Table A.18 in Annexes) the film zones iden-
tified as 97 and 98. Although they show close values to the Fe/O ratio of Fe2.3, N/O ratios

are lower and Fe/C are higher, which agrees with the presence of an iron oxide/hydroxide
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pre-layer. Surprisingly, this film reached a thickness of approximately 18000??, thicker than
the original Fe/L film. The Fe/L3 was selected to perform a Fe, C, O and N distribution in
depth (Figure 2.44) by the 097 zone. The plot showed that, closer to the FTO electrode, the
Fe/L3 film was constituted by a pre-layer only constituted by Fe and O, in agreement with the
existence of an iron oxide/hydroxide pre-layer.
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Figure 2.44 - Atomic in-depth distribution of Fe, C, O and N.
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XPS characterisation

The Fe/L1, Fe/L2 and Fe/L3 films deposited with a growth potential of -1.3 V were analysed
by XPS by focusing on the C 1s, O 1s and Fe 2p peaks. The attributions can be found in Table
A.19,in Annexes. The peaks agreed with the ones found in Fe/L film and the attributions were
also based on the same references.

The C 1s peaks were deconvoluted (Figure 2.45) and the Fe/L2 film showed a peak at around
283 eV, attributed to the C from the sample holder. Moreover, all spectra show a peak at 285
eV, assigned to C-C and C-H bonds from surface C atoms. The peaks found at around 286.4
and 288.8 eV were assigned to C-O bonds from the phenoxide function, and C-O bonds from

the carboxylate function, respectively. This once again proves the deprotonation of the pro-

ligands.
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Figure 2.45 - XPS spectra of the Fe/L1, Fe/L2 and Fe/L3 films deposited at -1.3 V, amplified in the C 1s peak.
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The Fe 2p1/2 and 2p3/2 peaks could also be identified in the Fe 2p zone (Figure 2.46). Herein,
the 2p3/2 deconvolutions also show a complex Fe constitution. This also means that the beam

can reach the iron oxide/hydroxide and detect the different constituted FeZ* and Fe3* species.
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Figure 2.46 - XPS spectra of the Fe/L1, Fe/L2 and Fe/L3 films deposited at -1.3 V, amplified in the Fe 2s peak.
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The O 1s peak of the Fe/L1 (Figure 2.47) was the only one that was possibly deconvoluted so
far. Nevertheless, it was expected that all films presented the observed peaks at around 531.7
and 532.7 eV, attributed to the phenoxide and carboxylate functions. These peaks are in agree-

ment with the C 1s peaks, regarding the pro-ligands deprotonation.
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Figure 2.47 - XPS spectra of the Fe/L1 film deposited at -1.3 V, amplified in the O 1s peak.

The atomic concentration (%) of the Fe, C and O atoms was quantified for all three films and
compared with the expected values. The Fe/L1 (Table A.20 in Annexes) showed a smaller
content of Fe, which can be associated with interferences from the surface C contamination.
Since it was obtained a N percentage of 3.3%, the experimental values were also compared
with the predicted composition of Fe2L1(DMF)(H20). Although the N content was closer to
this structure (predicting 2.2%), as well as the Fe content, C and O quantities remain closer to
the Fe2L1 composition. Hence, it was possible to assume the Fe distorted value by C surface
and the presence of N that could also be due to contamination, or a minimal content of DMF
molecules. In the case of Fe/L2 and Fe/L3 (Table A.21 and Table A.22, respectively, in An-
nexes), the Fe content was also far from the expected, but all the other components agree with
the expected FezL structures. Once again, slight shifts can be associated with C surface con-

tamination which are more pronounced on the Fe content.

XRD characterisation

From the three films, Fe/L3 was selected for XRD characterisation (Figure A.95 in Annexes)
and, once again, only the FTO characteristic peaks are observed. Although several approaches
were attempted to induce film crystallinity, none of them were successful so far. Although

amorphous, these films were still tested the uric acid sensing.
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2.4 Electrochemical behaviour of the films

The electrochemical behaviour of the Fe/L, Fe/L1, Fe/L2 and Fe/L3 films was studied by
cyclic voltammetry (Figure 2.48). The Fe/L film deposited for 15 minutes was also included
for this application. Overlaying all CVs, Fe/L deposited for 1 hour had, by far, the highest
electrochemical response and Fe/L2 the lower. The Fe/L film deposited for 15 minutes was
less electroactive than the 1-hour film, as expected, since it was a thinner film. Nevertheless,
the 15-minute film was still more electroactive than the films constituted by the the H4L1, H4L.2

or HaL3 pro-ligands.
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Figure 2.48 - Cyclic voltammograms of the Fe/L films deposited for 1 hour (black) and 15 minutes (red), as well
as the Fe/L1 (blue), Fe/L2 (pink) and Fe/L3 (green) films, all deposited at -1.3 V. CVs were performed in 10 mL
of N2 saturated DMF and recorded at 100 mV.s"L. The one-compartment electrochemical cell was also constituted

by platinum wire as counter and 3 M Ag/AgCl as reference electrodes.

The electroactive surface coverage (I, mol.cm-2) of all films was calculated by Equation 6 and

shown in Table 2.4. The charge was obtained by integration of the redox peaks of Fe3+/2+,

Q q .
=— -1 Equation 6
¢ nFA nF (Eq )

where Q (C): charge obtained by the integration of the Fe3*/2* peaks; A (0.7 cm?): geometric area of the electrode; q (C.cm™):

charge density; n (1): number of electrons of the process; F (96485 C.mol™): Faraday constant.

I, depends on the density of iron active sites and so, it will also vary with the thickness of the
films. The coverage values agree with the approximate thicknesses obtained by PIXE, since
Fe/L presented the highest density of active sites. Although the 15-minute Fe/L film was not
characterised by PIXE, it was still thicker than the Fe/L1, Fe/L2 and Fe/L3 films. Finally, as
predicted by PIXE, Fe/L3 was thicker than Fe/L1 and Fe/L2.
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Table 2.4 - Electroactive surface coverage of the Fe/L (1h and 15min), Fe/L1, Fe/L2 and Fe/L3 films deposited at

-1.3V.
Fe/L (1h) Fe/L (15min) Fe/L1 Fe/L2 Fe/L3
[, (molcm?) 7.8 x 109 46 x 109 218 %109 13x109 3.8 x 109

2.5 Uric acid sensing

In terms of application, the films were tested for the electrochemical detection of uric acid.

As an initial attempt, the redox behaviour of the Fe/L films deposited for 1 hour and for 15
minutes were studied by cyclic voltammetry, in phosphate-buffered saline (PBS) solutions. A
total of 11 cycles were performed (Figure 2.49) and the films appeared stable. The current dif-

ferences could be attributed to minimal film detaching from the electrode.
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Figure 2.49 - Cyclic voltammograms of the 1-hour and 15-minute Fe/L films (2:1:1 ratio of M:H4L:PB, respec-
tively) deposited on the FTO working electrode (0.7 cm?2). CVs were performed in 10 mL of N2 saturated PBS
buffer and recorded at 100 mV.s"L. The one-compartment electrochemical cell was also constituted by platinum

wire as counter and 3 M Ag/AgCl as reference electrodes.

The UA detection was further tested with differential pulse voltammetry (DPV) (Figure 2.50).
Concentrations of UA were added in a range of 300 to 550 uM and the current response was
measured with a potential range between 0.4 and 1.1 V. The 15-minute Fe/L film showed a
sensing tendency only between 300 and 350 uM of UA, by what seemed to have reached a
limit. On the other hand, the 1-hour film did not show a tendency at all. The voltammograms
started by showing an oxidation peak at 0.4 V by the addition of 300 uM of uric acid. When
adding 350 uM, which was the second addition of uric acid, this peak unfolded into two peaks,

at 0.4 and ~0.85 V and it was not possible to produce a calibration curve.
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Figure 2.50 - DPV voltammograms of UA concentrations on a range of 300 to 550 uM on 1-hour and 15-minutes
Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) in PBS buffer.

Qualitatively, after the electrochemical sensing measurements, the dark-blue film turned
white (Figure A.96 in Annexes). This proved that the films sensing abilities were being per-
turbed by the simultaneous adsorption of a white component of the buffer, possibly the phos-
phate anions. To overcome this limitation, the buffer solution was replaced by tris-HCl buffer.
The stability of the 1-hour and 15-minute Fe/L films in tris was analysed by performing CVs
with 6 cycles (Figure 2.51). It was possible to observe a minor decrease of the current as the
number of cycles increased, and that could also be associated with film detaching from the

electrode.
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Figure 2.51 - Cyclic voltammograms of the 1-hour and 15-minute Fe/L films (2:1:1 ratio of M:H4L:PB, respec-
tively) deposited on the FTO working electrode (0.7 cm?2). CVs were performed in 10 mL of N2 saturated 0.1 M of
tris-HCl buffer and recorded at 100 mV.s™1. The one-compartment electrochemical cell was also constituted by
platinum wire as counter and 3 M Ag/AgCl as reference electrodes.
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The response of the films towards different concentrations of uric acid was once again meas-
ured by DPV. Uric acid was added at concentrations between 5 and 325 uM and from the
maximum peak currents, calibration curves were obtained.

The response of the unmodified FTO electrode was recorded to be compared with the Fe/L
films (Figure 2.52). It resulted in a linear regression of ip = 0.0322 Cua + 4.033 (R?=0.9867) with
a linear range of 85-325 pM.

— Blank — 165 um UA
——5um UA — 185 um UA
——25umUA  — 205 pm UA
——45umUA  — 225 um UA
——65umUA — 245 um UA
——85umUA — 265 um UA
— 105 um UA 285 um UA
—— 125 um UA —— 305 um UA
—— 145 ym UA 325 um UA

| y=0.0322x + 4.033
R?=0.9867

0.0 0.2 0.4 0.6 0.8 1.0
E (V vs. 3 M Ag/AgCl)

T T T T T
100 150 200 250 300 350
Cua (uM)

Figure 2.52 - DPV voltammograms of UA concentrations on a range of 50 to 325 mM on FTO electrode in tris
buffer.

The response of the Fe/L film deposited for 1 hour on FTO was also measured (Figure 2.53).
It resulted in a linear regression of of ip = 0.01158 Cua + 28.01 (R2=0.989) with a linear range
of 25-305 pM.

The response of the Fe/L film deposited for 15 minutes was also obtained by DPV (Figure
A.97 in Annexes). This time, the peaks attributed to uric acid oxidation shifted to different
potentials and did not show a current increasing tendency. The 15-minute film was far thinner
than the 1-hour Fe/L film. Moreover, the 15-minute film had visible film holes, exposing the
FTO electrode. The uric acid response irregularities could be influenced by the simultaneous
response of the FTO electrode and so, the 15-minute film was not viable for the uric acid sens-

ing studies.
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Figure 2.53 - DPV voltammograms of UA concentrations on a range of 50 to 325 mM on 1-hour Fe/L film in tris
buffer.

To conclude about the applicability of the Fe/L film, sensing parameters such as the limit of
detection (LOD, calculated by Equation 7), sensitivity and standard deviation (c) were ob-

tained and presented in Table 2.5.

LOD = 3.Sﬁ (Equation 7)

where o (1A.cm™2): standard deviation and $ (uA.uM.cm™2): slope of the curve.

As noticed, FTO electrode revealed a smaller linear range than the Fe/L film. In terms of sen-
sitivity, they both display an approximately linear response to the quantity of uric acid, which
is a positive result. Nevertheless, the Fe/L film similar sensitivity to the FTO. The standard
deviation is higher for FTO. This means that the Fe/L film displayed a more accurate result

and so, remains advantageous against bare FTO.
Table 2.5 - Sensing parameters obtained for Fe/L film deposited on FTO and for bare FTO.

_ Sensitivity
Linear range (uM) (WA pM-Lem?) c (LA.cm™2) LOD (mM)
Fe/L 25-305 0.012 1.037 0.296
FTO 85-325 0.032 2.523 0.259

As stated above in Chapter 1.1, normal uric acid levels range from 0.13-0.46 mM in blood and
1.49-4.5 mM in urine. Fe/L showed a LOD of 0.296 mM, which was slightly higher than the
FTO. Moreover, it will not allow to quantify lower concentrations of uric acid in urine samples.

Comparing these results with the reported,[30] the sensor of this work presents an abnormally
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high LOD, since the ones reported are produced with a LOD in a pM scale and so, further
sensor optimisations are needed. Due to time limitations, Fe/L1-L3 films were still not tested

for uric acid sensing.

2.6 Conclusions and perspectives

In this thesis, three pro-ligands were synthesised, H4L1, H4L.2 and HaL.3. H4L1 has been pre-
viously reported and, to the best knowledge, H4L.2 and H4L3 are new pro-ligands. All struc-
tures were characterised by NMR and FTIR. Additionally, Hal.2 and H4L.3 were also charac-
terised by EA. Attempts to synthesise other pro-ligands, by the insertion of benzobistrialoze
or benzobisthiadialoze moieties, proved to be unsuccessful. For future work, the synthesis of
the remaining pro-ligands by alternative routes is planned.

The original M-MOF-74, based on the H4L pro-ligand, is reported as crystalline when pro-
duced by conventional methods (solvothermal/hydrothermal).[84] Attempts to grow the M-
MOF-74 by electrochemical methods proved unsuccessful as it was not possible to obtain a
crystalline film. The optimised/original conditions were established by depositing the Fe/L
film with a 2:1:1 ratio (M:H4L:PB) with a growth potential of -1.3 V for 1 hour. Changes to the
original conditions were attempted to induce film crystallinity, which were also not successful
(Figure 2.54). Moreover, all attempts performed in Chapter 2.2.5 show identical DRIFT spectra

to the original Fe/L film, suggesting similar morphologies.
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Figure 2.54 - DRIFT spectra of all the films produced in Chapter 2.2.5, compared with the original Fe/L film.
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The absence of crystallinity could be explained by the presence of a mixed valence Fe3+/2+ or
by impurities (DMF, H20, Et3N, Cl- and OH") that could condition the formation of organised
structures during film growth. To ensure the presence of amorphous films constituted by the
iron metal ion and the H4L pro-ligand, these were characterised by a range of techniques, such
as FTIR, SEM BET, EA, XPS, PIXE and AFEM. Altogether, these allowed to conclude about the
morphology as well as the composition of the films and indicated the presence of an unorgan-
ised coordination polymer, constituted by the metal ion coordinated to the ligand. Moreover,
the presence of an iron oxide/hydroxide pre-layer was also proved. However, these tech-
niques did not allow to unequivocally conclude about the oxidation states of the Fe3*/2+ mixed
valence film. For that, Mdssbauer would be a useful characterisation technique to inform about
the oxidation state of the iron in the films.

Non-crystalline films could also have resulted because of the use of very negative potentials.
AFM demonstrated the organised growth of the films from the first seconds of deposition.
Nevertheless, after 15 minutes, it was clear that an unorganised morphology was already pre-
sent. As a solution, the deposition could be tested in the presence of MOF modulators (mono-
carboxylic acids, e.g., formic or acetic acids).[162] These would compete with the organic lig-
ands and prevent the formation of deposited impurities, simultaneously decreasing the MOF
nucleation rate and enhancing the crystallinity.

Although MOF-74 is already comprehensively studied in the form of powder, it has never
been reported by direct deposition methods. Herein, it was possible to produce new films
comprised of Fe/L, Fe/L1 and inspired by the respective MOF powders.[81] Moreover, Fe/L2
and Fe/L3 were also produced as new films attempting to obtain novel MOFs. As a follow up,
the optimisation of the direct deposition of the films should be attempted.

The Fe/L film was tested for uric acid sensing with a linear range of 25 to 305 uM, a LOD of
0.296 mM, and a SD of 1.037 pA.cm™2. It presented a much higher LOD than the ones reported
in the literature.[39 To obtain a more extensive study, Fe/L1, Fe/L2 and Fe/L3 films should
also be tested for the detection of uric acid. As an alternative, the films could applied to phos-
phate adsorption, which was observed in the case of the Fe/L film, that turned white when

exposed to the PBS solution.
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3

MATERIALS AND METHODS

3.1 Chemicals and solvents

If not stated otherwise, all chemicals were used without further purification and purchased
from TCI, Sigma Aldrich, Fluorochem and Acros Organics. When indicated, solvents such as
anhydrous tetrahydrofuran, ethyl acetate and p-dioxane were purified as described by Ama-

rin and Perrin.[163]

3.2 General experimental conditions

Thin-layer chromatography (TLC) was carried out using, pre-coated silica gel 60 F254 metal
plates, which were observed under UV light (254 or 365 nm). Column chromatography was
carried out using flash technique using silica-gel Geduran® Si 60 (0.040-0.063 mm).

Solution NMR technique was employed to obtain unidimensional and bidimensional 'H and
13C NMR spectra, recorded on a Bruker Advance 400 MHz spectrometer. The chemical shifts
(), given in ppm, are referenced to the residual proton or carbon signal of the deuterated sol-

vent.

Powder FTIR spectra were obtained on a Nicolet Nexus 6700 FTIR spectrophotometer in the
4000-400 cm! range with 4 cm! resolution using KBr pellets with 64 scans. DRIFT spectra
were obtained with the same spectrophotometer with the diffuse reflectance accessory in the
4000-750 cm! range with 4 cm-! resolution and 256 scans.

Elemental analysis for C, H and N quantifications were performed on a Fisons Carlo Erba
EA110 and HR-MS/ESI on a Bruker FTMS (APEXIII) at C.A.C.T L, University of Vigo.

XPS was performed by Prof. Dr. Ana Maria Rego and Dr. Ana Ferraria from Instituto Superior
Técnico. Analyses were performed with a dual anode (Al/Mg) non-monochromatic spectrom-
eter XSAMS800 from KRATOS. The X-radiation Mg Ka (hv = 1253.6 eV) used to irradiate the

samples, was produced with a high voltage of 12 kV and filaments current equal to 10 mA.
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Samples were fixed to the XPS holder with a metal spring and positioned in the analysis cham-
ber at a take-off angle of 90° relative to the surface. The analysis, at room temperature, started
once the chamber attained an ultra-high vacuum (UHV), typically a pressure ~10-9 mbar.
Spectra were acquired in a Fixed Analyser Transmission (FAT) mode, with a pass energy of
20 eV, and collected and stored in 300 to 400 channels with a step of 0.1 eV using the software
Vision 2 for Windows, Version 2.2.9 (Kratos). No flood gun was used to compensate the charge
accumulation. Charge shift was corrected from the spectra using as reference the binding en-
ergy (BE) of aliphatic carbon bonded to carbon and/or hydrogen, set at 285 eV. Source satel-
lites and Shirley backgrounds were subtracted at each region of interest. Component peaks
with pseudo-Voigt profiles were fitted in each region with a nonlinear least-squares algorithm
using the XPSPeak 4.1 software (freeware), which allows to optimize simultaneously peaks
position, area, full width at half maximum and Gaussian-Lorentzian %. The sensitivity factors
used in the quantification were the following: C 1s: 0.318; O 1s: 0.736; N 1s: 0.505; Fe 2p3/2:
1.965; C1 2p: 0.964; P 2p: 0.530; P 2s: 0.344; F 1s: 1.000; Sn 3d5/2: 4.946; Na 1s: 1.378.

BET measurement was made in collaboration with Prof. Dr. Jodo Silva with physical adsorp-

tion of nitrogen at -196 C, using a Quantachrome NOVA 2200e instrument. The film sample
was previously degassed in vacuum at 150 C for 3 h The specific surface area was calculated
by using the relative pressure data in the 0.05-0.3 range.

X-ray diffractograms were acquired by Prof. Dr. Estrela Jorge, using a Philips Analytical PW
3050/60 X'Pert PRO automatic diffractometer (q/2q), equipped with an X'Celerator detector,
with automatic data acquisition using the X'Pert Data Collector software, version 2.0b. As in-
cident radiation, the K line of a copper bulb was used, operating with a current of 30 mA and
a voltage of 40 kV. To record the diffractograms, a continuous scan of the Bragg angles was
performed, for values of 26, between 10 and 90, with a step of 0.017 (28) and an acquisition
time of 20 s/step.

PIXE and RBS were performed by Dr. Victoria Corregidor and Dr. Luis Alves from Campus
Tecnolégico e Nuclear of Instituto Superior Ténico. It was used a 2MeV proton beam generated
by a 2.5 MV singe ended Van de Graaff accelerator and directed to the microprobe beam line
through a 90° bending magnet. The nuclear microprobe has an Oxford Microbeams magnetic
quadrupole triplet used to focus the beam. It is applied a maximum area of 2.6x2.6 mm?2 and
the experiment is performed under vacuum. The X-rays were detected with a 30 mm?2 Bruker
Si SDD detector with 8 um Be window and 145 eV resolution at 5.9 keV, positioned at 135°
with the beam direction at a distance of 20 mm from the sample. The backscattered protons
were detected with a 200 mm?2 PIPS detector with 30 keV resolution, positioned at 140 scatter-
ing angle in Cornell geometry at a distance of 50 mm from the sample. Operation and basic
data manipulation, this including elemental distribution mapping, was achieved through the
OMDAQ software code and quantitative analysis done with GUPIX software. The results are
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expressed in weight percent normalised to 100%. NDF v9.6a code simultaneously fits the PIXE
and RBS spectra to obtain a self-consistent solution. Thickness values are given in areal density
(i.e., atoms/cm?2), the standard units in IBA analyses.

SEM was performed by Dr. Telmo Nunes. Specimens were mounted in stubs and coated with
gold in a JEOL JFC-1200 sputtering chamber. Subsequently specimens were observed in a
JEOL JSM-5200LV scanning electron microscope.

AFM was performed by Prof. Dr. Ana Viana. The images were collected in a Multimode atomic

force microscope running on the NanoScope Illa controller (digital instrument Veeco).

3.3 Electrochemical measurements

3.3.1 General conditions

Except for the depositions with an applied magnetic field (Chapter 2.2.5), all electrochemical
experiments were performed with a potentiostat PGSTAT 12 AUT71019 controlled by NOVA
2.0 software. For the apparatus, it was used a three-electrode heart-shaped glass cell (Figure
3.1). The deposition with an applied magnetic field was performed in a Teflon cell (Figure 3.2)
was used with a Potentiostat MP 81 without software. Both cells were assembled with FTO as
the working (WE), platinum wire as the counter (CE) and 3 M Ag/AgCl (0.278 V vs NHE) as
the reference (RE) electrodes. FTO glasses (A= 0.7 or 1 cm?2) were washed ultrasonically before
experiments with a detergent/water solution, followed by methanol and acetone for 15
minutes. Before any electrochemical measurements, the cell solutions were purged with N2
for a minimum of 30 minutes each essay. If not stated otherwise, the Fe/L films were produced
by precursor solution containing 7 mM or 4 mM (indicated in text) of FeCl3.6H20 (M), 2 mM
of H4L and 2 mM of EtsNHCI (PB). The Fe/L1, Fe/L2 and Fe/L3 films were produced by
precursor solution containing 4 mM of FeCl3.6H20 (M), 2 mM of H4LL1, HaL.2 or H4L3 and 2
mM of Ets3NHCI (PB).

When working with an organic medium (DMF), 0.1 M of TBAPFs was used as the supporting
electrolyte, which was previously recrystalised from hot ethanol.

When working with an aqueous medium, 10 mL of a 0.1 M of phosphate buffer solution (PBS)
or 0.1 M of tris-HCl buffer solution were used (pH ~7).
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Figure 3.2 - Assembly of the electrochemical Teflon cell.

Cyclic voltammetry (CV) was only performed with the heart-shaped glass cell apparatus with
scan rates ranging from 0.01 to 0.5 Vsl If not stated otherwise, CVs were performed with a
potential window between -1.4 to 1.4 V with a total of three cycles. For simplicity, only the first
cycle was displayed throughout the thesis. Exceptionally, the CVs of the stability studies in
the buffer solutions (Chapter 2.5) are performed with a total of 10 or 5 cycles with a potential
window ranging from -0.8 to 0.5 V or -0.8 to 0.8 V, respectively.
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Chronoamperometry was performed with potentials ranging from -1.4 V to -1.0 V and with

deposition times ranging from 8 seconds to 24 hours. Optimised conditions show chronoam-
perograms with a potential of -1.3 V for 1 hour.

Different Pulse Voltammetry (DPV) was performed for uric acid detection in an aqueous me-
dium with 10 mL of 0.1 M of PBS or tris buffer solutions (pH ~7), discussed in Chapter 2.5.

DPV measurements were carried out with a potential window ranging from -0.05to 1.1V, a

pulse amplitude of 50 mV, a quiet time of 1 s, a step of 5 mV and a modulation time of 5 ms,

with an overall scan rate of 5 mVs-1.

3.4 Synthesis and characterisations

3.4.1 General conditions

The following conditions were adapted with slight modifications from the literature.[137]
Sukuzi-Miyaura coupling: A p-dioxane/H20 mixture (2:1 V/V, 0.12 M based on the limiting
reagent) was purged with N2. The Schlenk flask was then charged with the limiting reagent,
Is and CsF (3 eqv.). It was once again purged with N2 and, finally, Pd(dppf)Cl2 (10 mol%) was
added. The mixture was heated under reflux overnight. The resulting mixture was extracted
with CH2Cl2 (3x50 mL) and concentrated to yield a crude brown powder that was purified by
flash chromatography (1:9 acetone/petroleum ether).

Catalytic hydrogenation: The starting material was dissolved in anhydrous THF. The Pd/C
catalyst was added (20 w%) under an atmosphere of N2. The reaction mixture was stirred for
48h under an atmosphere of Ho, filtered over a Celite plug, washed with solvent, and concen-
trated to yield a white powder.

Basic hydrolysis: The starting material was stirred in a THF/0.5 M NaOH agq. (1:1 V/V) mix-

ture at 50 °C overnight. The THF was then removed in vacuo and the aqueous layer was acid-

ified with concentrated HC] until a pH<2 was obtained. The resulting precipitate was collected

by vacuum, washed with distilled H2O and dried.

3.4.2 Characterisation of HaL

HO. 0 TH NMR (400 MHz, (CD3)2S0, 25°C): 8= 10.62 (s, COOH), 7.27 (s, H1). FTIR (KBr,
1N emel): 3520 (w, vo-H), 3082 (w/br, vO-H), 2880 (w, v-H), 1646 (s, ve=0), 1357-1182
HO (s, vc-0), 905-696 (var, 6c-H) . UV-vis (DMF, nm): 369.
[e) OH
H,L
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3.4.3 Synthesis and characterisation of Ia

This synthetic procedure was adapted from ref.[137] Solid K2CO3 (1.47 g,

_0_0
O\/© 10.4 mmol) was added to a solution of methyl 4-iodosalicylate (1.47 g, 5.3
mmol) in 15 mL of CH3CN at room temperature. Benzyl bromide (0.95 mL,
|
Ia

7.95 mmol) was added with a syringe, and the reaction mixture was

warmed to 80 °C and stirred overnight. The next morning, the reaction was
monitored by TLC (petroleum ether as eluent). When completed, the reaction mixture was
then cooled to room temperature and filtered to remove insoluble salts, which were washed
further with CH3CN. The mixture was concentrated in vacuo and a yellowish oil was obtained.
To remove benzyl bromide residues, the compound was recrystallized in hot hexanes and 1A
was yielded as white needles (1,53 g, 77%). TH NMR (400 MHz, CDCl3, 25°C): § = 7.54 (d, J=
8.0 Hz, 1H), 7.49 (d, /= 8.0 Hz, 2H), 7.42-7.31 (m, 5H), 5.14 (s, 2H), 3.89 ppm (s, 3H). 13C NMR
(100 MHz, CDCl3, 25 °C): 6 = 166.24, 158.36, 136.15, 133.02, 130.02, 128.71, 128.09, 126.96, 123.27,
120.23, 99.98, 70.93, 52.27.

3.4.4 Synthesis and characterisation of Ip

—0_0 This synthetic procedure was adapted from ref.[137] Anhydrous p-dioxane
O\/Q (14 mL) was added to a Schlenk flask, followed by 1A (1 g, 2.72 mmol), KOAc

(80.1 g, 8.26 mmol) and Pd(PPh3)2Cl2 (0.0573 g, 0.0816 mmol). The mixture

%ﬁ% was purged with N2 for 30 minutes, and bis(pinacolato)diboron (0.813 g,

3.02 mmol) was then added. The flask was heated under reflux overnight.

s When complete by TLC (1:9 acetone/petroleum ether) the reaction mixture

was cooled to room temperature and filtered to remove insoluble salts, which were washed
further with EtOAc. The filtrate was concentrated in vacuo and dissolved in EtOAc. Activated
charcoal was added and the resulting solution was warmed to reflux for 30 min. The insoluble
material was removed by hot filtration through a pad of Celite to obtain a yellow solution. It
was concentrated in vacuo resulting in a red oil and placed in the freezer overnight. The crude
was purified by flash-chromatography in a silica gel column (1:9 acetone/petroleum ether)
and recrystallized in petroleum ether, yielding IB as white needles. (0,6494 g, 65%). TH NMR
(400 MHz, CDCl3, 25 °C): 6 =7.81 (d, /= 7.5 Hz, 1H), 7.54 (d, /=7.5 Hz, 2H), 7.48 (s, 1H), 7.45 (d,
J=7.5Hz, 1H), 7.40 (t, /=8.0 Hz, 2H), 7.31 (t, /=7.5 Hz, 1H), 5.22 (s, 2H), 3.90 (s, 3H), 1.36 ppm
(s, 12H). 13C NMR (100 MHz, CDCl3, 25 °C): § = 166.99, 157.50, 136.99, 131.01, 128.58, 127.81,
127.08, 127.02, 123.21, 119.42, 84.36, 70.71, 52.18, 25.00.
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3.4.5 Synthesis and characterisation of Ic

HO._O

General Suzuki coupling conditions were employed between 1A (0.2289 g, 0.62

O OBn|  mmol) as the limiting reagent and I (0.2518 g, 0.68 mmol), yielding the product

BnO ]

O~ OH
Ic

as white needles (0.199 g, 66%). 1H NMR (400 MHz, CDCl3, 25 °C): & = 7.91 (d,
J=8.0 Hz, 2H), 7.52 (d, /=7.5 Hz, 4H), 7.41 (t, /=7.5 Hz, 4H), 7.33 (t, /=7.5 Hz,
2H), 7.16 (dd, /=8.0, 1.5 Hz, 2H), 7.08 (d, /=1.5 Hz, 2H), 5.23 (s, 4H), 3.93 ppm
(s, 6H). 13C NMR (100 MHz, (CD3)2S0, 25 °C): & = 166.53, 158.60, 145.42, 136.75,

132.60, 128.79, 128.06, 127.03, 120.29, 119.60, 113.12, 70.94, 52.27.

3.4.6 Synthesis and characterisation of Hal.1

O+ _OH

HO

HO™ 0
H,L1

Ic (0.199 g, 0.41 mmol) was deprotected by one-pot catalytic hydrogenation and

O OH| saponification general procedures, yielding H4L1 as a white powder (0.0662 g,

59%). ITH NMR (400 MHz, (CD3)2S0, 25 °C): & = 11.40 (s, 2H), 7.87 (d, /= 8.6 Hz,
2H), 7.31 - 7.19 (m, 4H). 13C NMR (100 MHz, (CD3)2S0, 25 °C): = 171.69, 161.42,
145.61, 131.01, 118.01, 115.30, 112.90. FTIR (KBr, cm-1): 3417 (w, vo-H), 3011
(w/br, vO-H), 2959 (w, vC-H), 1667-1619 (s, vc=0), 1453-1462 (s, 5C-0-H), 1291-1222

(s, vc-0), 1095-770 (w, §C-H).

3.4.7 Synthesis and characterisation of Ip

Br

NH,
NH»
Br
Ip

again to 0

This synthetic procedure was adapted from ref.[1351 4,7-dibromobenzo[ ][1,2,5]thi-
adiazole (0.5527 g, 1.88 mmol) was dissolved in EtOH (20 mL) in a round bottom
flask. NaBH4 (1.3269 g, 35,1 mmol) was added at 0 °C portion-wise for 45 minutes.
The flask was equipped with a bubbler because it released H2S gas. It was left re-
acting at room temperature overnight. The next day, the temperature was reduced

°C and water (~10 mL) was added. The organic solvent was removed by reduced

pressure. The mixture was extracted with CH2Cl2 and brine, dried with Na2SO4 and concen-
trated, yielding ID as a beige solid (0,46 g, n=92%). TH NMR (400 MHz, (CD3)2S0, 25 °C): 5=
6.63 (s, 2H), 5.02 (s, 4H).

3.4.8 Synthesis and characterisation of Ig

Br

This synthetic procedure was adapted from ref.[136] Ip (0.16 g, 0.6 mmol) was added
into a round bottom flask, followed by 1,5 mL of HCOOH. The flask was sealed
with a septum and warmed up to 85 °C. After 45 minutes, the reaction mixture was
cooled to room temperature and an aqueous solution of sodium hydroxide (10%

w/V) was added dropwise to attain a pH~8. The suspension was filtered, washed
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with ice-cold water, and dried. The product was purified by recrystallization with hot metha-
nol, yielding a beige solid (0,11 g, n=70%). 'H NMR (400 MHz, (CD3)2S0, 25 °C): & = 13.24 (s,
1H), 8.40 (s, 1H), 7.38 (s, 2H).

3.4.9 Synthesis and characterisation of Ir

MeO.__ O

OB
O "l General Suzuki coupling conditions were employed between It (0.074 g, 0.27

BnO I

O~ "OMe
I, suggested

y | mmol) as the limiting reagent and I (0.2173 g, 0.59 mmol), yielding I as white
N\>1 needles (0.11 g, 68%). TH NMR (400 MHz, (CD3)2S0, 25 °C): 8= 12.86 (s, 1H,
H

NH), 8.40 (s, 1H, H1), 7.86 (d, /=7.8 Hz, 3H), 7.55 (d, /=7.3 Hz, 6H), 7.42 (t, J=7.5

Hz, 5H), 7.33 (t, /=7.4 Hz, 3H).

3.4.10Synthesis and characterisation of Hal.2

I (0.12 g, 0.20 mmol) was deprotected by one-pot catalytic hy-
drogenation and saponification general procedures, yielding
H4L2 as a beige solid (0.0723 g, 92%). 'H NMR (400 MHz,
(CD3)2S0, 25 °C): 6 = 11.42 (s, 2H, COOH), 8.46 (s, 1H, 11), 7.93
(d, /=8.2 Hz, 2H, 7), 7.55 (m, 4H, 4, 9), 7.47 (d, J=7.6 Hz, 2H, 6).
13C NMR (100 MHz, (CD3)2S0, 25 °C): 8= 171.87 (1), 161.25 (3),
144.67 (2), 143.50 (11), 130.61 (7), 127.03 (10), 122.32 (9), 119.52
(6),116.90 (4), 112.03 (5, 8). FTIR (KBr, cm-1): 3407 (w, vo-H), 3126

EA: 3H4L.2.4CH,Clp.3EL,0.9H,0| (v /br, vo-H), 2959-2842 (w, vC-H), 1670-1576 (s, vC=0/VC=N),

1438 (s, 5c-0-H), 1337-1153 (s, vC-0), 879-695 (var, 6c-H). EA for 3L2.4CH2Cl2.3E£0.9H20 -
calculated (%): 52.55 (C), 34.94 (H), 4.90 (N)); EA - found (%): 51.84 (C), 4.92 (H), 4.66 (N).

3.4.11Synthesis and characterisation of I

HO

0]

NH»
I

OH

IG was synthesised following the general hydrolysis procedure. Methyl 4-amino-
2-hydroxybenzoate (3.27 g, 19.6 mmol) was stirred in a THF/0.5M NaOH mixture

at 75 °C overnight. THF was removed in reduced pressure and the aqueous phase

was acidified with 5M HCI until reaching a pH<2. The precipitate was filtered,

washed with H20 and dried, yielding IG as a beige powder (2.55 g, 85%). 1H NMR (400 MHz,
(CD3)2S0, 25 °C): 6 = 11.41 (s, 1H) 7.46 (d, /=8.6 Hz, 1H), 6.17 (dd, /=8.6, 1.9 Hz, 1H), 6.07 (d,
J=1.8 Hz, 1H).
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3.4.12Synthesis and characterisation of H4L3

HO1 O

2
7

6 4

5
HN: 8 9::0
HN

O

3 OH

HO

o OH
H,L3

This synthetic procedure was adapted from refs.[75:140] To a stirred solution of
3,4-dihydroxycyclobut-3-ene-1,2-dione (0.288 g, 2.5 mmol) in anhydrous etha-
nol (15 mL) triethyl orthoformate (1.3 mL, 7.6 mmol) was added at room tem-
perature. The mixture was heated to reflux at 80 °C and left for 48 h before
being concentrated under reduced pressure. The green-fluorescent solution
was concentrated and resulted in a brown oil, which was directly used for the
next step. IG (0.75 g, 5 mmol) was added to a previously degassed Shlenk flask
containing crude 4-diethoxy-3-cyclobutene-1,2-dione, 9 mL of dry toluene and
0,45 mL of NMP. Finally Zn(Otf)2 (0.36, 1 mmol) was added to the reaction

mixture and was heated to reflux and stirred for 24 h under a N2 atmosphere. The mixture

was hot filtered, washed multiple times with hot methanol and concentrated in vacuo. The

crude recrystallized in methanol and yielded H4L3 as a yellow solid (0.0695 g, mmol, 9%). 1H
NMR (400 MHz, (CD3)2S0O, 25 °C): 6= 11.51 (s, 2H, COOH), 10.15 (s, 2H, NH), 7.78 (d, /= 8.6
Hz,2H,7),7.22(d, J=1.3Hz,2H, 4),6.93 (dd, /=4, 10 Hz, 2H, 6). 13C NMR (100 MHz, (CD3)2S0,
25C): d=182.18 (9), 171.70 (1), 166.11 (8), 162.59 (3), 144.65 (2), 131.86 (7), 109.74 (6), 107.70 (5),
105.50 (4). FTIR (KBr, cm1): 3473-3417 (w, vO-H/ VN-H), 3296 (W /br, vO-H), 3084-2860 (w, vC-H),
1789 (s, vc=0), 1684-1606 (s, vc=0/ vCc=0) 1404 (s, §C-0-H), 1295 - 1173 (s, vC-0), 957-620 (w, C-
H). EA for C18H12N20s - calculated (%): 56.26 (C), 3.15 (H), 7.29 (N); EA - found (%): 55.47 (C),
3.54 (H), 7.10 (N).
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Scheme A.1 - Suggested reaction mechanism to obtain IA.



—7.26
—4.50
—1.58

Br

benzyl bromide

CDCls
H,0

78 74 70 66 62 58 54 50 46 42 3.8 34 30 26 22 18 1.4
5 (ppm)
Figure A.1 - TH NMR spectrum of IA reaction crude in CDCl3.



7.55
7.53
7.50

7.48

7.42
7.40
7.38
7.35
7.33
7.31
7.26

~5.14

!
|

%

—3.89

NS

——

e
%)

1.4 8.2 8.0 7.

nmoow N O nm - (o}
i ;n ¥ N 0 0 &0 R
NINNN NN NN N
— 7N~ ~ /0~ ~ A\ |

[=) 52} [
o o —
— N 1
7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.2
3 (ppm)

Figure A.2 - TH NMR spectrum of I Intermediate in CDCl3.
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Table A.1 - HaL1 FTIR spectrum bands attribution.

FTIR (KBr pellets)
Band/group (cm1) Intensity Bond/functional group
1 3417 w vO-H (phenol)
2 3011 w, br VO-H (acid)
3 2959 w VC-H (aromatic)
4 1667-1619 S VC=0
5 1453-1462 S 8C-0-H (acid)
6 1291-1222 S vC-O (phenol/acid)
7 1095-770 m 6C-H (aromatic)

Legend: s-strong, m-medium, w-weak, br- broad
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Table A.2 - Peaks attribution from H4L2. NMR spectra.

IH NMR 13C NMR
Multiplicity =~ /(Hz) Integration  § (ppm) Structure:
(ppm)

- - - - 171.87

2 - - - - 144.67
- - - - 161.25

42 7.55 Multiplet - 4 116.90
5 - - - - 112.03
7.47 Doublet 7.6 2 119.52

7.93 Doublet 8.2 2 130.61

- - - - 112.03

9a 7.55 Multiplet - 4 122.32
10 - - - - 127.03
11 8.46 Singlet - 1 143.50

COOH  11.42 singlet - 2 -

2 These protons are part of a peak mixture.
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Figure A.21 - FTIR spectrum of HaL2 in KBr pellets. Spectrum was recorded in a range of 4000-500 cm-1.

Table A.3 - HaL2 FTIR spectrum bands attribution.

FTIR (KBr pellets)
Band/group (cmT) Intensity Bond/functional group
1 3407 w VO-H (phenol)
2 3126 w, br VO-H (acid)
3 2959-2842 w VC-H (aromatic)
4 1670-1576 s VC=0, VC=N
5 1438 S 6C-0-H (acid)
6 1337- 1153 S vC-O (phenol/acid)
7 879-695 var 6C-H (aromatic)

Legend: s-strong, m-medium, w-weak, br- broad, var - variable



+ +
CI"H3N NH,CI
+ +
CI'H3N NH,CI

HBr, 100 °C l
i +
BrH;N NH3Br
+ +
BrHzN NH3Br
1) HBr,
NaNO,, 0 °C CHClj, pyr., SIOBrz
2)80°C, 3h reflux, overnight
Br Br
H
/N l\l\\ /N /N\
N\\ /N S\/\ — /S
N N N N
H
Br Br
4,8-Dibromobenzo 4,8-Dibromobenzo-
[1,2-d;4,5-d0] [1,2-c;4,5-c"]
bistriazole bis[1,2,5]thiadiazole

Ig, CsF, PdCl,(dppf)
p-dioxane/H,0 (2:1) %

90°C, 48h
HO.__O
O OH
/N\ N\
s, / /8
N N
HO l
O~ OH

Scheme A.9 - Attempted synthetic steps to obtain benzobistriazole- and bisthiadiazole-based moieties.
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Figure A.27 - HMBC spectrum of H4L3 in (CD3)2S0.
Table A.4 - Peaks attribution from H4.3 NMR spectra.
TH NMR 13C NMR
Multiplicity  J(Hz) Integration & (ppm) Structure:
(ppm) 1.0
1 - - - - 171.70
2
2 - - - - 144.65 7o\3-OH
3 - - - - 162.59 6 4
5
4 7.22 Doublet 1.3 2 105.50 HN_g 9,0
5 - - - - 107.70 j;ﬁ
HN 0
Doublet of
6 6.93 4,10 2 109.74
doublets
7 7.78 Doublet 8 2 131.86 HO
_ _ - - 166.11 O~ "OH
9 - - - - 182.18 HyL3
COOH 11.51 - - 2 -
NH 10.15 - - 2 -
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Figure A.28 - FTIR spectrum of HaL3 in KBr pellets. Spectrum was recorded in a range of 4000-500 cm-1.

Table A.5 - HaL3 FTIR spectrum bands attribution.

FTIR (KBr pellets)

Band/group (cmT) Intensity Bond/functional group
1 3473-3417 w, br vO-H (phenol) and vN-H
2 3296 w, br vO-H (acid)

3 3084-2860 w VC-H (aromatic)
4 1789 m vC=0 (ketone)
5 vc=0 (acid) and vc=c (o, 3-
1684-1606 S
ketone)
6 1404 S 8C-0-H (acid)
7 1295 - 1173 S vC-O (phenol/acid)
8 957-620 w 6C-H (aromatic)

Legend: s-strong, m-medium, w-weak, br- broad
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Figure A.29 - FTIR spectrum of H4L in KBr pellets. Spectrum was recorded in a range of 4000-500 cm-1.

Table A.6 - FTIR bands attribution of H4l..

FTIR (KBr pellets)
Band/group (cm1) Intensity Bond/functional group
1 3520 w vO-H (phenol)
2 3082 w, br VO-H (acid)
3 2880 w VC-H (aromatic)
4 1646 S vC=0
5 1427 s 8c-0-H (acid)
6 1357-1182 s vC-O (acid/phenol)
7 905-696 var 8C-H (arom)

Legend: s-strong, m-medium, w-weak, br- broad, var-variable
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Table A.7 - DRIFT bands attribution of the Fe/L film deposited at-1.4 V.

DRIFT (gold coated plate)

(cm1) Intensity Bond/functional group
3226 w, br VO-H (water)
2963-2861 w VC-H
1537 s VO-C-O (symmetric)
1422 S VO-C-O (assymmetric)
1236-1204 s vC-O (phenoxide)
890-802 m O0C-H
560 w VFe-O
Legend: s-strong, m-medium, w-weak, br- broad

100
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EtN
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M+PB Eapp= -1.4 V for 1h

N I e I e L
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Figure A.30 - FTIR spectra of the M+PB films deposited at -1.4 V for 1 hour. Spectra were obtained in a range of
4000-500 cm™! and blank was measured with a gold coated plate.
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Figure A.31 - SEM images of the Fe/L film (7:2:2 ratio of M: H4L:PB, respectively) deposited at -1.2 V. Images
were magnified at x1000 (above) and x5000 (below).
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Figure A.32 - SEM images of the Fe/L film (7:2:2 ratio of M:-H4L:PB, respectively) deposited at -1.3 V. Images
were magnified at x1000 (above) and x5000 (below).

an



25k U wi1i.8804

E.op =-1.4 Viiit

app, +

X 5000 -\

=
f\’—)
W Je

2 E‘ MS.aen

Figure A.33 - SEM images of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V. Images
were magnified at x1000 (above) and x5000 (below).
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Figure A.34 - Cyclic voltammograms of FTO electrode with different a cathodic limit of -1.4 (blue) and -1.3 V

(red). Studies were performed in 10 mL of N2 saturated DMF with TBAPFe as the supporting electrolyte and

recorded at 100 mV.s™L. The one-compartment electrochemical cell was also constituted by FTO as working,

platinum wire as counter and 3 M Ag/AgCl as reference electrodes.
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Table A.8 - Peak deconvolution of C 1s, Fe 2p and O 1s from the XPS survey spectra of the Fe/L (7:2:2 ratio of
M:H4L:PB, respectively) and M+PB (7:2 ratio of M:PB, respectively) films, deposited at -1.4 V.

Fe/L film (-1.4 V) M+PB film (-1.4 V) Attribution
285.0 285.0 C-Cand C-H
- 286.8 C-N
286.7 - C-O
Cls 288.9 - 0=C-Or
- 288.6 O=C-N
291.5 - n—m* excitations
710.0 710.2 Fe(OH)2
Fe 2p 711.2 711.3 Fe3O4
712.5 712.6 Fe203
715.0 714.2 Fe(OH)3
717.3 717.2 Satellite
720.0 719.2 Satellite
- 530.0 O-Fe
O1s - 531.3 HO-Fe
- 532.1 HO-Fe

Table A.9 - Atomic concentration (%) of Fe, C and O from the Fe/L (7:2:2 ratio of M:H4L:PB, respectively) and
M-+PB (7:2 ratio of M:PB, respectively) films, deposited at -1.4 V.

Fe/L film (-14 V) M-+PB film (-1.4 V) Theorical for FezL.
Fe 49 12.9 12.5
C 53.0 35.8 50
O 374 45.7 37.5
4000
FTO
3000+
5 2000
o
o
1000
A j)

0- T T T T
10 20 30 40
Position (20)

Figure A.35 - Diffractogram of the FTO working electrode.
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Figure A.36 - Diffractogram of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V.
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Figure A.37 - Diffractogram of M+PB film (7:2 ratio of M:PB, respectively) deposited at -1.4 V.
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Figure A.38 - Cyclic voltammograms of a) M on FTO and SA@FTO, b) H4L. on FTO and SA@FTO, c) PB on
and SA@FTO, d) H4L+M mixture on FTO and SA@FTO and e) H4L.+M+PB mixture on FTO and SA@FTO.
Studies were performed in 10 mL of N2 saturated DMF with TBAPFe as the supporting electrolyte and recorded
at 100 mV.s1. The one-compartment electrochemical cell was also constituted by FTO as working, platinum wire
as counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 7 mM of M, 2 mM of H4L and 2 mM of

PB.
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Figure A.39 - Chronoamperograms following the electrodeposition of the Fe/L film on SA@FTO with growth
potentials of a) -1.2 V and b) -1.1 V. Electrodepositions were performed in 10 mL of N2 saturated DMF with
TBAPFs as the supporting electrolyte and recorded at 100 mV.s™1. The one-compartment electrochemical cell was
also constituted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Species
quantities: 7 mM of M, 2 mM of H4L. and 2 mM of PB.
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Figure A.40 - Chronoamperogram following the electrodeposition of M+PB film on SA@FTO at-1.4 V.
Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPF as the supporting electrolyte and
recorded at 100 mV.s'L. The one-compartment electrochemical cell was also constituted by FTO as working,
platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 7 mM of M and 2 mM of
PB.
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Figure A.41 - Diffractogram of SA@FTO.
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Figure A.42 - Diffractogram of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V on
SA@FTO.
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Figure A.43 - TH NMR spectrum of HaL in (CD3)2S0.
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Figure A.44 - TH NMR spectra of H4L:B mixtures in ratios of 1:2 (purple), 1:1 (turquoise), 2:1 (green) and 1:0
(black) of H4L:B, respectively, in (CD3)2S0.
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Figure A.45 - TH NMR spectra overlapping of HaL and B mixtures in ratios of 1:2 (purple), 1:1 (turquoise), 2:1
(green) and 1:0 (black) of H4L:B, respectively, in (CD3)2SO. Spectra were approximated in the range of 11.7-9.5
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Figure A.46 - 'H NMR spectra of H4L:B mixtures in ratios of 1:2 (purple), 1:1 (turquoise), 2:1 (green) and 1:0
(black), respectively, in (CD3)2SO. Spectra were approximated in the range of 9.34-8.74 ppm.
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Figure A.47 - TH NMR spectra of H4L:B mixtures in ratios of 1:2 (purple), 1:1 (turquoise), 2:1 (green) and 1:0
(black), respectively, in (CD3)2SO. Spectra were approximated in the range of 7.295-7.185 ppm.
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Figure A.49 - COSY spectrum of the H4L:B mixture in a ratio of 1:2, respectively, in (CD3)2SO.
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Figure A.50 - TOCSY spectrum of the H4L:B mixture in a ratio of 1:2, respectively, in (CD3)2S0.
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Addition of H,L

M+H,L

Figure A.51 - Colour differences of a M solution and a mixture of M+H4L, in DMF Precursor quantities: 7 mM of
M and 2 mM of H4L.
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Table A.10 - UV-vis peaks of M, H4L and L+M spectra in DMF.

Sample A (nm) C (mol.dm3) Abs €max (dm3.mol-l.cm)
275 0.898 8976
M 325 01 mM 0.622 6220
360 0.361 3608
522 0.054 538
L 369 0.1 mM 0.517 5170
298 0.771 3855
L+M 316 0.1mML+0.1 0.738 3690
mixture (1:1) 364 mM M 0.883 4415
580 0.107 535

Table A.11 - UV-vis peaks from the overlayed spectra of the H4L+M mixture with different M concentrations in

DMF.
A (nm) C (mol.dm3) Abs €max (dm3.mol-l.cm1)
0.1 mML+0.025mMM 0.064 511
0.1 mML + 0.050 mM M 0.086 574
0.1 mML+0.075mMM 0.099 566
0.1 mML+0.100 mM M 0.107 534
0.lmML+0125mM M 0.133 591
~580 0.1 mML+0.150 mM M 0.157 628
0.lmML+0.175 mM M 0.164 596
0.1 mML +0.200 mM M 0.148 494
0.lmML+0.225mMM 0.161 495
0.1 mML +0.250 mM M 0.170 486

0.IlmML+0275mMM 0.164 438
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Figure A.52 - Cyclic voltammogram of the H4L+M+PB mixture. Species were added in 10 mL of N2 saturated
DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.s1. The one-compartment
electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as
reference electrodes. Species quantities: 4 mM of M, 2 mM HaL. and 2 mM of PB.
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Figure A.53 - Chronoamperogram following the electrodeposition of the Fe/L film with a growth potential of -
1.2 V. Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPFe¢ as the supporting

electrolyte and recorded at 100 mV.s"1. The one-compartment electrochemical cell was also constituted by FTO as
working, platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 4 mM of M, 2
mM of HaL and 2 mM of PB.
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Figure A.54 - DRIFT spectra of the Fe/L film (7:2:2 ratio of M:H4L:PB, respectively) deposited at -1.4 V (blue) and
the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.4 (red) and -1.3 V (burgundy) for 1 hour.
Spectra were obtained in a range of 4000-500 cm™! and blank was measured with a gold coated plate.

rapm

Figure A.55 - SEM images of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.4 V and
magnified at a) x1500 and b) x7500.
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Figure A.56 - SEM images of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V and
magnified at a) x200, b) x500, c) x1500, d) x2000, e) x2000 and f) x3500.
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Table A.12 - Peak deconvolution of C 1s, Fe 2p and O 1s from the XPS survey spectra of the Fe/L films (2:1:1 ratio
of M:H4L:PB, respectively) deposited at -1.4 and -1.3 V.

Fe/L film (-1.4 V) Fe/L film (-1.3 V) Attribution
285.0 285.0 C-Cand C-H
Cls 286.5 286.9 C-O
288.7 288.8 O=C-O
707.4 709.6 FeO
710.2 - Fe(OH)2
711.7 711.2 Fe3O4
Fe2p - 712.4 Fe2O3
713.6 713.6 Fe(OH)3
- 715.0 Satellite
- 717.9 Satellite
530.3 - O-Fe
O1s 531.8 531.6 -O-C=0
532.4 532.5 O-C

Table A.13 - Atomic concentration (%) of Fe, C and O of the Fe/L films (2:1:1 ratio of M:H4L:PB, respectively)
deposited at-1.4 and -1.3 V.

Fe/L film (-1.4 V) Fe/L film (-1.3 V) Theorical for Fe2LL
Fe 49 3.5 12.5
C 46.4 54.5 50
O 42.7 35.0 37.5

Table A.14 - Structural suggestions based on the elemental composition of the Fe/L film (2:1:1 ratio of M:H4L:PB,
respectively) deposited at-1.3 V.

Theory for Theory for Theory for
Found (wt%) Fex(L)(DMF)2 Fex(L)(EtsN)2 Fez(L)(H20)2
or C14H16Fe2N20s or C20H32Fe2N20¢ or CgHgFe2Os
C 14.98 37.20 47.27 28.11
N 0.84 6.20 5.51 0
H 1.79 3.57 6.35 1.77
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Table A.15 - Additional structural suggestions based on the elemental composition of the Fe/L film (2:1:1 ratio of
M:H4L:PB, respectively) deposited at -1.3 V.

Theory for Theory for Theory for
Fe14(L)7Cl7(DMF)3 Fe14(L)7Cl7(DMF)3 Fe14(L)7Cl1o(DMF)3
Found (wt%) (OH)4(Fe2O3)s[Fe(OH)3l12  (OH)4(Fe203)13(H20)26  (OH)(H20)[Fe(OH)3]23
or or or
Ce5H75Cl7Fes2N30109 Ce5Ho1Cl7FesoN30114  Ces5H107Cl10Fe37N30116
C 14.98 14.91 14.96 14.99
N 0.84 0.80 0.80 0.81
H 1.79 1.44 1.76 2.07
10000~ .
Fe/L film
2:1:1 (M:H,L:PB, respectively)
. Eypp=-1.3V
c
3 5000-
Q
0 T T T == T
10 20 30 40

Position (28)
Figure A.57 - Diffractogram of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V.
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Figure A.58 - SEM images of the temperature-treated Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited
at-1.3 V, magnified at a) x200, b) x500, c) x1000, d) x1500 and e) x2000.
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Figure A.59 - SEM images of the temperature-treated Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited
at-1.3 V on SA@FTO after, magnified at a) x500, b) x500, c) x2000, d) x2000 and e) x5000.
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Figure A.60 - RBS spectra (beam dimension: 3x4 um?2) obtained by different zones of the temperature-treated
Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V, identified as 018 and 019.
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Figure A.61 - Diffractogram of the temperature-treated Fe/L film (2:1:1 ratio of M:H4L:PB, respectively)
deposited at-1.3 V.
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Figure A.62 - DRIFT spectra of the original (green) and activated (blue) Fe/L films (2:1:1 ratio of M:H4L:PB,
respectively) deposited at -1.3 V. Spectra were recorded in a range of 4000-750 cm™! and the blank was measured
with a gold coated plate.
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Figure A.63 - Diffractogram of the activated Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at-1.3 V.
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Figure A.64 - Chronoamperogram following the deposition of the Fe/L films at -1.3 V for a) 8 seconds; b) 20
seconds; c) 158 seconds; d) 190 seconds; e) 15 minutes; f) 20 minutes; g) 30 minutes; g) 45 minutes.
Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPFs as the supporting electrolyte and
recorded at 100 mV.s™l. The one-compartment electrochemical cell was also constituted by FTO as working,
platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 4 mM of M, 2 mM of H4LL
and 2 mM of PB.
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Figure A.65 - DRIFT spectra of original (green) and 15-minute (blue) Fe/L films (2:1:1 ratio of M:H4L:PB,
respectively) deposited at -1.3 V. Spectra were recorded in a range of 4000-750 cm™! and the blank was measured
with a gold coated plate.
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Figure A.66 - 2D and 3D AFM images of the FTO electrode with dimensions of 1x1 ym, 2x2 pm and 5x5 pm.
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Figure A.67 - 2D and 3D AFM images of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at-1.3 V
for 8 seconds, with dimensions of 0.6x0.6 ym, 1x1 pm, 2x2 pm and 5x5 pm.
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Figure A.68 - 2D and 3D AFM images of the Fe/L film (2:1:1 ratio of M:LH4:PB, respectively) deposited at -1.3 V
for 20 seconds, with dimensions of 1x1 pym, and 5x5 pm.
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Figure A.69 - 2D and 3D AFM images of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V
for 15 minutes, with dimensions of 0.6x0.6 um, 1x1 um, 2x2 pym and 5x5 pym.
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Figure A.70 - 2D and 3D AFM images of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V
for 20 minutes, with dimensions of 2x2 ym and 5x5 pm.

30min, 2 um

250 nm
125 nm

30min, 5 um

250 nm
125 nm

Figure A.71 - 2D and 3D AFM images of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at-1.3 V
for 30 minutes, with dimensions of 2x2 ym and 5x5 pm.
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Figure A.72 - 2D and 3D AFM images of the M+PB film (2:1 ratio of M:PB, respectively) deposited at -1.3 V for 1
hour, with dimensions of 2x2 pym and 5x5 ym.
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Figure A.73 - Chronoamperograms following the deposition of the Fe/L film with a growth potential of -1.0 V.
Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPF as the supporting electrolyte and
recorded at 100 mV.s™L. The one-compartment electrochemical cell was also constituted by FTO as working,
platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 4 mM of M, 2 mM of H4L

and 2 mM of PB.
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Figure A.74 - DRIFT spectra of the original (green) and the -1.0 V for 24 hours (dark green) Fe/L films (2:1:1 ratio
of M:H4L:PB, respectively). Spectra were recorded in a range of 4000-750 cm™! and the blank was measured with
a gold coated plate.
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Figure A.75 - Diffractogram of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.0 V for
24 hours.
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Figure A.76 - Chronoamperograms following the depositions of the Fe/L films with growth potentials of -1.2 V

for a) 1 hour and b) 15 minutes. Electrodepositions were performed in 10 mL of N2 saturated DMF, constituted

by TBAPFs as supporting electrolyte, FTO as working, platinum wire as counter and 3 M Ag/AgCl as reference
electrodes. Precursor quantities: 4 mM of M, 2 mM of H4L. and 2 mM of PB.
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Figure A.77 - DRIFT spectra of the original (green) and the Fe/L film deposited at 90° C (orange) Fe/L films
(2:1:1 ratio of M:H4L:PB, respectively). Spectra were recorded in a range of 4000-750 cm™! and the blank was
measured with a gold coated plate.
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Figure A.78 - Diffractogram of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.2 and
90 °C for 1 hour.
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Figure A.79 - Chronoamperograms following the depositions of the Fe/L films at -1.3 V for a) 1 hour and b) 15
minutes. Electrodepositions were performed in 10 mL of N2 saturated DMF with TBAPFs as the supporting
electrolyte and recorded at 100 mV.s"1. The one-compartment electrochemical cell was also constituted by FTO as
working, platinum wire as counter and 3 M Ag/AgCl as reference electrodes. Species quantities: 4 mM of M, 2

mM of H4L, and 2 mM of PB.
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Figure A.80 - DRIFT spectra of the original (green) and with 4 mM of PB (pink) Fe/L films. Spectra were
recorded in a range of 4000-750 cm™! and the blank was measured with a gold coated plate.
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Figure A.81 - Diffractogram of the Fe/L film (2:1:2 ratio of M:H4L:PB, respectively) deposited at -1.3 V for 1 hour.
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Figure A.82 - Assembly of the electrodeposition with an external magnetic field.
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Figure A.83 - DRIFT spectra of the original (green) and the magnetic field (red) Fe/L films (2:1:1 ratio of
M:H4L:PB, respectively), deposited at -1.3 V. Spectra were recorded in a range of 4000-750 cm™! and the blank
was measured with a gold coated plate.
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Figure A.84 - Diffractogram of the Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) deposited at -1.3 V and
1T.
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Figure A.85 - Cyclic voltammograms of a) H4L1 b) H4L.2 and c) H4L3. CVs were performed in 10 mL of N2
saturated DMF with TBAPF as the supporting electrolyte and recorded at 100 mV.s™L. The one-compartment

electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as
reference electrodes. Species quantities: 2 mM of H4L1, Hal 2 or Hal 3.
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Figure A.86 - Cyclic voltammograms of a) H4aL1+PB b) H4L2+PB and c) H4L3+PB. CVs were performed in 10 mL
of N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.s™L. The one-
compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M
Ag/AgCl as reference electrodes. Species quantities: 2 mM of H4L1, H4L.2 or H4L.3 and 2 mM of PB.
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Figure A.87 - Cyclic voltammograms of a) H4aL1+M b) H4L24+M and c) H4L3+M. CVs were performed in 10 mL of
N2 saturated DMF with TBAPFs as the supporting electrolyte and recorded at 100 mV.s"1. The one-compartment

electrochemical cell was also constituted by FTO as working, platinum wire as counter and 3 M Ag/AgCl as
reference electrodes. Species quantities: 4 mM of M, 2 mM of HalL1, H4l.2 or H4L3.
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Figure A.88 - Cyclic voltammograms of a) HaL1+M+PB b) H4L.2+M+PB and c) H4L3+M+PB. CVs were
performed in 10 mL of N2 saturated DMF with TBAPF¢ as the supporting electrolyte and recorded at 100 mV.sL.
The one-compartment electrochemical cell was also constituted by FTO as working, platinum wire as counter
and 3 M Ag/AgCl as reference electrodes. Species quantities: 4 mM of M, 2 mM of H4LL1, H4.2 or H4LL3 and 2
mM of PB.
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Figure A.89 - FTIR spectrum of H4L2 (black) and DRIFT spectrum of the Fe/L2 film (blue) deposited at -1.3 V.
Spectra were recorded in a range of 4000-500 cm™1.
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Figure A.90 - FTIR spectrum of H4L3 (black) and DRIFT spectrum of the Fe/L3 film (blue) deposited at-1.3 V.
Spectra were recorded in a range of 4000-500 cm.

CcC



SRATIET i oyl

168w 22 BOENS 25k U mSaa

d)
Fe/LLE,,, =-1.3V Fe/l1E, =-1.3V

app ~

2.-888 18m 221525 M2 aae 18k m 22

e) NN f)
Fe/L1Es.=-1.3V Fe/L1E, . =-1.3V

app — app —

A

2SO KA wS.aBa § S H-m 22 25k U PR N

Figure A.91 - SEM images of the Fe/L1 film deposited at -1.3 V, magnified at a) x200, b) x500, c) x2000, d) x2000,
e) x5000 and f) x5000.
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Figure A.92 - SEM images of the Fe/L2 film deposited at -1.3 V, magnified at a) x200, b) x500, c) x2000, d) x2000
and e) x5000.
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Figure A.93 - SEM images of the Fe/L3 film deposited at -1.3 V, magnified at a) x200, b) x500, c) x500, d) x2000, e)
x2000 and f) x5000.
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Figure A.94 - Adjusted RBS spectrum of the Fe/L1 film deposited at -1.3 V in the zone Identified as 007 (beam
dimension: 3x4 ym?).

Table A.16 - Fe/O and Fe/C atomic ratios of the Fe/L1 film, obtained from the RBS spectra.

. . Expected for
Atomic ratio 006 007 008
Fe2lL1
Fe/O 0.33 0.49 0.24 0.38
Fe/C 0.14 0.23 0.11 0.14
Thickness (nm) - >2124 >2373 >1490

Table A.17 - Fe/O and Fe/C atomic ratios of the Fe/L2 film, obtained from the RBS spectrum.

i . Expected for
Atomic ratio 106
Fe2l 2
Fe/O 0.33 0.25
Fe/C 0.10 0.12
N/O 0.33 0.84
Thickness (nm) - >1897
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Table A.18 - Fe/O and Fe/C atomic ratios of the Fe/L3 film, obtained from the RBS spectra.

i ) Expected for
Atomic ratio 97 98
Fe2l.3
Fe/O 0.25 0.24 0.23
Fe/C 0.11 0.65 0.64
N/O 0.25 0.17 0.18
Thickness (nm) - >18045 >18884

Table A.19 - Peak deconvolution of C 1s, Fe 2p and O 1s from the XPS survey spectra of the Fe/L1, Fe/L2 and

Fe/L3 films.
Fe/L1 film Fe/12 film Fe/L3 film
Attribution
(Eapp=-1.3V) (Eapp=-13V) (Eapp=-13V)
285.0 285.0 285.0 C-Cand C-H
Cls 286.3 286.4 286.4 C-O
288.8 288.7 288.8 0=C-O
- 709.2 - FeO
710.4 710.5 710.2 Fe(OH)2
- - 7114 Fe3O4
711.7 711.8 7125 Fe203
Fe 2p
713.4 713.0 - Fe(OH)3
715.5 714.6 715.3 Satellite
718.4 718.5 - Satellite
- - 719.9 Satellite
531.7 - - -O-C=0
O1ls
532.7 - - -O-C
Table A.20 - Atomic concentration (%) of Fe, C and O of the Fe/L1 film.
%atm
Fe/L1 film Expected for
Expected for Fe2L.1
(Eapp=-1.3 V) Fe2LL1(DMF)(H20)
Fe 2.2 9.1 4.4
C 58.6 63.6 37.8
O 24.2 27.3 17.8
N 3.3 0 2.2
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Table A.21 - Atomic concentration (%) of Fe, C and O of the Fe/L2 film.

Yoatm
Fe/L2 film (Eapp=-1.3 V) Expected for Fe2l.2
Fe 1.3 6.25
C 69.9 65.6
O 194 18.75
N 5.3 6.25
Table A.22 - Atomic concentration (%) of Fe, C and O of the Fe/L2 film.
Yoatm
Fe/L3 film (Eapp=-1.3 V) Expected for Fe2L.3
Fe 2.4 6.25
C 63.4 56.25
O 19.7 25
N 5.2 6.25
10000- FE/L3 film
E,pp=-1.3V
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Figure A.95 - Diffractogram of the Fe/L3 film deposited at -1.3 V for 1 hour.
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Figure A.96 - 15-minute Fe/L film (2:1:1 ratio of M:H4L:PB, respectively) before UA sensing studies (black film)
and after (white film) in PBS buffer.
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Figure A.97 — DPV voltammograms of UA concentrations on a range of 50 to 325 mM on 15-minute Fe/L film in

tris buffer.
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