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Abstract

This work focuses on the search for new materials with useful optical and electronic
properties based on nucleic acid-based components for possible use in

nanotechnology.

Towards this, two coordination polymers have been prepared using 6-thioguanosine,
as a ligand, and univalent coinage metal ions of Ag(l) and Cu(l). [Ag(l)-6-
thioguanosine]n was structurally characterized using mass spectroscopy, UV-Vis,
FTIR, CD, SEM and AFM. This material has shown to have a polymeric one-
dimensional chain structure with Ag(l) ions coordinating two sulfur atoms. In addition,
these chains form long polymeric strands when individually associate in parallel and
also, they form helixes with a left-handed orientation. Additionally, the optical
properties of the material showed luminescence emission suggesting that [Ag(l)-6-

thioguanosine]n possess chiro-optical properties.

A similar material was obtained in the reaction of Cu(l) ions to give the corresponding
coordination polymer, [Cu(l)-6-thioguanosine]n as confirmed by characterization by
mass spectroscopy, UV-Vis, FTIR, CD, SEM and AFM characterization. These showed
the formation of a one-dimensional coordination polymer with Cu(l) ions bringing three
sulfur atoms in form of fibres, that can associate one on top of another to form longer
polymer chains. In this case, the material was fluorescence and electrically conductive

after an oxidative doping process.

Both systems formed metallo-supramolecular hydrogels when prepared at high
concentrations, from 15 to 60 mM. They both were analyzed structurally by rheology,
UV-Vis and CD confirming the formation of polymeric strands. In addition, these
compounds were analyzed under AFM and they showed the formation of large one-
dimensional fibres that entangled by self-assembling to form the characteristic fibrillar



network of a hydrogel. Also, both systems showed luminescence emission that
combined with their chiral features showed CPL emission properties. Only [Cu(l)-6-
thioguanosine]n displayed electrical conductivity without doping and this confirmed its

nanowire behavior.

As a promising application for these materials, a prototype of a nanowire-based gas
sensor was prepared to detect ozone and VOCs. Firstly, [Cu(l)-6-thioguanosine]» was
used as a potential gas sensor but it was discarded due to the poor stability and
degradation shown to sense ozone and a time-dependent response for VOCs. Instead,
a nanocomposite based on [Au(l)-6-thioguanosine]n and Multi-Walled Carbon
Nanotubes (MWCTNSs) was prepared and characterized structurally by AFM, Raman
spectroscopy and SEM. A sensor based on [Au(l)-6-thioguanosine]o/MWCNTs was
also built and this showed a stable response and high sensitivity for VOCs, especially

for ethanol.

Finally, two coordination polymers were prepared using a thio-modified nucleoside
prepared synthetically, 4-thiouridine. [Ag(l)-4-thiouridine]n and [Au(l)-4-thiouridine]n
complexes were structurally characterized using mass spectrometry, UV-Vis, FTIR,
CD, SEM and AFM. In the case of [Ag(l)-4-thiouridine]n, the system formed a hydrogel
with a structure based on coordination polymer similar to that formed with 6-
thioguanosine. These are individual one-dimensional chains that self-assemble
intertwining forming a supramolecular network. For [Au(l)-4-thiouridine]n, the structural
analysis concluded with the formation of aggregates and it suggested the formation of
Au(l) thiolate polymers that interact through aurophilic interactions. In addition, the
optical properties of both Ag(l) and Au(l) systems showed higher luminescence
emissions compared to the 4-thiouridine isolated confirming chiro-optics features of

coinage-metal thiolate coordination polymers.
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1.1. Nanotechnology

Since the mid-20" the interest in the synthesis of materials in the nanometer scale
range has increased due to the possibilities for their new properties and performances
compared to more traditional materials, with applications in fields such as energy
storage, environmental processing, electronics and medicine.'® There are two
approaches for the preparation of nanomaterials, top-down and bottom-up and their
difference lies in the starting material used for the synthesis. While the first uses bulk
material, such as silicon wafer and processes this to ever smaller features, the second
approach looks to build up to the nanoscale from sub-nanoscale molecules to form
complex assemblies.* This approach takes inspiration from biology with, for example,
the synthesis of biopolymers such as DNA and proteins from their respective building
blocks, nucleosides and amino acids.>® Apart from their biological functions, there is a
great interest in the preparation of a new class of nanomaterials using these
biomolecular building blocks that can be assembled into predictable and desirable
structures.’ In this regard DNA can be prepared in a tetrahedron form to encapsulate
proteins (Figure 1.1a),® or to crystallize them within a DNA mesh (Figure 1.1b),° in
addition to DNA Origami technique that will be explained in depth later. However, the
intrinsic, opto-electronic properties of these biopolymers are rather limited and, as a
consequence, methods have been explored and developed for the incorporation of
technological useful properties, conductivity or luminescence® to them. Different
routes have been established to introduce functions on these biomolecules, for
example electrical,!* optical*? or magnetic properties,'® and the method of specific
interaction of transition metals with them is the preferred.* Of particular relevance to
the work in this thesis are the methods that seek to utilize, or adapt, the transition metal
ion bonding features of DNA, whilst maintaining its molecular structure.'® The work

presented in this thesis explores the use of modified nucleosides as a means to
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introduce new physical properties into DNA-like materials based on coordination

polymers.

Figure 1.1. Nanomaterials that take advantage of the structural characteristics of
DNA, a) a model to DNA encapsulating proteins® and the crystallization of proteins

(blue circles indicate specific amino acids attachment position for DNA strands) (b).°

1.2. Introduction to Nucleic Acids

Deoxyribonucleic acid, DNA, has the capacity to store and transfer the genetic
information in the sequence of a linear polymer containing four nucleobases, adenine
(A), thymine (T), cytosine (C) and guanine (G) (Figure 1.2a). These nucleobases are
divided into two groups, purines (A and G) and pyrimidines (T and C).%® Nucleotides
are formed by a nucleobase, a ribose ring and a phosphate group and they are
covalently linked by phosphodiester bonds through 3’ and 5 carbon of the sugar

forming a one-dimensional strand (Figure 1.2b).16

The structure of duplex DNA is based on the recognition between nucleobase pairs A-
T and G-C through specific hydrogen bonds (Figure 1.2a,b).1” These electrostatic
connections are supplemented by hydrophobic stacking interactions to produce the
well-known Watson-Crick’s helix.*® In DNA’s structure, the geometry and arrangement

of nucleobases follow the Watson-Crick model which represents the optimum stability
4



of the structure with the maximum number of hydrogen bonds possible formed.*® Thus,
the interaction of two complementary polymeric strands by their nucleosides leads to
the formation of a double helix which is responsible for the production of other
biomolecules with specific functions within the cell.?° Later on, it was found that
nucleotides A and G could form additional hydrogen bonds through their N7 atoms,

known as Hoogsteen-type base pairing (Figure 1.3).%!
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Figure 1.2. a) Scheme of the hydrogen bond between thymine-adenine and cytosine-
guanine bases. b) Representation of a DNA double-helix structure. It is built by two
strands of nucleotides linked by specific hydrogen bonds in opposite directions, 5’ to

3’ versus 3'to 5.

Figure 1.3. Scheme of Hoogsteen-type pairing of adenine-thymine and guanine-

cytosine* base pairs (R= deoxyribose ring).



The more common form of duplex DNA is the so-called ‘B-form’ where the two strands
of polymers are entangling in a right-handed anti-parallel way with approximately ten
base pairs per turn and 20 A of diameter of the helix (Figure 1.4b).22 Other
conformations of duplex DNA are known such as ‘A’ and ‘Z’ forms. A-form consists in
right-handed double helix with similar diameter as B-form and with eleven base pairs
per turn, also the base tilt is more pronounced in A-form. The structural changes
between A and B-forms lie in a closer distance between nucleotides for A-form and
also their position is not located inside the helical axis like B-form does, because of
this A-form DNA exhibits thicker helices (Figure 1.4a).2®> The differences of B-forms
with the Z-form DNA are more radical. Z-form exhibits a left-handed double helix with
twelve base pairs per turn and 18 A of diameter, so the structure is thinner and longer.
Also, the order of the helix is following a zig-zag sequence (Figure 1.4c). Specifically,
this type of DNA is common for G and C residues because G adopts a syn- and C anti-

conformation.?4

Figure 1.4. Scheme for the different DNA conformations represented as balls and

ribbons. a) A-DNA form, b) B-DNA form and c) Z-DNA form.?®



To prepare DNA there are various synthetic routes. The use of enzymes provides a
fast and low-cost method, and it is the main method to prepare long strands of DNA,
about hundreds of nucleotides, using a template extracted from animal cells although
it has the inconvenience of the uncontrolled ordering of nucleotides of the template.2®
Chemical methods includes array-based oligo synthesis?’ and the solid-phase
technique, a well-established process used regularly in industry.?2 The solid-phase
synthesis is based on a cycle where nucleotides are added one by one to the final
sequence through a reaction between a reactive nucleoside added to a solid-supported
growing chain. The synthesis consists in four steps and it is normally carried out in an

automated DNA synthesizer (Figure 1.5).

The process begins with the coupling of the first protected deoxy-nucleoside at the 3’
end to the solid support through an ester bond; the protecting group, DMT (4,4’-
dimethoxytrityl), is attached to the C5'. Then, deprotection of the DMT group using
trichloroacetic or dichloroacetic acids in dichloromethane occurs. The second
nucleobase is added as a reactive nucleoside-phosphoramidite which is activated
when mixed with tetrazole and it is attached to the 5’ end of the deoxy-nucleoside
bonded to the support, generating a phosphite triester. The next step is called ‘capping’
because the addition of acetic anhydrice and N-methylimidazole dissolved in
THF/pyridine ensures that the chains that have not reacted with phosphoramidite
during the previous stage are blocked. The addition of iodine in water and THF/pyridine
after the capping causes oxidation of the unstable phosphite triester intermediate to
phosphate triester. The resulting molecule is comparable to DNA polymer and
therefore, this process can be repeated the number of times necessary for the desired
length of the oligonucleotide. The direction of the synthesis is 3’ to 5’. Besides, at the
end of the cycle it is possible to liberate the oligonucleotide from the support with the

addition of ammonia; nucleobases and phosphate protecting groups are removed by
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an ammonia solution and heat. The yield of each step normally exceeds 98% which is
good for oligonucleotides between 2 to 60 nucleobases although the number of
impurities increases with different lengths of product obtained for longer

oligonucleotides. Because of that, HPLC techniques are used at the end of the

synthesis.
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Figure 1.5. Scheme of the four steps of DNA synthesis by phosphoramidite method

in an automatic synthesizer.

1.3. DNA nanotechnology and Origami

As we have seen, apart from biological properties, DNA stands out because of self-
assembly properties of its components leading to the formation of a variety of
organized architectures via complementary hydrogen bond formation.?® This
biomolecule is crucial for the development of nanotechnology, a science field with aim

of generate materials controlling structure and composition at the nanoscale.®° The use



of DNA in nanotechnology is due to the fact that its size and morphology can be

designed with nanometric precision by programming its sequence of bases.3%3?

So, the famous double helix DNA structure has been studied for over 30 years for its
use in nanotechnology. The first interesting study was developed by Seeman group in
1998 and it suggests the use of DNA as a construction material for nanometer-sized
objects (Figure 1.6a).33 Specifically, the complex structures exposed here are based
on catenates made of cyclic single DNA polymers (Figure 1.6b).3* Eight years later
Rothemund group exposed a revolutionary new technique called ‘DNA origami’ (Figure
1.7).%% In this case, a long single continuous strand of DNA, with more than thousand
nucleotides, is systematically folded using a large number of smaller complementary
DNA strands, between 10 to 40 nucleotides, and consequently it forms into the desired
shape, allowing the assembling the same initial long strand of DNA, into squares,

rectangles, stars and many other two-dimensional shapes.3¢

Figure 1.6. Nanostructures build with DNA, a) two-dimensional tiles assembled
lattices and b) illustrated the formation of a three-dimensional rhombohedrical

structure.3’



Figure 1.7. DNA origami formation. Black lines represent a single DNA strand that
interacts with complementary shorter strands (yellow lines) folding until they form

DNA origami shapes.3®

From 2008 until now, the development of three-dimensional lattices (Figure 1.8a),
three-dimensional DNA Origami (Figure 1.8b) or single crystals among other
nanostructures have been developed ending into two well defined fields, nanoparticle-
templated DNA bonds or hybridization-based DNA bonds.3’ The difference between
these two lies in the preparation of such nanomaterials, while the first is based on many
crossed unions between molecules like in DNA Origami, the second uses
nanoparticles as templates to build, for example, colloidal nanoparticle crystals.38 All of
these techniques confirm that DNA is a really useful building-block for nanoscale
materials because the controllable length scale, morphology and self-assembling
properties that allows bottom-up fabrication with nanometric precision through

programming of sequence.
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Figure 1.8. Macromolecular DNA structures, a) three-dimensional lattices®® and b)

three-dimensional DNA origami (scale bars are 20 nm).%’

1.4. DNA functionalization

DNA has showed how promising are their structural properties for its use in
nanotechnology, developing new entities that give to the biomolecule a new
perspective to investigate.*®* Having this in mind, DNA has been exposed to
modification in order to improve their properties and applications. Some examples
have illustrated basic alteration on DNA, attaching, by covalent bond, fluorescence
markers to DNA ends in order to change its solubility properties*?>“2 or the modification

of original nucleobases to study stabilities of the double helix.444>
1.4.1. Nanoparticles

A simple attempt to modify or integrate DNA with components is the functionalization
of DNA with nanopatrticles. This method allows to create superlattices (Figure 1.9) by
the programmability of DNA assembly with nanoparticles, forming two or three-

dimensional architectures.*®*” The metal nanoparticles used are Au,*® Ag, Al*® or Fe

11



among other and mainly these materials have medical applications, such as in cancer

therapies or to detect specific human cells.>°

Figure 1.9. A controlled three-dimensional architecture based on the interactions
between complementary strands of DNA forming a superlattice of nanoparticles in

specific places.*6:47

1.4.2. Metal templating

However, some studies have demonstrated that for some applications the components
of DNA are rather limited for suitable electronic properties.>52 To address this, studies
have been carried out to modify or integrate DNA with synthetic molecules that can
give function to the DNA scaffolds.®° The metal templating on DNA was proposed as a
possible method to induce electrical properties on DNA structure (Figure 1.10a).5354
The main characteristic of these investigations is the use of DNA molecule as a
template to control the morphology of larger materials throughout a bottom up
preparation. In this regard, the negative charged phosphate backbone and specific
nucleobase locations are essentials for interactions with metal ions derived form Ag,%3
Cu®® or Pt,%6 which are subsequently reduced to metal.5” After metal deposition onto

DNA, a one-dimensional wire, nanowire, is formed and it exhibits electrical conducting
12



properties (Figure 1.10a).5859 In general, the issue of DNA-templated technique is the
uncontrolled growth of metal particles size which causes heterogeneous ordering of
such particles on the template and then an imprecise electrical carrying.®® To avoid
that, a combination of a suitable chemical modification on DNA strand folded into an
origami structure, following the DNA-templated approach, has been investigated
bringing a more controlled way of metallic growth (Figure 1.10b).6* This is because

metal particles will recognize and link to specific positions on the DNA strands.

a)
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Figure 1.10. Model of a metal templating on DNA to prepare nanowires (grey balls
indicate metal (0)) (a)®? and a combination of DNA Origami and metal templating on

DNA (b) (yellow bars are meta or metal nanoparticles; scale bar is 50 nm).%3

1.4.3. Metallo-base pairs DNA

To obtain functionalized material a la carte, a related method has focused on the affinity
of transition metal ions to DNA and the subsequently replacement of hydrogen bonds
by coordination bonds within DNA structures; this approach is called metallo-base

pairs DNA (M-DNA)® and it indicates the formation of metal-modified base pairs
13



(Figure 1.11).6566 The use of DNA as a polydentate ligand with extremely rich
coordination chemistry, as exemplified by the ‘Cisplatin’ drug,®” allows the attaching of
transition metal ions to their strands and thereby incorporate luminescence, electrical
or magnetic properties to its structure.5%86° Specifically, the interest of using
nucleosides as ligands arises from their large number of donor sites available for metal

bonding (Figure 1.12).

Metal ion
R

Figure 1.11. Interaction of a DNA double helix molecule with a metal ion and the

subsequent hydrogen bond substitution by a metal coordination between

complementary base pairs.

Figure 1.12. Scheme of a) adenosine, b) thymidine, ¢) guanosine, d) cytidine and e)
uridine with their preferred sites of metal interactions. Red arrows indicate donor sites

available for metal bonding. (R= ribose ring).
14



The M-DNA system is of interest due to the versatility of metal ions functionalization of
DNA and it can be sub-classified into different approaches, the formation of non-
canonical base pairs by the exchange of hydrogen bonds in natural nucleobases or
artificial ligands to coordination bonds with metal ions”®"! and the reversible bonding
of metal ions to part of the DNA not involved in base pairing.”? In addition, M-DNA
improves a controllable deposition of metal ions by DNA strands’ and contributes to
maintain the persistent distortion of crosslinking of DNA duplexes by metal ions that

form kinetically inert complexes.3474.75

Mainly, M-DNA approach has focused on the development of metal-modified base
pairs where there is a substitution between hydrogen bonds and metal coordination
bonds without altering the Watson-Crick bonding scheme, retaining and stabilizing the
double-helical structure of the oligonucleotide. Besides, it has been showed that the
formation of a M-DNA system makes use of the programmability of the sequence of
DNA to introduce a concrete number of metal ions in specific locations.®%7%78 These
systems are designed to be incorporated into nanodevices as conductive films,
bringing electronics applications because of the optimistic vision of the molecular wire

nature of M-DNA (Figure 1.13).7°
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Figure 1.13. Example of functionalization of materials following metal modified or
mediated base pairs strategy. Metal ions are introduced into modified DNA strands

(nucleosides) forming materials that can be integrated into electrical nanodevices.”®
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Some of the approaches to the design of metal-base pairing DNA systems were carried
out with Hg(Il) (Figure 1.14a)8%or Zn(ll) (Figure 1.14b)8and more recently Ag(l) (Figure
1.14c¢),”® Ni(11)82 or Cu(ll).82Besides, the interaction between DNA and transition metals
has been widely studied with other metal ions like Co(ll), Mn(ll), Cd(ll), Au(l) or Cu(l)
and (11),848 which confirms different ways of coordination of these metals to DNA.8" In
particular, Hg(ll) and Ag(l) are able to form a thermodynamically stable bond with the
double helix without structure modification or phosphate interaction with AG° values

between -2.7 and -1.7 KJ/mol respectively.®’
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Figure 1.14. Scheme examples of metallo-base pairs DNA structures a) Hg(ll)
coordinating two thymidines, b) Zn(Il) mediating between an adenine and a thymidine
following a Hoogsteen type pairing and c) bonding of a metal cation, Ag(l), to the

position N1 of 7-deazadenine by hydrogen bonding substitution. (R= deoxyribose

ring).

These systems highlight in some applications. The use of M-DNA as sensors is based
on the recognition of specific transition metal ions by nucleobases or larger

oligonucleotide sequences.®8% Although another application of M-DNA systems is
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their use as molecular wires, the capacity of M-DNA to have magnetic or electrical
properties is controversial, it is not clear that these systems show electrical charge
transfer capacities.®® It is usual to find big differences in electro-magnetic results
depending on the sequence or metal ion used and M-DNA preparation.®® Whereas the
duplex prepared with Cu(ll) and hydroxypyridone (Figure 1.15) showed magnetic
properties,® the sequence becomes crucial to determine such properties.®? In this
regard, other metals ions, Zn(ll) or Ni(ll), have been also investigated with discrepant

results.93.94

Figure 1.15. Cu(ll) mediated hydroxypyridone nucleobases forming a DNA duplex.®?

Although it has been shown that DNA owns semiconductive properties under certain
conditions®>% other studies have shown that DNA possess weak electronic properties
suitable to be incorporated into electronic devices.®® This is due to different factors
such as the length of DNA strands or certain chemical modifications in
nucleotides.?%9 |n some cases, the fact that DNA acts as an insulator encouraged
researchers to investigate its interaction with transition metals, leading to the formation

of molecules with interesting electrical properties for use in nanotechnology, such as
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nanowires or biosensors.? Although, metal templating on DNA showed electrical

conductivity properties, metallo-base pairs DNA has not obtained conclusive results.%

A crucial issue for metallo-base pairs DNA compounds is that the addition of metal ions
to DNA scaffolds do not produce inherent conductivity.®® Some studies have analyzed
the reasons for such behavior concluding that they are mainly due to the electronic
structure of M-DNA. The filled valence band in the metal ion and an empty conduction
band in the ligand with a considerable band gap between them, appear to be crucial
factors to determinate if such materials conduct electricity.®® To overcome the lack in
electrical properties on M-DNA, the product usually needs an extra modification along

the chain, mainly focus on the reduction of metal ions to their metallic form.°:.100
1.5. DNA based coordination polymer approach

The strategy followed through this thesis is the use of the coordination polymer
approach as a means to incorporate new properties into DNA-based materials. The
use of DNA components as a ligand, specifically nucleosides that form it, opens the
possibility to link metals directly to them with established patterns.1°® The use of
transition metals will provide new properties to the system such as electronic
functionality, magnetism or redox properties.'%2-194 |n addition, as some of the research
shows,%31%5 this approach allows to build supramolecular structures in different

frameworks.

Coordination polymers are defined as hybrid compounds based on a metal ion and an
organic or inorganic ligand, forming as a result one or two-dimensional complexes
(Figure 1.16 and 1.17).1% |n addition, these compounds can form three-dimensional
compounds, described as metal-organic frameworks (MOFs).1%7 In general, the
bonding between metal ions and ligands is driven by electron donor-acceptor
properties as it is considered in the hard-soft acids and bases theory.1% Following such
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theory, metal ions are treated as Lewis acids and ligands as Lewis bases.1%°
Depending on the composition of coordination polymers, they can be divided into acid-
acid, base-base or acid-base categories.''° They exhibit promising properties that can
be applied in different fields such as in sensing or optical devices, catalysis,
luminescence, magnetic or conductivity''! depending on metal ions and bridging

ligands used in their preparation.1?
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Figure 1.16. Scheme of a coordination polymer formation. The specific interaction
between metal ions and organic or inorganic ligands lead to the formation of a

coordination polymer.
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Figure 1.17. Examples of coordination polymers frameworks, a) and b) indicates a
linear-zigzag coordination polymer, c) and f) a structure in rhomboid form of
coordination polymers, d) a double ribbon structure, e) ribbon structure, g) a double
chain coordination polymer structure and h) a layered structure. M represents metal

ion, X the organic ligand and L the organic groups of the metal compound.1*3
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The use of coordination polymers as optical devices arises from their chiro-optics
properties and specifically, the interest lies in the preparation of homochiral helices.'**
117 Due to their luminescence properties, coordination polymers based on aromatic
ligands and transition metals are compounds with high photoluminescence properties.
These complexes have demonstrated their potential use as light-emitting diodes
(LEDs),**® such is the case of Th(lll).1** Magnetism properties of coordination polymers

are also used as magnetic switches,'?° or molecule-base magnets.12%:122

The interest of electrical conductivity properties of coordination polymers has been
increased recently due to their application in nanotechnology and specifically, as new
materials for gas sensing or electrochromic films.'?3 The use of coordination polymer
in batteries, fuel cells, molecular wires or capacitors has demonstrated how abundant
and tunable are potential applications of such materials.'?* Apart from the use in opto-
electronics devices,'?° coordination polymer can be used for other applications. Energy
production, gas separation and non-linear optics have been also demonstrated that

coordination polymers are versatile compounds with a rich field of applications.?4126

Apart from many biological applications, such as drug delivery or tissue imaging,
biocompatible components of coordination polymers are preferred due to their
sustainable characteristic.*?’ In that sense, coordination polymers based on
nucleobase or nucleobase derivatives ligands are components with a reduced
environmental impact.'? Nucleobases also highlight in their high possibilities of metal
bonding sites, showing a wide range of structures as well as self-assembling
properties.'?’ Specifically, the idea here is to develop efficient methodologies in the
preparation and characterization of coordination polymers based on modified

nucleobase derivatives.
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Nucleoside derivatives are an important range of compounds with biological functions,
and specifically, thio-nucleosides.'?® There are many soft-mutated nucleosides with a
sulfur group found on modified RNA oligonucleotides, e.g. 2-thiocytidine, 5-methyl-2-
thiouridine,  5-methylaminomethyl-2-thiouridine,  2-methylthio-N6-adenosine, 6-
thioguanosine and 4-thiouridine (Figure 1.18).1%° In addition to their biological
purposes, many thio-modificated nucleosides have been incorporated into DNA and
RNA with the idea of bringing new functions to these biomolecules an explore potential
applications due to its photosensitivity and photo-crosslink properties in RNAs or
proteins.t3%131 Some studies have showed their presence on DNA oligonucleotides
without appreciable change in the stability of the strand'3>134 except 2’-deoxy-6-
thioguanosine that decrease thermodynamic stability of DNA double-helix.135136
Focusing on 4-thiouridine and 6-thioguanosine, studies have investigated the effect of
its occupancy on a oligomeric RNA double strands. In the case of 4-thiouridine, RNA
undergoes thermodynamic stabilization, around 2 kcal/mol, of base pairs when 4-
thiouridine is bonded to guanosine by hydrogen bonds.'®” In the opposite, for 6-
thioguanosine, there is a decrease in thermodynamic stability for RNA oligonucleotides

of the order of 11 kcal/mol.131

Figure 1.18. Examples of thio-derivatives nucleosides, a) 6-thioguanine, b) 4-

thiouridine and c) 2-thiocytidine. (R= ribose ring).
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1.5.1. Interaction between metals and thio-modified nucleosides

Although many ways of nucleosides modification have been examined, the use of thio-
derivatives of nucleosides have probed its capacity to coordinate metals forming
coordination polymers.t36:138 The capacity of sulfur to bridge metal ions is well-
known'¥® and it allows a direct connection between metals along the polymer.
Therefore, the bottom-up synthesis of coordination polymers using modified
nucleobases with thiol derivatives and transition metals will lead to the formation of a
metal-sulfur polymer that can be introduced inside DNA.'*° The specificity of the
interaction is based on the hard and soft acids and bases Lewis theory, HSAB theory,
since sulfur is a soft base, large and polarizable, with high affinity to soft acids like
transition metals.'#! As highlighted in previous section, the coordination chemistry of
nucleosides owns a high versatility as ligands, with a large number of donor sites
available for metal bonding (Figure 1.12).14> To avoid this, the modification of
nucleobases with thiol derivatives will evade natural bonding sites and will bond the
metals in particular places. Using this approach, it will be possible to obtain appropriate
coordination geometry for the desired architecture avoiding some problems seen in
others DNA functionalization approaches like the uncontrolled introduction of metal

ions into DNA.55.143

It has been demonstrated the capacity of a thio-modified nucleoside, 4-thiouridine
inserted in a DNA oligomeric chain, to coordinate strongly divalent metals ions, Cd(ll),
in specific bonding places.'** There are other examples of particular interest where
oligonucleotides with thio-modified nucleotides in DNA or RNA are linked specifically
to metals, e. g. the possibility of self-assembling metal-colloidal, Au or Ag-
nanoparticles, through complementary oligonucleotides to produce three-dimensional
hybrid compounds or superlattices with potential electrical or optical applications, such

as quantum dots or plasmonic materials suitables for circuitry.14>47 The
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complementary strands of oligonucleotides are controlling precisely the position of
each nanoparticle and they influence the distance and interactions between them.4®
This aspect is crucial for the optoelectronic properties that these compounds will
display on their applications like the surface plasmon resonance-based sensors.4°
Furthermore, a similar method to M-DNA has been used to coordinate metals like
Pd(l1), Ni(ll), Pt(ll) to thio- modified oligonucleotides.'>° The incorporation of transition
metal to these oligonucleotides has been used due to chemical or physical properties

that these metal display such as optical or magnetic.%°

The main idea of the interaction between sulfur atoms of modified nucleosides and
metal ions is the interesting semiconducting properties that these compounds display,
similar to metal sulfides (Figure 1.19).15%153 |t is possible to find them in nature as
minerals, pyrite or galena, and artificially by synthesis, so its preparation can be
programmed for specific applications. Metal sulfides are composed by a S? anion and
a metal cation forming a variety of stoichiometries and therefore, crystalline
structures.'> Structurally, they can form one-, two- or three-dimensional
configurations.%® Usually metal sulfides are known material due to its wide range of
application as nano-electronic devices, sensors, batteries or LEDs due to their inherent
magnetic, electrical, thermoelectric, photoelectric or photocatalytic properties, among
others.156157  Synthetic metal sulfides such as ZnS or Cu2S have display
optoelectronics properties very useful in semiconducting industry featuring
luminescence or photochemistry.’®® In addition, they have been used as

photocatalysts, p-type semiconductors, nanogenerators or solar cells. 158159
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Figure 1.19. Structure models of metal sulfides, MoS: (a) and VSa (b) (grey balls are

metal ions and yellow balls sulfur atoms).69

The use of thio-derivatives of nucleobases as single molecules have been used in the
reaction with transition metals and as result coordination polymers have been
obtained. The interaction between 6-thioguanine and Cd(ll) forms a coordination
polymer where metal ions are bonding to S(C6) and N7 of the ligand (Figure 1.20a)
and the polymer displays potential conductivity properties which makes this
coordination polymer ideal as molecular wires for nano-electronics applications.*¢* The
extension of the study to other transition metals include the use of Ni(ll), Co(ll) and
Co(lll). Two one-dimensional coordination polymers have been prepared with Ni(ll)
using two similar ligands 6-mercaptopurine and 6-thioguaninate. The structural
characteristics of these compounds are the formation of polymeric chains where Ni(ll)
ions are attaching two ligands by four sulfur atoms and two nitrogen atoms at position
7 of the thiolate (Figure 1.20b).1% This compound exhibits electrical conductivity in
accordance to computational studies and it suggests potential nanotechnological
applications being integrated as semiconductor in electronic chips.*?* The interaction
between Co(ll) and 6-thioguanine have led to the formation of a one-dimensional
coordination polymer with metal ions coordinating two ligands by four sulfur atoms and

two nitrogen atoms in position 7 of 6-thioguanosine (Figure 1.21).16! This polymer has
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exhibited antiferromagnetic and semiconductor behavior which are essential
characteristic to be integrated into electronics devices.'%! Also, the reaction between
Cu(Il) and a modified uracil nucleobase has produced a one-dimensional coordination
polymer with temperature dependent magnetic properties and semiconductor
behavior.162 All of these coordination polymers have demonstrated that they can be
formed using DNA derivatives and therefore, it suggests the possibility to prepare
complexes architectures by interactions of coordination polymers with specific DNA
sequences.%? The research presented in this work extends the study of the formation

of coordination polymers to coinage metal ions.

a) b) ( )
B B B LS GV ™
6 1 ¢ 4 [ | ‘e \ /x/b
N \T NN NN NN : N\ ‘)
I s | s | - s . Yx\/“ D
Cd ~cal (o Cd ‘\.—-— ——\”
x4 ‘ g~ R 4 $ ‘ ) b 2
| | i P -
OO OO L.
‘ \ / / = ~ D)
“ N/_.-- \:/ . Nf; \: \ N.‘::»' -~: - N;‘x‘\ t“ 'S J. . \ :b\
\

Figure 1.20. Coordination polymers based on the interaction between a metal ion and
a thio-modified nucleobase, a) illustrates the crystal structure of a coordination
polymer based on Cd(ll) and 6-mercaptopurine'®3 and b) Crystal structure of a

thiolate coordination polymer based on Ni(ll) ions and 6-thioguanine (Ni(ll) ions are
represented as light brown balls, sulfur atoms as yellow balls and nitrogen atoms as

blue balls).1?4
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Figure 1.21. A fragment of a coordination polymer crystal based on Co(ll) (pink bars)

and 6-thioguanine (sulfur atoms in yellow).162

1.5.2. Coinage metal thiolate coordination polymers
1.5.2.1 Cu(l)

Coordination polymers based on coinage metals(l) ions and thiolates ligands have
exhibit interesting properties for their use in nano-electronic devices. Due to its
promising properties such as electronic and magnetic in the nanoscale field, Cu(l) is a
perfect candidate to be integrated into coordination polymers.'% In general,
coordination polymers based on Cu(l) ions and thiolate ligands have exhibited
luminescence and electrical properties (Figure 1.22a).155166 There are examples that
illustrated this behavior; a complex based on Cu(l) and a aliphatic thiolate has exhibited
optical properties due to charge transfer between the metal and ligand,'¢” and a
coordination polymer based on Cu(l) and methanethiol has been called nanowire due
to its conductivity properties at room temperature (Figure 1.22b).168 Other one-
dimensional Cu(l) thiolate polymers based on thiophenol groups have been used as
field effect transistors due to their charge mobility properties.*®® The self-interaction

between 6-mercaptopurine and Cu(l) lead to the formation of a coordination polymer
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where sulfur group is attaching Cu(l) ions along the length of the strand,’ although

this material did not exhibit any semi-conducting properties.63171
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Figure 1.22. Coordination polymers based on Cu(l) thiolates, (a) shows a two-
dimensional layered structure for the complex Cu(l) 6-mercaptonicotinate®® and (b)
shows a one-dimensional coordination polymer from a central view of [Cu(SPh)]n,

both highlight Cu(l)-sulfur bonds (Cu(l) ions are orange balls and sulfur atoms yellow

balls).168

1.5.2.2. Ag(l)

The interaction of Ag(l) with sulfur atoms lead to the formation of Ag(l) thiolates with a
variety of structures, clusters, nanoparticles or coordination polymers with particular
interactions between Ag(l) ions.1’>173 The polymeric nature of Ag(l) thiolates has
sparked interest due to the promising optical properties that they exhibit such as
photoluminescence, photothermal or thermochromic effects.417> Also, the versatility
of these compounds to form polymeric structures in one-, two- and three-dimensions,
depending on the ligand, has provides to Ag(l) thiolates a structural advantage to utilize
them in specific applications like sensing.1’® Some examples illustrated this, lamellar
structure of a coordination polymer based on Ag(l) and mercaptopropionic acid has
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exhibited tunable optical and photoluminescence properties depending on
temperature, that open possibilities to use such polymer in bio-imaging and
optoelectronics. (Figure 1.23)Y7 Numerous Ag(l) thiolate clusters have also showed
adaptable emission properties depending on the anion used in their preparation which
suggests that such compounds are useful in applications as fluorophores.l’® In
addition, coordination polymers based on aromatic ligands and Ag(l), possess potential

use as light-emitting diodes (LEDs).1"°
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Figure 1.23. One-dimensional scheme for an Ag(l) thiolate coordination polymer

based on mercaptopropionic acid as a ligand.*’”

1.5.2.3. Au(l)

The linear coordination of Au(l) ions with sulfur atoms of a ligand forms a coordination
polymer with interesting properties similar to metal sulfides compounds and exhibit
photoluminescence and electrical conductivity.14%18 |n these coordination polymers,
Au(l) atoms usually exhibit a particular characteristic, the presence of aurophilic
interactions due to relativistic effects which improves the stability of Au(l) thiolate
coordination polymers.'®1 A one dimensional Au(l) thiolate coordination polymer based
on a thiophenol ligand has exhibited phosphorescence properties due to change

transfer between metal and ligand and a long lifetime of excited states (Figure 1.24).182
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A lamellar two-dimensional coordination polymer based on Au(l) and a thiophenol
derivative ligand has showed photoluminescence properties but also thermochromism
so it suggests that this polymer could be used sensing application.'8%183 Another
coordination polymer based on a transition metal and a thio-derivative nucleoside has
been reported, the interaction between Au(l) and 6-thioguanosine. The description of
the structure of this compound is similar to above compound where the Au(l) ions are
self-coordinating two sulfur atoms forming a one-dimensional coordination polymer
with Au(l)-sulfur backbone. This material has showed characteristic properties of
semiconductor compounds such as luminescence or conductance under oxidative
doping conditions. In addition, it has been demonstrated that the coordination polymer
motifs can be integrated to oligonucleotides. So then, it has confirmed the possibility

of functionalized DNA through the coordination polymer route.4°
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Figure 1.24. Crystal structure of a helical thiolate coordination polymer based on
Au(l) and thiophenolate (Au(l) ions are purple balls and sulfur atoms are yellow

balls).182
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1.5.3. Hydrogels

Apart from opto-electronics properties, coinage metals can also display interesting
properties as hydrogels when they interact with thiolate compounds. This is the case

of an Au(l) glutathione supramolecular hydrogel that will be analyzed in chapter 5.184

In general, a hydrogel is a three-dimensional network formed by microscopic blocks
that crosslink, chemical or physically, to sustain the structure, holding water molecules
within it.*8 Physically hydrogels are neither liquid nor solid although they have features
of both, diffusion but not flowing, similar to human tissues. Because of that and their
biocompatibility, they have found application in medical fields such as drug delivery or

tissue engineering.186:187

Although there are several gels classifications depending on the type of solvent or state
of the gel, in this introduction we will always refer to hydrogels as gels prepared under
water solvent. Xerogel form is described as dry gel at room temperature and its

preparation will be showed in chapter 5.188

There are two types of hydrogels and they both differ in the way that the gel is built.
Those in which the hydrogel network is maintained by covalent crosslink of its
molecules is called chemical gels (Figure 1.25a). Conversely, when the hydrogel
structure is held by non-covalent crosslink of their components it is called a physical
gel (Figure 1.25b).18° Common non-covalent interactions include hydrogen bonds, Tr-
T base stacking, hydrophobic effects or metallophilic interactions.'® The interactions
within the hydrogels are crucial to evaluate the resistance capacity of the network to
maintain its structure after a force applied to them and it can be tested under rheology.
Therefore, in chemical gels once the network is broken there are no possibilities of

recovering its original shape.*®” In opposite, physical gels possess self-healing
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reversible properties after undergoing under a specific strain so, although the hydrogel

can suffer an alteration in its structure it is not losing its internal ordering.°?

a) b)

Figure 1.25. Scheme of a hydrogel structure differentiating between a) chemical gels
with covalent bonds in its structure indicate by red dots and b) physical gels without

covalent bond in its network. Black lines are polymers that forms the gel.

As part of physical gels, we can find supramolecular gels. They are defined as a
network composed by a variety of building block linked through non-covalent
interactions. Specifically, these building blocks are molecules or complexes with
molecular weight less than 3000 Da, they are considered low molecular weight
gelators.’®? These supramolecular gels are based on the self-assembly interactions
between the components of hydrogels allowing reversibility properties due to the soft

nature these non-covalent interactions.186

Generally, the formation of supramolecular gels networks starts with a one-
dimensional polymer formed by building block molecules (Figure 1.26). These
polymers can assemble by non-covalent interactions to form complexes structures like
fibores or bundles of aggregates. Finally, they can form laminar or fibrillar three-
dimensional structures by the entanglement of such nano-fibres.1?31%4 Besides,
reversible properties of supramolecular gels provide the capacity to control the

morphology of the networks altering the preparation and molecules used9219 which
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open a wide window of applications for these compounds in opto-electronic, lubricants

or three-dimensional printing.195-198

Dissolved polymers Bundle of fibres MNanofibre Gel network

Figure 1.26. Scheme of a supramolecular gel formation. Firstly, polymers (yellow
lines) are dissolved in a water medium until they interact through non-covalent
interactions forming nanofibers (green lines). These nanofibers self-assemble

bundling together to form the gel network.

To build supramolecular hydrogels is essential to find molecules with recognition
capacity to allow interaction between them and therefore self-assemble into extended
three-dimensional networks. In that sense, nucleobases, nucleosides and nucleic
acids have been used because of their capacity to form specific hydrogen bonds or 1r-
stacking between the bases.'®®20 The interaction between a thio-derivative
nucleobase, 6-thioguanosine, with coinage metals have resulted in the formation of a

hydrogel that will be examined in chapter 5.
1.6. Conclusions

The increase of interest in nanoelectronics in industry has led to search for materials
with specific properties, this chapter has presented a possible combination between
DNA and coordination polymers as promising molecules for nanotechnological
applications. Although different approaches have been used to functionalize DNA, the

preparation of coordination polymers with coinage metals and thio-derivatives
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nucleosides provides particular properties to the complex, similar to metal sulfides
compounds well-known semiconductor materials. In addition, certain coordination
polymers form hydrogels which provides to the final complex with interesting structural

properties.

Therefore, this thesis will focus on the preparation of coordination polymers based on
coinage metals, Ag(l) and Cu(l) fundamentally, with a sulfur derivative from guanosine,
6-thioguanosine. Besides, the scope of the study will expand with the preparation of
coordination polymers based on Ag(l) and Cu(l) and the preparation of a nanowire-
based gas sensor based on these materials will be evaluated. Finally, the reaction of

a thio-modified nucleobase, 4-thiouridine, with coinage metal(l) ions will be evaluated.
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2.1. Characterization Techniques

After the preparation of the reaction products, a wide range of techniques were used
to characterize them. To obtain structural information of the material prepared, few
spectroscopies give important insight in this regard. The techniques used were mass
spectroscopy, Uv-Vis absorption spectroscopy, infrared spectroscopy (FTIR), circular
dichroism and nuclear magnetic resonance. In addition, the morphology of the samples
was analyzed under microscopic techniques, scanning electron microscopy and
atomic force miscroscopy. To measure inherent properties of the materials prepared,
luminescence spectroscopy, circular polarized Iluminescence and conductivity

measurements were also performed.

In the following section every technique will be explained and substantiated essentially

and the reason for its use will be indicated.
2.1.1. Mass spectroscopy, MALDI-ToF

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) together
with the time-of-flight (ToF) mass analyzer provided information about the elemental
composition and isotopic relation of the molecules under study.! Specifically, MALDI-
ToF has better sensitivity, faster response and high accuracy for molecular weight data
than usual ESI mass spectroscopies, and makes it exceptional for the high-resolution
detection of the structures of heavy biomolecules or biopolymers of around 500000

Daltons.

Basically, mass spectrometry consists in an ion source that hit the sample forming
sample ions. Then, they suffer an acceleration under an electrostatic field, a mass
analyzer divides such ions depending on their mass/charge ratio and a detector gives
the spectrum indicating ions formed and their quantities. As a characteristic of a

MALDI-ToF-MS is the fact that the process of ionization of the sample is initiated by
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photons and then the analyzer separates the ions depending on the time they reach
the detector (based on the mass/charge relation). It allows to identify different

molecules weight associated to the preparation.?

The preparation of the sample commit to dissolve it into an organic matrix in order to

decrease sample fragmentation and also to obtain higher intensities.
2.1.2. UV-Vis absorption spectroscopy

The UV-Vis light absorption is characteristic of every molecule and it can be used
efficiently for its identification, quantification and characterization through transitions
between electronic energy levels.? Sulfur derivatives from nucleosides absorb UV-Vis
light in the range between 200-800 nm due to the nitrogen bases, purines and
pyrimidines, and the main component of its absorption are -1 electronic transitions.*
Also, other groups in nucleoside derivatives such as thiol/thione are responsible for n-
T transitions, although its contribution to the absorption of the molecule is small.®> The
interactions of these thio-nucleobases with metals modify the electronic configuration

of the original thio-nucleobase and then a change in the spectra is expected.

The UV-Vis technique consists in two separated cuvettes, one for the sample and
another for the solvent used in the experiment, exposed to a double equivalent
radiation source previously adapted by a monochromator. Then the intensities of each
transmitted beams are compared in the detector, amplified and recorded in a

spectrum.®

The absorption intensity is based on the Beer-Lambert law (Equation 1), where A is
the absorbance, lp and | are intensities of the incident and transmitted light respectively,
€ is the molar extinction coefficient, | the path length of the cuvette and c the

concentration.®
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A=l0g1017°=e-l-c (Eq. 1)

Based on this technique, melting temperature experiment consists in the change of
intensity of absorbance at a fixed wavelength for a range of temperatures. As a result,
a melting curve is obtained and the midpoint of it is called melting temperature (Tm).
Generally, this technique is used to measure the denaturalization of DNA strands
because of the difference in light absorption of nucleobases in a double helix or in
single strands, Tm indicates when the 50% of molecules are forming double helix and
50 % of nucleobases are unstacked. Depending on DNA conformation, the light
absorption changes; light absorption decreases for a double helix because the
nucleobases are oriented towards the inside of the structure and the opposite for
nucleobases that are not stacking, producing a hipo-/hiper-chromicity effect. Therefore,
it is possible to determine changes in the structure following intensity changes in

absorbance.’
2.1.3. Fourier transform infrared (FTIR) spectroscopy

In the infrared area of energy of the electromagnetic spectra, 5000-400 cm, are
present most of the vibrations of the molecules. These vibrations are represented in
the infrared spectrum with energy bands that correspond to energy absorption of
different chemical bonds that forms each molecule. Because of that, the study of the
spectra produced a detailed information about the structure of the molecules. Our

target to study in the molecules will be mainly the carbon-sulfur groups.3

Then, a characterization based on FTIR is related to molecular vibration frequencies.
These depends on the mass of atomic groups involved in the interactions and bond
force constant according to the equation 2, where c is the speed of light, k the force

constant and p the reduced mass.
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17—1 k Eq. 2
= 2ne~ln (Eq. 2)

Associated to high wavenumber vibrations are stretching modes of groups formed by

light atoms because deformation or bending modes have low force constant.

For our measurements a Fourier transform infrared spectroscopy (FTIR) has been
used. This technique consists in a source of infrared light, a Nernst filament heated
electrically until 1000-1800°C, that is divided in two beams, one beam is reflected into
a fixed mirror (at 90° from the source) and the other beam to a movable mirror (at 180°
from the source) and finally they are recombined and interfered. The solid sample, in
the direction of the recombined beam, absorbs the light and the detector record the
spectra. The movable mirror allows to change the pathlength and it is reflected in the
interferogram. The application of the Fourier transformation (FFT) operation on it
changes the time-dependent signal to a spectrum that plots intensity (transmittance or

absorbance) against wavenumber.8

FTIR spectra was recorded using an attenuated total reflection (ATR) accessory. It
allows to measure directly from a solid sample deposited on a crystal because the
infrared beam passed through it and the beam is reflected in the sample, it is based
on internal reflection. The main advantages of FTIR-ATR technique are the fast speed

of the measurement and the high resolution of the spectrum.®
2.1.4. Circular Dichroism spectroscopy (CD)

The light is composed by electric and magnetic fields oscillating at right angles to each
other and perpendicular to the direction of light propagation (Figure 2.1a). The light
can be described as a transverse wave whose polarization is defined by the direction

of its electric field. Specifically, a circular polarization of the light happens when the
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electric field is constant but traces helices over the direction of propagation, then the

electric field vectors form a circle with a particular angle (Figure 2.1b).3

Figure 2.1. Electromagnetic radiation a) linearly and b) circularly polarized (the
arrows represent electric field radiation vector). (B is the magnetic field; E is the
electric field; A is the amplitude; A is the wavelength; k is the direction of

propagation).

Chiral molecules have different absorption coefficient for right or left circular polarized
light at any wavelength. A circular dichroism spectrum is a representation of the
difference between absorption coefficient for the right and left circular polarized light
versus wavelength. Obviously, for long polymeric structures the intensity of the circular

dichroism signal will be large because of the cooperativity of polymeric units.

Circular dichroism is based on the Equation 3:
AA = (g_€g) - c -1 (Eq. 3)

AA is the difference between absorbance for left and right circularly polarized light, c
is the molar concentration and | the pathlength of the cuvette. The unit of CD signal is

the degree of ellipticity, 0.

The chirality of nucleosides is due to the ribose that take part in their structure.

Although many molecules are not chiral, its interaction with the nucleosides modify its
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circular dichroism signal and so the circular dichroism become a useful tool to study
such interaction. It is not possible to get any precise information about the structure of
the molecule, but it is acceptable the information that this technique displays in order
to know approximately the conformation and arrangements of the molecule by

comparison with reference molecules.’

The circular dichroism spectrometer consists in a light source directed to a polarizer
that produces a linear polarized light. After that, a quarter phase plate will produce the
circular polarized light that will pass through the sample, it will absorb the light and after
that a detector will sense the transmitted light. The spectra represent CD signal versus

wavelength.
2.1.5. Luminescence emission spectroscopy

Emission spectroscopy is well-described in the Jablonski diagram. Figure 2.2 shows
different processes, absorption, fluorescence and phosphorescence. Luminescence
spectroscopy is defined as the study of the emission of radiation, after an absorption,
form a higher electronic energy level (S1, Sz, T1) to a lower electronic energy level (So)

and it includes fluorescence and phosphorescence processes.?
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Figure 2.2. Jablonski diagram. This scheme shows different emission processes
between the electronic energy level (S2 and Si1 to So). Also, it indicates non-radiative
relaxation processes such as vibrational relaxation between vibrational levels of an

electronic energy level and internal conversion between two excited electronic

energy levels.

After the absorption, a fluorescence process is defined as the emission of the
electromagnetic radiation from an excited electronic state to the ground electronic state
in approximately 10 s. The energy of the light emitted is lower than the absorption
and it could be due to different processes, the molecule loses some of its energy in
internal vibrational relaxations; the emission might not go directly to the ground
electronic state; very quick internal non-radiative conversion between excited

electronic energy levels.®

Phosphorescence is another emission process where after the absorption of energy,
the electrons crosses from the first electronic excited state (S1) to a triplet state (T1)

and then emit radiation to the lower energy level (So) in around 103s. The fact that a

50



non-radiative process occurs before the phosphorescence emission, makes its energy

emission lower than in the case of fluorescence process.?

The emission process is always preceded by an absorption. The energy transitions
promoted by the absorption of light for the sulfur derivative nucleosides are mainly due
to the nitrogen bases that forms the nucleosides, - or n-11* transitions but not the
only ones. The interaction of the metal(l) with the sulfur also promotes different
distribution of electronic charge in the molecule and therefore different

absorption/emission is observed.’

Luminescence spectroscopy measure the lifetime, intensity and polarization of the
emission processes explained above, so then, changes in the spectrum will indicate
changes in the internal structure of the products compared with original reagents. Also,
it will be possible to establish potential luminescence properties of the prepared

product.

The instrument to measure luminescence properties consists on an energy source,
filter and directed to the sample with a particular wavelength. A detector located at 90°
from the sample holder allows to measure the light emitted by the sample, avoiding
any absorption. Finally, the signal is amplified and recorded on a spectrum of

luminescence intensity versus wavelength.®
2.1.6. Circular polarized luminescence (CPL)

Related to circular dichroism spectroscopy, circular polarized luminescence (CPL)
measures chiral properties of an emission.1° Similar to spectroscopic techniques, CPL
contributes to elucidate structural properties of the molecules providing important
insight about excited states. CD and CPL are then complementary techniques based
on optical activity, but with some differences as well, CPL is more sensible and

selective than CD due to the nature of the emission process which is related to the
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excited state of a chiral group.'! Consequently it is possible to elucidate stereochemical
structure as well as three-dimensional insight on materials with chiral groups in excited

states.!?

Circular polarized luminescence is based on the difference between the left and right
emission of a chiral molecule and such magnitude and the degree of polarization is

represented by the emission dissymmetry factor (gum) (Equation 4):

241
Jium = e (Ea. 4)

Al indicates the difference between the left and right emission and | indicates the sum
of left and right emission. If gum is +2 indicates a left CPL emission and it is -2 indicates
a right CPL emission.? Higher values of gum are usually associates to lanthanides,
Eu(ll)=1.3,%2 and not to organic molecules although attempts have been made on them
with the idea of modulate their excited states.* Such modulations are usually related

to self-assembly processes or modification of their chemical environment.®

CPL instrumentation consists in an excitation source, a laser that is directed to a
monochromator (410 nm). The light hit the sample and at 90° degrees the emission
passes through a photo elastic modulator (quarter-wave plate), a linear polarizer and
a scanning monochromator. This signal goes to the detector and the amplifier
transforms it into a legible signal for the computer. Finally, a CPL versus wavelength

and gum versus wavelength graphs are produced.°

The well-known chirality of ribose ring connected to possible luminescence properties
of the material prepared makes this technique useful to determine the internal
electronic structures and examine the chiral properties of excited states of the product

prepared.
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2.1.7. Scanning electron microscopy (SEM)

Scanning electron microscopy is a technique that provides images of the sample
surface by electron-surface interactions. The resolution of the images is always greater
than 10 nm, but it is possible to reach 1 nm depending on the characteristics of the

instrument.

This technique consists in the penetration of an electron beam in the sample, the range
of the energy of the beam is between 0.2 and 40 KeV. After that three processes can
happen; some of the electrons in the surface of the sample absorbs the energy of the
beam and secondary electrons are expelled by the outer shell of the atoms, then a
detector traps those electrons and forms the image of the sample surface, surface
features are mainly detected with these electrons (Figure 2.3a); the beam produces
backscattered electrons when electrons are reflected after hit atoms of the sample
without interactions, these electrons are detected by a back scatter detector (Figure
2.3b); when the beam interact with inner shell electrons producing secondary
electrons, a X-ray emission is produced when a higher energy electron fill the shell
releasing energy (Figure 2.3c). Specifically, the secondary electron imaging was used
for our experiments where the electron beam hit the sample in a particular area to

make the picture of the surface.1®
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Figure 2.3. Scheme of the interaction between primary electrons with sample surface
atoms. a) indicates the impact of primary electron with outer shell electrons from
surface atoms emitting secondary electrons; b) indicates the deviation of the electron
due to repulsion inside the atom and the emission of backscattered electrons; c)
indicates the collision of primary electrons with inner shell electrons and the emission
of secondary electrons and x-ray radiation due to the movement of an electron to the

inner shell.

SEM instrument consists in an electron gun, source of electrons, that produces a high-
speed electron beam that is directed towards the sample by a series of lenses,
condenser and objective, in order to make the beam as small as possible to improve
the resolution. After the collision of the beam with the sample, there are few processes
but, in our case, the secondary electrons are the only detected (Figure 2.4). All the

instrument is cover by a vacuum column to avoid the deflection of the electron beam.®

54



» Electron gun
» Electron beam

1st condenser lens«

— » X-ray detector
2nd condenser lens«

3rd condenser lens. | |

Deflection coils+
» Secondary electron detector

Sample *
Vacuum pump

Figure 2.4. Schematic diagram of SEM.

2.1.8. Atomic force microscopy (AFM)

To have an insight of the morphology of the sample the Atomic Force Microscopy
(AFM) technique produces one, two or three-dimensional images of the sample

surface in the order or nanometer scale at high resolution.

Basically, AFM examines the topography of the surface of a sample with a tip,
producing a two-dimensional image at high resolution. AFM follows a similar procedure
as scanning probe microscopies. These are the scanning near field optical microscope,

or the scanning probe microscopies.

The fundamentals of the technique, based on scanning principles, can be divided in
contact or non-contact modes between the sample and the tip. These two types of
AFM differ, in the first case the tip is in physical contact with the sample and in the
second case the tip oscillates around the sample surface. These operation modes
contrast in resolution and in the damage to the sample. All the experiments showed in
here were done using a tapping mode which allow to have high resolution when the tip

is not in a continuous contact with the sample.!” In tapping mode the tip is vibrating
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during the scan since the contact with the sample surface is intermittent to avoid the

maximum damage to the sample.

The instrument consists on a sample holder, in our case magnetic, where the sample
is deposited on a mica wafer attached to a magnetic disc. Above the sample is the tip,
made of silicon or silicon nitride usually and with a radius of curvature of few
nanometers approximately, attached to the cantilever as a probe and an incident laser
beam. The cantilever is propped by a holder with a piezoelectric piece that acts as an
elevator to adjust the distance between the sample surface and the tip. Once the tip
‘feel’ the surface of the sample a deflection in the cantilever (in accordance to Hooke’s
law) change the laser beam and it is reflected in the detector (photodiode). Hooke’s
law is defined in equation 5, where x represents the lateral and vertical deflection of
the cantilever between the tip and the surface of the sample due to the force, f, and k
is the cantilever spring constant. Therefore, the absolute force is measured after
determination of k. Because the stiffness of the cantilever is known, the change in

height of the tip is directly related to the force by equation 5.
f=—kx (Eq. 5)

The detector turns physical changes in the cantilever into an electrical signal (Figure
2.5).)7 The signals on the deflections are processed by a software obtaining a

topographical image of the sample surface.
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Figure 2.5. Scheme of an AFM operation procedure and components to measure.

Then, the operation principle is based on a change in the position of the cantilever
produced by changes in the surface of the sample when the tip is scanning, and it is
monitored with a laser light that reflect any difference respecting the original position

of the cantilever on the detector.’
2.1.9. Electrical measurements

All the electrical measurement where tested on a mechanical probe station. This
instrument allows to measure conductivity properties of semiconductor devices.
Basically, a pair of tips apply a voltage through the material and a resulting current is

measured.

To measure current-voltage properties of the material, it should be deposited onto a
non-insulated area of the platinum microband electrodes. Such electrodes are tested

in the response of the device to an external stimulus, electrical in this case.

The probe station is in a close chamber with nitrogen atmosphere and consists in a

thermal chuck where the sample is deposited. The chuck is mounted on a stage which
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allows the movement of the chuck inside the chamber. Next to the chuck, in a planar
surface, are located the manipulators, they contain the probe tips, coated with
platinum, that need to be connected, with high precision, to the platinum electrodes.
This connection between the probe station and the electrodes is magnified by an
optical microscope (Figure 2.6). The probe station is connected to a computer with the
necessary software and it changes the current parameters according to each

experiment. The data obtained during the measurement are exposed on a |-V graph.

Figure 2.6. Picture of a MBE used to measure electrical properties. It shows the
connection, in form of two needles, between the probe station and the sample which

is located in the upper square.

With the aim of prepare coordination polymers with semiconducting properties, this

technique will allow us to measure electrical properties of the material prepared.
2.1.10. Rheology

The material prepared at high concentration display interesting physical properties
such as the formation of hydrogel. The study of mechanical properties of the product
in hydrogel form is interesting in order to establish inherent properties of the material

such as viscosity.
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Rheology measurements studies the change in a non-newtonian fluid (solid or liquid
material), a deformation, after applying a force on top of it. In such way it is possible to
characterize the hydrogel as a supramolecular network based on polymers. Rheology
will provide information about the stiffness, elasticity, viscoelasticity, viscosity and
recovery properties after the pressure applied (stress) on the material. Rheology is a
useful technique to determine intra- and intermolecular interactions of polymers and

then outline the structure of the polymeric materials.*®

The main value measured with rheology is the resistance to deformation (G"), the result
of the contribution of storage modulus (G’) and loss modulus (G”). To determine if the
material has a solid or liquid behavior after a shear stress applied, G’ and G” values
are crucial. If there is a minimal deformation after the stress, the elastic component
(G’) is bigger than the plastic component (G”) and the material is considered more rigid
and then a solid. On the contrary, if there is a moderate deformation after applying the
stress, the viscous component predominates over the elastic component and then, the

material is considered less rigid, as a liquid.®

All the rheology measurements were done in an instrument called rheometer. There
are two types of rheometers, in one hand rheometers that applied extensional stress
and in the other hand rheometers that applied shear stress. This last type has been
used in our experiments and it consists in a plate where the sample is deposited on
and connected to a temperature system. On top of it, different steel geometries
(concentric cylinders, parallel plates, cone and plate) apply a rotational force on the
sample, controlled by the computer connected to the instrument. The force can be an
up, down and circular pressure on the sample. The result shows the shear stress ‘felt’

by the sample as a consequence of the force applied on it.
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2.1.11. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) is a technique widely used to determine the

structure of organic molecules.

NMR is based on the absorption of electromagnetic radiation of atomic nuclei that has
been oriented by a strong magnetic field, the absorption promotes the excitation and a
transition between nuclear spin energy levels, normally nuclei are *H and *3C because
they have a magnetic moment not zero. Since the absorption depends on the
environment of these nuclei it is easy to determine the structural properties of the
molecule. As a result, the NMR spectra shows absorption lines for each kind of

magnetically active nucleus in the sample.®

The preparation of a synthetic nucleoside in the experiment section used NMR as
guide for the synthesis. This technique indicates if the synthesis was reliable showing

the organic structure of the nucleoside prepared.

The main part of a NMR instrument consists in a stable magnet with a controller that
generate an accurate magnetic field. Higher magnetic fields promote higher sensitivity
and resolution of the spectra. The radio frequency coil is capable of emitting precise
frequencies and it adjusts the magnetic field from the magnet. There are two coils, one
transmits radio frequency pulses to the sample and the other one receives it. The
sample holder has the coil that excited the nuclei and a controller of temperature of the
holder. A detector will measure the radio-frequency energy absorption of the sample

and finally a computer will show the spectrum after mathematical treatment.®
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Chapter 3. Preparation and characterization of a coordination polymer

designed from 6-thioguanosine and Ag(l)
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3.1. Introduction

The synthesis of nanomaterials using nucleobases derivatives from DNA and metal
ions with the aim of prepare functional materials is a recent perspective.l* With the
idea of build complex nanostructures, the bottom-up preparation of these materials
needs to be enhance in a more selective and efficient way in order to obtain new
functionalized materials with promising applications as nanowires, logic gates or

sensors (see chapter 1).

The approach follows to achieve these type of materials is the preparation of
coordination polymers with coinage metals ions that can be attached through specific
positions to nucleoside sulfur-derivatives, they have shown advantages in the
preparation of molecular-based compounds with self-assembly properties.*® The
specificity of thio-molecules to bond coinage metals ions in concrete positions often
forms self-assembled one-dimensional coordination polymer structures with a sulfur-
metal backbone.® These thiolate-based coordination polymers can show electrical

conductivity” or luminescence properties,? similar to semiconductors.%1°

Coinage metals ions and chalcogen elements are well-known for its soft base-soft acid
interaction forming metal-chalcogenolate materials.® These form a variety of structures
such as coordination polymers, self-assembled monolayers or clusters and they are
increasing its relevance in nanotechnology because of its surface and electrical
conductivity properties.'!*? Specifically, the use of Ag(l) and chalcogen ligands
containing sulfur, lead to the formation of structurally characteristic thiolate compounds
where the metal(l) is directly attached to the sulfur atom. The different bonding modes
of Ag(l) when is attached to sulfur ligands or hydrogen bond interaction between

ligands induce structural variations among Ag(l) thiolate compounds.®
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There has been reported several one-dimensional crystal polymer structures for Ag(l)
thiolate complexes and the linear conformation is the typical structure for these
compounds when small sulfur ligands size are presents. In general, Ag(l) coordinates
two ligands through sulfur atoms forming a chain and leaving the ligand substituent
outside the polymer. The 3-methylpentane-3-thiolate Ag(l) shows that the main chain
has two intertwining and non-connected Ag(l)-sulfur chains that interact through Ag-
Ag bonds (Figure 3.1a).*® A similar one-dimensional Ag(l) thiolate polymer, with a
bigger ligand size, 2, 4, 6-triisopropylthiophenol, shows a non-intertwine double strand
with two parallel chains with argentophilic interactions between Ag(l) of each chain
(Figure 3.1b). * Another one-dimensional Ag(l) thiolate complex was reported, an Ag(l)
cyclohexane thiolate exhibits small structural differences from the above compounds.
In this case, the compound is arranged tubularly with Ag-Ag interactions inside the tube
and Ag(l) coordinating two and three sulfur through the chain alternatively (Figure

3.1c).1°
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Figure 3.1. Schematic one-dimensional Ag(l) coordination polymers through the ¢

axis of a) scheme of [AgSC(CHz)(C2Hs)2]n'3 b) scheme of [Ag(SPh-2,4,6-(Pr)3]n° c)

scheme of [Ag(SCsH11)]n.6 In b and c sulfur atoms and Ag(l) ions are indicated as
yellow and grey balls respectively. Dashes lines between Ag atoms indicate

argentophilic interactions.

A non-crystal Ag(l) thiolate one-dimensional coordination polymer has been reported
and it agrees with the formation of a strand made of Ag(l)-sulfur backbone.1® This self-

assembly polymer is highlighting as a sensing material as chemosensors for VOCS or

metal ions.1719
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Crystal structures for two-dimensional Ag(l) thiolate compounds has not been much
explored but recently few researches shed some light in these structures. Two-
dimensional Ag(l) thiolate structure was firstly suggested by Scudder et al. and these
studies highlighted the possibility of the formation of lamellar geometries with Ag(l)
bonding three sulfur alkane ligands forming a polymeric sheet seemingly to a hexagons
lattice (Figure 3.2a).2° The analysis of computational studies for the structure of Ag(l)
benzene thiolate gives as a result the formation of layers. Ag(l) bonds three sulfur
atoms from the ligand forming a polymeric layer with the benzene remaining above
and below of the structure but with relatively short distances between layers.?! Alike,
two other compounds, Ag(l) 2-pyridinethiolate and Ag(l) 2-mercaptobenzoate, forms
lamellar structures with the only difference with respect to previous two-dimensional
Ag(l) thiolate complexes that Ag(l) is not exclusively bound to the sulfur of the ligand.
These two ligands have in their structure atoms which Ag(l) bonds, nitrogen and
oxygen.?223The most recent studies about two-dimensional Ag(l) thiolates shows three
lamellar structures. Ag(l) 4-mercaptobenzoate and Ag(l) 4-mercaptobezoic acid have
similar conformation, they form layers of polymeric chains where Ag(l) is linked to three
sulfurs and this to three other Ag(l) ions leaving the rest of the ligand outside (up and
down) the main laminar structure with long distances interlayer. In addition, in this
complex there are argentophilic interactions (Figure 3.2b).?* The last two-dimensional
Ag(l) thiolate reported to date is the complex formed by Ag(l) and 3-mercaptopropionic
acid. This compound like the previous ones shows a one-dimensional coordination
polymer with Ag(l)-sulfur backbone and the layer is formed when the Ag(l) coordinate
three sulfur and this to three other Ag(l) atoms forming a sheet with long distance

between layers.?®
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Figure 3.2. Schematic two-dimensional Ag(l) coordination polymer structures with
perpendicular view of a) scheme of [AgSR]n?° b) scheme of [Ag(p-SPhCO2Me)]n.%*

Sulfur atoms and Ag(l) ions are indicated as white/yellow in (a) and grey/blue balls in

(b).

All Ag(l) thiolate complexes structures have been described so far. In this chapter we
have explored the interaction of Ag(l) as AgNOs salt with the nucleobase thio-modified,
6-thioguanosine as a ligand. Particularly, structural characterization of the complex
prepared as well as chiro-optical, spectroscopic and electrical properties have been
carried out in order to establish a new coordination polymer with semiconductor

properties.
3.2. Materials and Methods

All chemicals used in the preparation of the complex were purchased from Sigma-

Aldrich and they were used without any purification.

The preparation of 6-thioguanosine complex was carried out in water solution. A yellow
aqueous suspension of 6-thioguanosine (18 mg, 0.06 mmol, 1 eq, 60 mL) was crushed
and sonicated for 1 hour to achieve a fine dispersion. A molar equivalent of AgQNO3

(10.2 mg, 0.06 mmol,1 eq) was added as a solid to the suspension of 6-thioguanosine.
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After the addition of Ag(l) salt and a minute of strong mixing on a Vortex, a pale green
solution was formed at 1 mM concentration. Higher concentrations of 6-thioguanosine
Ag(l) complex were prepared and as a result, hydrogels were formed. Although its fully
characterization and discussion are in chapter 5, due to instrument limitations mass
spectroscopy, FTIR, SEM, AFM and conductance measures were done on dry form of

hydrogels, xerogels.

Matrix-assisted laser desorption/ionization spectrometry (MALDI-ToF) was performed
using a Bruker Autoflex Il Tof/Tof Mass Spectrometer in Durham University by Dr.
Mosely. The 6-thioguanosine Ag(l) reaction mixture (60 mM) was diluted in ultrapure
water 100 times and 1 uL of it was mixed in 9 pL acetonitrile solution of a a-cyano-4-

hydroxycinnamic acid as a matrix.

UV-Vis spectroscopy in the range of 190-850 nm was performed using a Thermo
Scientific NanoDrop One Microvolume spectrometer at room temperature. Two
samples were recorded, a basic solution of 6-thioguanosine (1 mM in 0.1 M of NaOH)

and Ag(l) reaction mixture (1 mM) using 1.5 pL of volume for each sample.

FTIR spectroscopy was performed using an IRAffinity-1S Fourier Transform infrared
spectrophotometer (Shimadzu) with an integrated ATR accessory, in transmittance
mode between 400 and 4000 cm at 4 cm* spectral resolution, under N2. The sample
was prepared drying the solvent on air for a day prior to analysis and then deposited
on a clean p-Si (100) chip (1 cm?). The chip was deposited on the ATR accessory
sample holder and scanned 64 times, co-added and averaged. Bared ATR accessory
was used as a background. Silicon chips of 1 cm? area were cut from 10 cm diameter
wafers (dopant boron at <111> oriented p-type, resistivity 0.09-0.12 Ohm-cm) which

were purchased from Pi-KEM Ltd.
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Circular dichroism was performed using a Jasco J-810 spectropolarimeter, connected
to a PTC-423S temperature controller at 25°C and under N2. Two circular dichroism
spectra were recorded in a demountable quartz cuvette with a path length of 0.1 mm
(106-0.1-40 Hellma), a basic solution of 6-thioguanosine (10 mM in 0.1 M of NaOH)

and Ag(l) reaction mixture (1 mM).

Scanning electron microscope was performed using a Tescan LMU scanning electron.
Digital images of the sample were recorded for 3 pyL of Ag(l) reaction mixture (60 mM)
dried overnight on a clean p-Si (100) chip (1 cm?) and then mounted on an aluminium

stub with double sided adhesive tape.

Atomic force microscopy was performed using a Multimode 8 atomic force microscopy
with a NanoscopeV controller (Bruker) and a ‘E’ scanner. Nanoscope software version
9.1 was used to control the microscope. The system was operated in ScanAsyst in air
mode as a peak force tapping mode at ultra-low forces to minimize damage to samples.
For reducing vibrational noise, an isolation table/acoustic enclosure was used (Veeco
Inc., Metrology Group). Silicon tips on silicon nitride cantilevers (ScanAsyst, Bruker)
were used for imaging. The nominal tip radius was approximately 2 nm, resonant
frequency 150 kHz and spring constant k=~0.7 Nm. The AFM data were analyzed with
NanoScope Analysis 1.5 software (Bruker). The sample was prepared by adding 2 uL
of Ag(l) reaction mixture (1 mM) onto a clean mica wafer and it was left for dry for two
hours on air. Avogadro software version 1.2.0 was used to build the structure model of

the complex prepared.

Room temperature luminescence in the range of 250-800 nm was performed using a
Spex FluoroMax spectrofluorometer. Two emission spectra were recorded, a basic
solution of 6-thioguanosine (1 mM in 0.1 M of NaOH) and Ag(l) reaction mixture (1

mM) using 10 uL of volume for each sample in a quartz cuvette with a path length of
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1.5 mm (105-252-15-40 Hellma). Lifetime values were calculated by Dr. Horrocks

following a procedure cited in the appendix.

Current-Voltage measurements were performed using a probe station (Cascade
Microtech) and readings were collected using a Hewlett Packard Agilent Technologies
B1500A semiconductor parameter analyzer driven by Agilent Easy EXPERT software.
The applied voltage varied from +2 V to -2 V in steps of 0.05 V. All data were measured
at room temperature and under N2 atmosphere. To measure the current-voltage curves
a patterned Pt microband electrode (MBE) was used. These microelectrodes were
fabricated on Si/SiO2 substrates and coated with an insulating dielectric except for an
area of 2 x 2 mm? where the Pt electrodes are exposed. A drop of the sample was
deposited on the exposed area and dried in air. The height of the electrodes is 200 nm
and their width is 10 ym with a 10 ym between neighbouring bands (Smart
Microsystems Pt MB-4000, Windsor Scientific Ltd., Slough UK). 1 pL of the reaction
mixture at 1 mM was deposited onto the electrodes and it was left for dry for an hour

before measurement in air.

3.3. Results and Discussion

The reaction was performed using a yellow aqueous dispersion of 6-thioguanosine and
a solid Ag(l) salt, AgNOs, in an equimolar ratio 1:1 (Figure 3.3). After a minute of mixing
a pale green solution (1) appeared at room temperature. Attempts were made to
crystallize the product, following vapour diffusion or hydrothermal methods, although
they were unproductive. Then, the reaction mixture 1 was firstly analyzed in order to

determine its chemical structure.
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Figure 3.3. Scheme of 6-thioguanosine Ag(l) complex preparation.

Mass spectroscopy confirmed the complexation of the metal ion. MALDI-ToF mass
spectroscopy show the oligomeric nature of the complex formed with peaks equivalent
to oligomeric chains, 1730.9 m/z for [AgsL4]", 1730.8 m/z calculated; 1326.0 m/z
[AgaLs]®, 1325.8 m/z calculated; 921.2 m/z [AgsL2]*, 920.8 m/z calculated. L
corresponds to a deprotonated, anionic form of 6-thioguanosine, the ion
[C10H12Ns04S] (Appendix, Figure Al). This data suggests that a coordination polymer
is formed and also further analysis of 1 supports the formation of a polymeric structure

as discussed below.

A comparison of UV-Vis absorbance for 1 mM of the ligand in basic solution, to help
its solubility, and 1 shows changes in the spectra (Figure 3.4). The peak at 313 nm
present in the ligand spectrum, corresponding to T-11" transitions in thiol form of the
thio-nucleoside,??’ is red shifted, to 335 nm, broadened and is less intense for the
product 1. This suggests that the sulfur is bonded to Ag(l) atom forming the expected
Ag-thiolate. The peaks at 253 and 270 nm for the ligand, associated to T-1" transitions
of the purine, appear to be broadened to a single broad absorbance (258 nm) in the

product, again indicating the expected coordinate bond formation.??
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Figure 3.4. UV-Vis spectrum for a basic solution of 6-thioguanosine (blue line) and for

compound 1 (orange line).

The FTIR spectrum of 1 as a dry xerogel shows fewer peaks than the ligand (Figure
3.5). The band for C=S group at around 1200 cm™ is present in both spectra at 1203
cm- but the intensity of the band in 1 is reduced.?® The characteristic band for the C-S
group at 770 cm is present in the ligand and in 1 but it seems to be more affected in
the latter due to complexation as its intensity is much lower.3° These data suggest that

Ag(l) ion is bound by the sulfur atom.
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Figure 3.5. FTIR spectrum for 6-thioguanosine as a solid powder (blue line) and a
dried solution of 1 (orange line). Data is showed between 400 and 1500 cm™* and red

circles indicates characteristic carbon-sulfur bands.

Circular dichroism (CD) spectroscopy investigates chiral properties on the product, and
it is shown in Figure 3.6. The CD spectrum for a basic solution of 6-thioguanosine (10
mM) confirms the chirality of the molecule showing two positive peaks ca. 228 and 260
nm and three negatives peaks ca. 209, 246 and 322 nm. Comparing these results with
the spectrum of 1 at 1 mM an increase in intensity is noted and it is associated with a
rise in the molecular ordering as a consequence of a polymer formation.313? The
presence of a polymer indicates the formation of a highly chiral structure which is
coherent with a helical configuration,? the positive sign of the spectrum below 200 nm

indicates the orientation of the helicity of 1, a left-handed helix.32:34:35

The association of every CD peak with a specific spectroscopic transition is difficult
without computational studies but it is well known that the CD signal above 300 nm are
affected by the environment of the sulfur atom of thiolates.?” The change in the

spectrum around 300 nm (Figure 3.6) indicates an alteration of the sulfur environment
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promoted by the attachment of Ag(l) atom to 6-thioguanosine through sulfur atom

forming a coordination polymer.

Figure 3.6. CD spectrum for a basic solution of 6-thioguanosine at 10 mM (blue line)

and 1 at 1 mM (orange line).

Further analysis of 1 includes analysis of SEM microscopy on xerogel form. The
sample exhibits in Figure 3.7a a supramolecular structure made of entangled fibres of
microns in length covering the surface. These fibres are forming a complex net that
cover all the surface of the holder (Figure 3.7a). Figure 3.7b shows a zoom in image
where individual and regular fibres in shape are 10 ym of length approximately. These
results are consistent with the formation of a one-dimensional coordination chain
polymer, that supports as well mass spectroscopy data. To complete the structural

characterization of 1, AFM studies were tackled.
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Figure 3.7. SEM image for dried sample of 1. a) indicates a large-scale image where
the polymer matrix is formed by fibres entangling. b) shows a small-scale image

showing alignment of fibres on the surface of the polymer.

Compound 1 was dried, as xerogel, on mica and analyzed under AFM in order to
confirm the presence of a polymeric structure. Figure 3.8 shows the structure of 1 with
an extended one-dimensional structure, consistent with the formation of a coordination
polymer, where strands are assembling and forming entangled networks. The length

of single strands is mostly varying between 350 and 160 nm with typical average of
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240 nm. The cross-sectional heights of the smallest of these fibres are around 1.8 nm
(Figure 3.9a) accordingly to similar Ag(l) thiolate compounds.3° Fibres associate to
form longer strands, reaching more than 400 nm in length but with similar height to
shorter single fibres (Figure 3.9b). This suggests that individual fibres are interacting
between them, adopting a parallel conformation on the substrate and do not
necessarily lie one on top of one another. CD experiment above indicated that the
molecule is chiral and it is confirmed on small range image by fibres associates
revealing the formation of helical chains in a left-handed orientation (Figure 3.10), the
height of helical fibres is similar to fibre associates (Appendix, Figure A2), around 2.2

nm and a regular periodicity of the helix is around 8 nm (Figure 3.10).

Figure 3.8. AFM image for 1 at 0.01 mM concentration in water and dried on mica.
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Figure 3.9. AFM images from dried solution of 1 at 0.01 mM concentration in water a)
single fiber of 1 with 1.8 nm in height. b) Fibre associates of 1 with similar height as

single fibres.
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Figure 3.10. AFM image from dried solution of 1 at 0.01 mM concentration in water.
Chiral fibre associates with left-handed helicity and periodicity of the helix around 8

nm (blue line). Red line indicates the height of helical fibres (Appendix, Figure A2).

After structural characterization, a structure can be proposed for compound 1. As mass
spectroscopy indicates that 1 has a oligomeric nature with the main chain of the
polymer formed by Ag(l)-sulfur bonds. As it was presented in the introduction for one-
dimensional crystal coordination polymer the rest of the ligand can be located above

or below the chain to avoid steric impairments.*4

To verify that Ag(l) is attached to the sulfur of the ligand, UV-Vis and FTIR
spectroscopies were performed. They indicated that the electronic environment of
sulfur was altered by the presence of Ag(l) ions and it implies that a coordinate bond
is formed through Ag(l)-sulfur. The more intense CD signal of compound 1 has
demonstrate the highly ordered structure with respect to the free ligand in solution and
it is consistent with a polymer formation. In addition, since the polymer is chiral a helical

conformation left-handed oriented is proposed.
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Finally, microscopy techniques have confirmed previous assumptions. SEM images
showed abundance of fibres along the sample surface and these fibres are proposed
to be one-dimensional coordination polymers. This statement is corroborated with AFM
that shows one-dimensional strands. These coordination polymers have comparable
heights with Ag(l)-thiolate complexes, and they interact in parallel by non-covalent
interactions of ligand substituent, it will be analyzed further in chapter 5.1° Also, the
helicity of the polymer is confirmed. So, a coordination polymer structure is proposed

for compound 1 with a Ag(l)-sulfur backbone (Figure 3.11).

~r

c)

Figure 3.11. Proposed scheme models for the one-dimensional coordination polymer
1 structure, a) side view of the coordination polymer, b) viewed through the
polymer axis of the one-dimensional coordination polymer and c) coordination
polymers associated viewed through the polymer axis, this bundle of fibres
associates turns into a left-handed orientation forming helices (grey balls
represent Ag(l) ions) (ligand substituents are omitted for clarity). These models

were drawn on Avogadro software 1.2.0.
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In order to establish luminescence properties of compound 1, fluorescence
spectroscopy has been performed. It showed the maximum peak in the emission
spectrum for 1 at 421 nm for an excitation of 350 nm, while in the ligand it is at 420 nm
at the same excitation wavelength (Figure 3.12) in accordance with literature.?® The
spectrum shows the same wavelength for the emission peak although the intensity of
the emission of the ligand is larger so, luminescence properties of 1 is mainly due to
the ligand since the emission spectrum is not disturbed by the Ag(l). The emission in
both compounds indicates a high energy transitions mainly due to intra ligand
process,3® generated by 11-11" orbitals of the ligand.3” The small emission peak around

800 nm for both samples is attributed to the second order luminescence scattering.

6-TG1mM 6-TG-Ag 1 mM

400 OV b /0 sOU 900 LOO0

Figure 3.12. Luminescence spectrum for a basic solution of 6-thioguanosine at 1 mM

(blue line) and for 1 at 1 mM (orange line) at 350 nm excitation.

It is well-known that Ag(l) complexes exhibit generally poor luminescence properties
probably due to its thermal instability and light sensitivity at room temperature3® but it

is not the case for compound 1. Luminescence lifetime was calculated, and it indicates
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the time in which the molecule remains in an excited state before emitting a photon.
Comparison of lifetime values of the ligand in solid form and compound 1 two hundred
times diluted (5 uM) indicates that 1 has nearly two times longer fluorescence lifetime
(0.7 ns) than the ligand (0.398 ns) (Appendix, Figure A3). This difference suggests that

compound 1 has longer fluorescence properties than the ligand.

Conductance properties of the xerogel were measured on platinum microband
electrodes to investigate if the fibres show nanowire behavior. It has been commented
in several papers that one-dimensional arrangements of Ag(l) ions are potential
nanowires.3%49 However, these assertions are often not backed by data on electrical
conductivity.**42 The current-voltage (I-V) plot in Figure 3.13 indicates the current
through the fibres of the xerogel during application of a dc voltage between -2 V to +2
V. Figure 3.13 shows similar results for electrode background (blue line) and
compound 1 (orange line), with maximum values of intensity of current of 0.38 pA and
0.43 pA respectively. This is a clear indication that the material is not electrically
conductive since the range of values are rather similar to background levels of current.
This material does not seem to be well suited as nanowires because they show the
absence of electrical conductivity.3%4%43 The use of a doping agent was rejected for
practical reasons, an oxidative doping of Ag(l) ions would require a very strong oxidant

and a reductive doping will produce Ag nanopatrticles.
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Figure 3.13. Two-terminal I-V characteristic of two samples, blue line corresponding

to electrode background and orange line to 1 solution dried on the electrode.

3.4. Conclusions

We have prepared a new Ag(l) thiolate coordination polymer successfully. The reaction
has demonstrated the possibility of 6-thioguanosine to attach Ag(l) ions through sulfur
atoms bringing a functionalized material with luminescence properties. The product
has been structurally characterized by a set of techniques and a one-dimensional
coordination polymer with Ag(l)-sulfur backbone has been proposed as the structure.

The polymer has also shown the formation of chiral left-handed fibres.

The interaction between the Ag(l) and sulfur in the polymer is assumed as metal
sulfides compounds which exhibit semiconductor properties. One of them is optical
features, which is displayed by the coordination polymer with fluorescence lifetime
much bigger than the ligand. Its combination with inherent chiral properties, chiro-
optics, could give a new prospective on the integration of this motif into larger

oligonucleotides in order to functionalize DNA-based materials.
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Chapter 4. Preparation and characterization of a coordination polymer

designed from 6-thioguanosine and Cu(l)
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4.1. Introduction

Functionalization of DNA has been increasing its interest in recent years due to its use
in nanotechnology, with medical or opto-electronics applications.'* Specifically, the
bottom-up preparation of nanostructures composed by elements of DNA and other
molecules such as metals ions has been increasing its importance over the years due
to the particular bonding capacity and intrinsic properties of some metals to
nucleosides and its derivatives.*® This highly precise combination brings potential

electronic and optical properties to nano architectures prepared.®

The route followed in this work to obtain such molecules is the preparation of
coordination polymers with coinage metals ions and nucleosides sulfur derivatives,
recently demonstrated by Houlton et al. as the next step in the functionalization of
materials.” The main feature of this coordination polymer is the linkage of coinage
metals ions to a specific position of the nucleoside derivative, the sulfur atom. Forcing
the metal ion to bond with sulfur causes properties of metal sulfides to appear and
such molecules are well-known semiconductors.8® Metal thiolates in form of
coordination polymers incorporate properties of d'® metals such as conductivity and

luminescence? ensuring linear or coordination with ligands.*?

The structure of coordination polymers based on coinage metals ions and nucleosides
sulfur derivatives usually forms one-dimensional chains with sulfur-metal backbone,
due to specific soft base-soft acid interactions.'3 The metal ions generally used for this
type of compounds are Cu(l), Ag(l) and Au(l). In particular, the interaction between
Cu(l) and sulfur ligands has led to the formation of Cu(l) thiolate compounds in form of
coordination polymer with interesting semiconductor properties such as electrical

conductivity* or optical emission properties'®® with singular applications,
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photocatalysis, sensing, biomedical, integrated into optoelectronic devices and even

getting to form nanowires.’-1°

Various crystal structures have been studied for Cu(l) thiolates complexes, in which
the main characteristic is the interaction between Cu(l) with the sulfur atom of the
ligand. In general, Cu(l) tends to bond in a trigonal configuration bridging three sulfur
atoms with the absence or weakness of hydrogen bonds and cuprophilic interactions
within the complexes. All the ligand substituents are located outside the main chain of
the polymer.12 This is confirmed for a one-dimensional coordination polymer crystal
structure that the Cu(l) methanethiolate forms, [Cu(SMe)].. This structure is a
polymeric tubular chain made of a ring three Cu(l) and three sulfur atoms as repeating
unit, it is a ps-bridging thiolate.?® An improved crystallization technique allowed to
obtain a much longer chain for the above components, in this case nanowires were
obtained with a significant conductivity (Figure 4.1a).2! Bigger ligands form as well one-
dimensional coordination polymers with Cu(l), ligands like p-SPhH, p-SPhMe, p-
SPhOMe and p-SPhNO2. These compounds forms [Cu(p-SPhX)]n with the same
conformation as [Cu(SMe)]n except [Cu(p-SPhNO2)]» with a different bonding mode of
Cu(l) when it is attached to the ligand. This last complex forms four individual chains
of Cu(l)-sulfur that associated through cuprophilic interactions giving as a result a
coordination polymer where Cu(l) is bridging two sulfur atoms (u2-bridging thiolate).
This change is due to the packaging of the p-substituent of the ligand in the chain
because the nitro group implies hydrogen bonds throughout the polymer (Figure
4.1b).?> For bigger ligands such as diamondoids, adamantane-1-thiol and
diadamantane-4-thiol, Cu(l) reacts forming two metal organic chalcogenolates
(MOCs), a class of coordination polymers. The [Cu(SAdamantane)n] forms a one-
dimensional coordination polymer very similar to those discussed above, with Cu(l)

linking three sulfur atoms and Van der Waals interactions between ligand substituent
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conforming two parallel chains connected. The [Cu(SDiamantane)]n presents a
different conformation to the previously reported structures. In the structure of this one-
dimensional coordination polymer Cu(l) bridge alternatively two and three sulfur atoms
along the chain, resulting in a polymer in which the two chains are linked by alternating

Cu(l) (Figure 4.1c).
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Figure 4.1. Schematic examples of one-dimensional Cu(l) thiolate coordination
polymer through the ¢ axis of a) [Cu(SMe)]n % b) [Cu(p-SPhNO2)]n, dashed lines
indicate cuprohilic interactions'® and c) [Cu(SDiamantane)]» .1 Yellow and orange
balls are sulfur and Cu respectively. In b) and c) ligand substituent is omitted for

clarity.

So far, all chain-like coordination polymer have been analyzed, the survey for
crystallographic structures of two-dimensional Cu(l) thiolate compounds does not bring
many examples, only several crystal structures have been analyzed in literature and
all these Cu(l) coordination polymers exhibit lamellar conformations. The complex
[Cu(p-SPhOH)]» displays a layered structure with Cu(l) ions bonding three sulfur
atoms, as a result, the complex forms hexagons of three Cu(l) and three sulfur with the
ligand substituent up and down the layer, hydrogen bonds between substituents helps

stabilize the two-dimensional conformation (Figure 4.2a).?* Similar compounds have
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been subsequently prepare as is the case of [Cu(p-SPhCO2Me)]n. This compound
exhibits a two-dimensional coordination polymer in form of sheets where Cu(l) adopts
a trigonal geometry coordinating three sulfur atoms showing a ring of six positions,
three Cu(l) and three sulfur. In such a way that ligand substituents are arranged in
parallel forming an interlayer of hexagons with 11 stacking interactions, this complex
exhibits interesting thermochromic properties (Figure 4.2b).2> Another comparable
structure is the [Cu(p-SPhCO:2H)]n a two-dimensional Cu(l) thiolate coordination
polymer that forms layers. Again, Cu(l) adopts a trigonal geometry and it is coordinated
to three sulfur atoms, forming a six membered ring, three Cu(l) ions and three sulfur
atoms. This complex exhibits a lamellar structure with ligand substituents located
between layers, also carboxylic group of ligands cooperate in the stability of the
structure establishing hydrogen bonds interactions between them (Figure 4.2c).?6 A
last compound has been explored for two-dimensional Cu(l) thiolate coordination
polymer, [Cu(ppt)]n where the ligand ppt is 1-phenyl-1H-1,2,3,4-tetrazole-5-thiolate.
This coordination polymer shows a lamellar structure with a particular bonding mode
for Cu(l) ions. A molecule of ppt ligand attaches three Cu(l) ions, two by a sulfur atom
and two by two different nitrogen atoms of the ligand, in such manner that Cu(l)
interacts with another two ppt ligand forming sheets conformed in parallel and

connected by Van der Waals interactions.?’
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Figure 4.2. Schematic examples of two-dimensional Cu(l) thiolate coordination
polymer through a perpendicular view of a) [Cu(p-SPhOH)]a 24 b) [Cu(p-SPhCO2Me)]n
25and c) [Cu(p-SPhCO:2H)]n. 26 Yellow and orange balls are sulfur and Cu(l)

respectively. In b) and c) ligand substituent is omitted for clarity.

We have described all one and two-dimensional crystal structures known for Cu(l)
thiolate coordination polymers. In this chapter we have examined the interaction of
Cu(l) as Cu(MeCN)4BF4 salt with the nucleobase thio-modified, 6-thioguanosine as a
ligand. Mainly, we have explored the structural characterization of the complex
prepared and also chiro-optical, spectroscopic and electrical properties have been
studied in order to establish a new coordination polymer with semiconductor

properties.
4.2. Materials and Methods

All chemicals used in the preparation of the complex were purchased from Sigma-

Aldrich and they were used without any purification.

The 1:1 reaction between 6-thioguanosine and Cu(MeCN)4BF4 follows a similar
procedure as shown in the previous chapter. After the addition of the Cu(l) salt, five
minutes of strong mixing on a Vortex were needed to form a yellow-orange solution at

1 mM.
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Matrix-assisted laser desorption/ionization spectrometry (MALDI-Tof), UV-Vis
spectroscopy, FTIR spectroscopy, circular dichroism spectroscopy, scanning electron
microscope, atomic force microscopy and room temperature luminescence were
performed in the same way as in the previous chapter, although for the latter, no

calculations of lifetime values were calculated.

Also, current-voltage measurements followed the same procedure as the one shown
in the previous chapter. Tris(4-bromophenyl) ammoniumyl hexachloroantimonate
(Magic Blue) solution (0.1 M, 81 mg in 1 mL of anhydrous acetonitrile) was used as a
p-type dopant (oxidative doping), 0.5 uL of this solution was added to the dried sample

on the electrode and it was left for dry for an hour before measurement in air.

4.3. Results and Discussion

The reaction was performed using a yellow agueous dispersion of 6-thioguanosine and
a solid Cu(l) salt, Cu(MeCN)4BF4, in an equimolar ratio, 1:1 (Figure 4.3). After five
minutes of mixing, a yellow-orange solution (1) appeared at room temperature. The
use of MeCN ligand was because it is a good leaving group and there is no conflict
with sulfur because it binds more strongly to metal. Although attempts to crystallize
were made; hydrothermal methods, solvent evaporation or solvent layering, all of them
were unsuccessful. The reaction mixture 1 was first analyzed in order to determine its

chemical structure.
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Figure 4.3. Scheme of 6-thioguanosine Cu(l) complex preparation.

Initially it was decided to determine the oxidation state of Cu ions in 1 between the two
possible forms (I) and (ll), for that reason a measurement of magnetic susceptibility at
room temperature was carried out by Cameron Doherty. The magnetic susceptibility
measured the response, attractive or repulsive, of 1 to a magnetic field induced. The
reading of magnetic susceptibility in the instrument was -0.51 for a 30 mM sample of 1
meaning that it is a diamagnetic sample and then Cu(l) has an electronic configuration
d°, following Equation 1 (M indicates magnetic field of the sample and B magnetic

field induced to the sample).?®

x==2
B

(Eq. 1)
Mass spectroscopy confirmed the complexation of the metal ion. MALDI-Tof mass
spectroscopy shows results that confirms the presence of oligomeric chains in the
sample supporting the formation of a coordination polymer. The oligomeric species
found correspond to, 1085.2 m/z for [CusLs]*, 1084.97 m/z calculated; 1148.1 m/z for
[Cuals]*, 1147.9 m/z calculated; 1511.0 m/z for [CusL4]*, 1510.89 m/z calculated. L
corresponds to a deprotonated, anionic form of 6-thioguanosine, the ion

[C10H12Ns504S] (Appendix, Figure A4). This data suggests that a coordination polymer
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is formed, further analysis of 1 it supports the formation of a polymeric structure as

discussed below.

The comparison of UV-Vis absorbance for 1 mM of the ligand in basic solution, to help
its solubility, and 1 display changes in the spectrum with the introduction of the metal
ion as shown Figure 4.4. The main peak for the ligand, in thiol form, appears at 313
nm and it corresponds to a T-1" transitions of the thiol group.?®3 This peak is red
shifted for 1 to 358 nm and broadened while also shows a small shoulder at around
417 nm,?83% this suggests that Cu(l) ions are interacting with sulfur atoms. Also, the
peaks corresponding to 1 are produced by -1 or n-Tr" transitions, expected for Cu-
thiolate compounds that confirms the presence of a coordination polymer for 1.2532
Peaks below 300 nm are due to the nucleobase,33 associated to -1 transitions of the
purine ring,** and these are also present in 1.
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Figure 4.4. UV-Vis spectrum for a basic solution of 6-thioguanosine (blue line) and 1

(orange line).

FTIR experiment on 1 as a dry xerogel shows a different spectrum than the ligand
(Figure 4.5 a,b). FTIR bands belonging to sulfur groups have been located in the

ligand, they appear in the area of 1200 cm™ for C=S, 770 cm™ for C-S stretching
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vibrations and 2525 cm* for S-H stretching band.3>37 For 1 the bands for C=S and C-
S groups are less intense than in the ligand (Figure 4.5a) and the S-H disappear
(Figure 4.5b). The decrease in intensity of bands related to the sulfur atoms suggests
that Cu(l) is modifying the sulfur environment and it is due to the complexation of Cu(l)

to sulfur atoms.
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Figure 4.5. FTIR spectrum for 6-thioguanosine as a solid (blue line) and a dried
solution of 1 (orange line), a) data showed between 400 and 1300 cm™ and red
circles indicates characteristic carbon-sulfur bands. b) data showed between 2000

and 3000 cm* and red circles indicates characteristic sulfur-hydrogen band.

Circular dichroism (CD) spectroscopy gave some insight about the structure of 1 using
the chirality of the ligand as a reference. Figure 4.6 shows the CD spectrum for a basic
solution of 6-thioguanosine (10 mM) with positive peaks at 228 and 260 nm and
negative peaks at 209, 246 and 322 nm confirming the chirality of the molecule.
Comparing these results with the spectrum of 1 at 1 mM there is a difference in the
assembly process as a consequence of a coordination polymer formation and its high
molecular ordered structure.383% A characteristic feature of this polymeric structure is
the chirality attributed to the ribose ring but is also often ascribed to a helical

configuration,?® the negative signal in the spectrum of 1 below 200 nm is an evidence
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for a right-handed orientation of the helicity, it will be discussed along with AFM data
later, 394142

Although the assignment of each band of the CD spectrum with a specific transition is
difficult without the additional help of spectroscopic or computational studies, it is
possible to extract further information from the CD spectrum. The signal at lower
energy than 300 nm are usually affected by the sulfur environment on 6-
thioguanosine®® and the inversion of the signal observed for 1 around 320 nm is related
to a different assembly process compared to the ligand. It suggests an interaction

between Cu(l) ions and sulfur atoms of the ligand caused by the coordination polymer
formation. In addition, the band due to -Tr" transitions of the purine around 260 nm is
also affected in 1 so the electronic environment of the ligand has been modified by

Cu(l) ions and it is reflected in a polymeric arrangement where the ligand is organized
along the chain.4344

- 6TG-CulmM —6TG 10

Figure 4.6. CD spectrum for a basic solution of 6-thioguanosine at 10 mM (blue line)

and 1 at 1 mM (orange line).
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Further structural analysis of 1 includes SEM microscopy on xerogel form. Figure 4.7
shows interesting morphological features for 1 as a material made of fibres that
intertwine. In addition, such fibres of microns in length, form a layered structure that
covers the surface of the dry sample. This picture clarifies the structural conformation
of 1, and they suggest the formation of a coordination polymer network in support of
the MALDI-ToF mass spectroscopy and circular dichroism data. Since the resolution

of SEM is not very clear, further microscopic studies with AFM were undertaken.

Figure 4.7. SEM image for a dried solution of 1. Left image show the network of the

polymer and right image it is possible to appreciate fibres entangling.

Atomic force microscopy analyzed 1 in xerogel form deposited on mica with the aim of
confirming the presence of a polymeric structure and clarify the morphology of these
strands. Figure 4.8a shows that 1 conforms layers of fibres that interact intertwining
between them forming a network, it is possible to see the presence of single fibres and
fibres associates. The length for single fibres varying between 130 and 550 nm with
an average of 240 nm and cross-sectional heights around 2 nm (Figure 4.8b, 4.9a) in

accordance to similar Cu(l) thiolate compounds where Cu(l) ions is coordinating three
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thiolate ligands.?? Most of the fibres are associates, such fibres have a length varying
between 800 nm and 3.5 ym with a typical average of 2.5 ym and a regular cross-
sectional height around 5 nm (Figure 4.8b, 4.9a). The difference in height between
single fibres and associates is coherent with an arrangement where single fibres are
placed on top of each other and as a result thicker fibres are observed. Another
physical difference between these two fibres arrangements is a markedly less
curvature of fibres associates indicating less flexibility of the chains and it suggests

strong interactions inter the fibres that constitute the fibre associate.

CD spectroscopy showed that 1 is a chiral complex and it is confirmed under AFM due
to a helix formation (Figure 4.9b). The interaction of 2 individual strands lead to the
formation of helical fibre associates with the height around 5 nm and a regular
periodicity of the helix around 8 nm (Figure 4.9b). Features showed in Figure 4.9b by

the fibre associated indicates a right-handed sense of the helix.
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Figure 4.8. AFM image for 1 at 0.1 mM concentration in water and dried on mica (a)
and 1 hundred times diluted in water and dried on mica (b). Red box indicates the

difference between single fibres and associates, analyzed below.
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Figure 4.9. AFM image for a dried solution of 1 at 0.001 mM in water and dried on
mica (a) indicating the difference in heights between single fibres and associates and

(b) helical fibre associate indicating that the periodicity of the helix is 8 nm.

To finish with the structural characterization, a structure can be proposed for
compound 1. Mass spectroscopy showed the oligomeric nature of 1 confirming the
interaction between Cu(l) ions and sulfur atoms forming a chain with a Cu(l)-sulfur
backbone. To corroborate the Cu(l)-sulfur bond, UV-Vis and FTIR spectroscopies

were performed. They showed modifications on the electronic environment of the
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ligand in presence of Cu(l) ions suggesting the existence of a coordinate bond between
Cu(l) ions and sulfur atoms. Besides, CD spectroscopy showed a strong signal for 1 in
comparison to the free ligand in solution, coherent with an increase in the ordering of
the molecules and it is due to the polymeric nature of 1. The chiral organic part of the
ligand is oriented outside the main chain of the polymer as literature showed before to

avoid any steric impairments between them.??

Microscopic techniques confirmed the formation of a one-dimensional coordination
polymer with a chain like structure. SEM images showed a fibres network in all the
sample surface and AFM was able to verify previous assumptions. AFM images
showed one-dimensional strands equivalent in shape and heights to others Cu(l)
coordination polymers,?> where Cu(l) ions are coordinating three sulfur atoms forming
a tubular chain (Figure 4.10 a,b). In addition, these fibres interact one on top of each
other producing helical stiff fibres associates with several microns in length. Although
further calculations need to be done to find out the nature of the interaction between
individual strands of Cu(l)-thiolate polymer it can be proposed that ligand substituents
are interacting between them through base stacking interactions above and below the
chain of the Cu(l) thiolate polymer (Figure 4.10c) similar to another Cu(l) coordination
polymer.?® For all the above, a one-dimensional coordination polymer is proposed as

the structure of 1 with a Cu(l)-sulfur backbone (Figure 4.10).
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Figure 4.10. Proposed scheme models for the one-dimensional coordination polymer
1 structure. Side view (a) and central projection (b) of an individual fibre and side
view of a fibre associate (c) (orange balls represent Cu(l) ions, yellow balls sulfur
atoms and grey balls ligand substituent). These models were drawn on Avogadro

software 1.2.0.

Opto-electronic properties of 1 were measured to establish interesting features of the
Cu(l) thiolate polymer. Fluorescence spectroscopy was performed for a basic solution
of 6-thioguanosine and 1, both at 1 mM concentration. The maximum peak in the
emission spectrum for the ligand is at 420 mm for excitation at 330 nm,3* and for 1
appears around 580 nm and a small shoulder around 640 nm for excitation at 440 nm
(Figure 4.11). Although both emission curves have a similar shape, its position is
different due to the different excitation wavelength used. The main peaks are produced

by the emission of the ligand, ligand-to-ligand charge transfer or intra ligand -1
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transitions.'%4° The low intensity of the shoulder at 640 nm for 1 is due to concentration
effects and this peak is associated to ligand-to-metal charge transfer, metal-to-ligand
charge transfer or a metal-centered transitions*® which implies that Cu(l) is affecting
luminescence properties of 1. Similar results have been found for another Cu(l) thiolate
polymer where luminescence measurements show two emission peaks that
corresponds to a charge transfer between ligands and a charge transfer between the
metal and the ligand.*’ The peak that appears around 800 nm for the ligand is attributed

to the second order luminescence scattering.

Exc 440nm
10000 [\ —6TG 1 mM Exc
= ' ) 330 nm
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A/ nm
Figure 4.11. Luminescence spectra for a basic solution of 6-thioguanosine at 1 mM at

330 nm excitation (blue line) and for 1 at 1 mM at 440 nm excitation (orange line).

The electrical properties of 1 were investigated because of the possibility that the Cu(l)
thiolate coordination polymer might conduct electrons in a manner analogous to those
of other Cu(l) thiolate polymers.?1?224 Conductance properties were measured on the
xerogel form of 1 deposited on platinum microband electrodes. A dc voltage between
-2 V to +2 V was applied in a series of potential steps to produce a current-voltage

curve, |-V plot (Figure 4.12). Initially two measurements were performed, the bare
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electrode background and 1 with maximum values of intensity of current of 320 fA and
490 fA respectively. This indicates that 1 has background levels of conductance and
in this as-prepared state cannot be considered as electrically conductive. In addition,
an extra measurement was performed using a redox dopant, Magic Blue, known to be
a strong oxidant.*® When the dopant was added to the sample a visible change in color
was produced, from a bright orange to a darker orange. The use of the dopant
improves the magnitude of the current a thousand times with respect to the background
conductance (Figure 4.12) and it is a good signal in order to establish this material as
an electrically conductive after doping.” The same measurement was repeated three
days later in order to know if the conductance remains stable. The result showed that
the intensity of current decreased up to tens of picoamperes. The natural interpretation
of this result is that samples in a homogeneous oxidation state are non-conductive due
to the short length of polymers, but partial oxidation of the sample leads to electronic
conduction by hopping of electrons from filled to empty sites. The value of conductance
varied sensibly after a few days, which suggests that the polymeric chains were

affected by the effect of the doping agent, perhaps breaking it.
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Figure 4.12. Two-terminal I-V characteristic of three samples; electrode background
(blue line), 1 (orange line), 1 doped with Magic Blue (grey line) and 1 with Magic Blue

measured three days later (green line).

4.4. Conclusions

We have prepared a new Cu(l) thiolate coordination polymer successfully. The reaction
has been analyzed by a range of spectroscopic and microscopic techniques with the
aim of proposing a structure for the reaction product. This characterization has led to
propose that Cu(l) ions are attached to three sulfur atoms from the 6-thioguanosine
forming a chain like structure, a one-dimensional coordination polymer with Cu(l)-sulfur

backbone with interesting properties to explore.

Luminescence as well as conductance properties have been analyzed and established
as the main properties of this material. Such properties, typical of semiconductors, are
due to the interaction between Cu(l) ions and sulfur atoms through the polymer as

metal sulfides features. The product exhibit fluorescence properties with a different
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emission wavelength than the ligand and also, the product is electrically conductive
after redox doping which is promising to consider that more concentrated samples will
conduct electricity after doping. Therefore, the integration of this new class of material

into larger DNA oligonucleotides can open a new field for the material functionalization.
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Chapter 5. Preparation and characterization of coordination polymers
hydrogels designed from 6-thioguanosine with Ag(l) and Cu(l) coinage metal

ions

This chapter is partially based upon the following publication:

Osama EI-Zubir, Pablo Rojas Martinez, Gema Dura, Lamia L. G. Al-Mahamad,
Thomas Pope, Thomas J. Penfold, Lewis E. Mackenzie, Robert Pal, Jackie Mosely,
Fabio Cucinotta, Liam F. McGarry, Benjamin R. Horrocks, Andrew Houlton, J. Mater

Chem C 2022, 10, 7329-7335
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5.1. Introduction

In chapter 1 it has been defined what is a hydrogel and its classification between
chemical and physical gels. Specifically, supramolecular gels are referred to physical
gels where fibres, of low molecular weight gelators (LMWGS), self-assemble and
crosslink non-covalently to form a gel network with water molecules trapped inside.*2
The route of formation of such three-dimensional gels start with microscopic entities
that assemble into large one-dimensional fibres and ends by the fibres forming bundles

that interact between them to form self-assembled fibrillar network.t

These supramolecular gels and in particular, low-molecular weight gelators, are of a
great interest due to their versatile structural and functional capabilities. They can be
built from a variety of gelators such as amides,® n-alkanes* or dendrimers® by
combination of different low-molecular weight gelators.®2 It is important to report that
supramolecular gels can be also prepared by metal coordination complexes and they
are called metallogels (Figure 5.1).° Metallogels are compounds where metals can
participate in different ways inside the gel network. These metals can be part of
coordination complexes or coordination polymers, usually linking organic ligands and
as nanoparticles attached to the gel.® Mainly, the formation of coordination polymers
that self-intertwine are responsible of the formation of a three-dimensional network with

water molecules caught inside the net.1°
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Figure 5.1. Scheme of the preparation of metallogels. These supramolecular
hydrogels can be prepared from complexes or coordination polymers and ligands act
as a gelator. The complexes or coordination polymers can form fibres (a) that self-
assemble (b) forming larger nanofibers (c) that entangled forming a supramolecular

network where water molecules get trapped (d).

Metallogels formed from metal ions like Ag(l) or Cu(ll) with pyridyl ligands have showed
interesting luminescence features.'’'? Besides, other metallogels coordination
polymers have found interest in sensing,'® catalysis!* or magnetism®® and other
applications due to the physical properties of gel networks.® In addition, it has been
reported studies related to the design of gelators with specific bonding sites to metal
ions that potentially bring a supramolecular gel with tunable properties.!’” These
gelators are based on different parts with a specific function for each one, e.g. a
cholesteryl moiety provides hydrophobic interactions and a pyridine derivative
contributes with metal interactions. Different metal ions have been used in this regard

such as Ag(l), Zn(ll) and Pd(lI).Y’

The fact that supramolecular gels are based on self-assemble interactions makes the
use of molecules derivatives from DNA or RNA with specific non-covalent interactions
a very interesting approach to prepare gels. So, the capacity of nucleosides,

nucleotides or nucleic acids to self-interact specifically by hydrogen bonds following
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the Watson-Crick model, bring the possibility to design supramolecular assemblies.181°
Generally, in a nucleoside it is possible to distinguish specific non-covalent locations
where hydrogen bond occurs as well as metal coordination interaction (Figure 5.2).1°
The self-assembly properties of nucleobases are not equivalent to affirm that they form
hydrogels, only guanine forms it without modification on its molecule. Also, guanosine
monophosphate hydrogel has been explored since early twentieth century?%2! and it
was established that its structure is based on the formation of helical arrangements
settle by the stacking of the nucleobases that forms G4-quarters with the aid of metal
ions (Figure 5.3).12? It has also presented different structures of guanosine such as
linear tapes®® or macrocycles®® and recently it has been discovered interesting

biological applications for those complexes, such as aptamers for therapeutical

fka ELA\
/SN S

OH

treatment.?®

Figure 5.2. Nucleoside representation of a) guanosine and b) uridine. In red positions
are highlighted chemical groups where non-covalent interactions may occur. In

addition, metal interactions can be located in position N3 and OA4.
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Figure 5.3. Hydrogen bonds interactions between guanine molecules to form G-

quartets formed in presence of metal ions, e.g. K*. R=ribose ring.

Although other studies have focused in the combination of natural nucleosides by
hydrogen bond with different molecules to prepare hydrogel systems, 262’ most of the
approaches have used derivatized nucleoside and nucleotide as low molecular weight
gelators.! The general method follows to modified nucleosides and nucleotides is to
attach lipophilic groups to them in order to increase hydrophobicity on the system
without loss of hydrophilicity in order to produce hydrogelation.? This, in combination
with inherent hydrogen bonds and m stacking capabilities of nucleobases, causes
stable gel networks.'® Some of the examples that illustrate this approach is the
modification of cytidine with acyl chains (Figure 5.4a),%® 2’-deoxyadenosine (Figure
5.4b)?° or more complexes structures built on the combination of nucleobases with

other biomolecules like peptides®® or sugars (Figure 5.4c).3*
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Figure 5.4. Examples of LMWG derived from nucleosides; a) cytidine functionalized
with fatty acid (n=10, 12, 14, 16), b) 2’-deoxyadenosine modified with alkyl chain (n=
3, 5, 9) and c) combination of a nucleoside (thymine in red), an aminoacid

(phenylalanine in blue) and a glycoside (glucosamine in purple).

The interaction of nucleobases with metal ions has been analyzed in chapter 1 but
here we will delve into the hydrogel formation process. The presence of metal ions can
modify the supramolecular properties of nucleobases, the effect on guanosine to form
G-quartets was cited above but also the fact that the coordination bond substitutes
hydrogen bond could affects the stability of the gel. Besides, inherent metal properties,
such as electronical or magnetics, can be introduced in the supramolecular network.®
Here are highlighted some of metal ions used in metal-nucleobase interaction that form
supramolecular networks like Zn(11) 32 or Pt(11).23 In addition, all of these supramolecular
structures based on low molecular weight gelators are highlighting in potential
applications.® There is a current interest in the use of these compounds in sensing,3*

optoelectronics,® or drug delivery.36

The focus of our investigation is the use of thio-modified nucleobases with the capacity
to attach metal ions forming coordination polymers. So, specifically, there are few
examples where thiolate coordination polymers are forming hydrogels. The first one
reported consists in a self-assembly of Au(l) glutathione polymers with biomedical

applications, such as drug delivery.3” The two-dimensional thiolate coordination
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polymer that forms the hydrogel is composed by a Au(l)-glutathione one-dimensional
polymeric structure that self-assemble into a lamellar structure where Au(l) atoms are
coordinating three sulfur atoms through the plane and glutathione hydrophilic
substituents are in top or above the plane.38 This polymer is stabilized by Au(l)-Au(l)
interactions, metallophilic interactions.®® To form the three-dimensional structure
characteristic of a hydrogel, these layers are self-interacting with water molecules inter-
layered allowing non-covalent connection between layers.3’ Later, the same research
group extended the study to the rest of coinage metal ions, Ag(l) and Cu(l) and their
interaction with glutathione (Figure 5.5a). These studies stated the importance of
metallophilic interactions to adhere coordination polymers and then form hydrogels
with biomedical applications, such as in tissue engineering and in controlled drug
release.®® These metallophilic hydrogels*! are also formed with a small thiol, N,N-
dimehtyl-3-mercaptopropanamide and Ag(l) ions. The hydrophilic properties of the
ligand substituents make possible self-assembly interactions between two-
dimensional coordination polymers to form a supramolecular hydrogel with thermo-
reversible properties (Figure 5.5b).*> The same group has also investigated the
interaction of coinage metals with a drug, N-acetyl-L-cysteine, to form a hydrogel with
drug-delivery properties.*! The hydrogels were formed by the self-assemble of thiolate
coordination polymers and they exhibit different thermal stabilities possibly due to the
different degree of metallophilic interactions within them.** The last study directly
related to the above, is the preparation of argentophilic hydrogels.*® The formation of
supramolecular hydrogels composed by coordination polymers stabilized by
metallophillic interactions, that self-assemble through non-covalent interactions, can
be modified by changing the nature of thiols.*® In such a way that the interaction
between Ag(l) with neutral thiols like 1-thioglycerol or N-acetyl-L-cysteine methyl ester

results in a tetrameric fibrillar structure; or with acidic thiols like N-acetyl-L-cysteine or
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glutathione lead to the formation of long polymers with a layered structure (Figure

5.5¢).43
S
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Figure 5.5. Structural schemes of metallogels based on coinage metals thiolate
coordination polymer. A polymeric two-dimensional structure in lamellar form that trap
water molecules inside the network forming a supramolecular hydrogel (a), a one-
dimensional scheme of a metallo-supramolecular gel prepared from Ag(l) ions and
N,N-dimethyl-3-mercaptopropanamide (b) and one-dimensional scheme of a
metallogel based on coinage metal ions and N-acetyl-L-cysteine (c). Red dashes
lines correspond to metallophilic interactions. M indicates Cu(ll), Ag(l) and Au(lll)

ions. Ligand substituents (R= glutathione) have been removed for clarity.

At this point of this introduction, all hydrogels reported based on coordination polymer
with coinage metals and thiolate ligands have been presented. In this chapter we have
explored the formation of two hydrogels as a product of the reaction between Ag(l) and
Cu(l) salts with the thio-modified nucleoside, 6-thioguanosine as a ligand.

Characterization of these compounds include descriptions of the structure,
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measurement of their luminescence and electrical properties as well as the study of

chiro-optics properties in order to establish hydrogels with semiconductor behavior.

5.2. Materials and Methods

All chemicals used in the preparation of the complex were purchased from Sigma-

Aldrich and they were used without any purification.

The synthesis of 6-thioguanosine complexes was carried out similar to the previous
two chapters although at different concentrations. Aqueous yellow suspensions of 6-
thioguanosine (18 mg, 0.06 mmol, 1 eq, 6 mL for 10 mM; 4 mL for 15 mM; 3 mL for 20
mM, 2 mL for 30 mM and 1 mL for 60 mM) were crushed and sonicated for 1 hour to
achieve a fine dispersion. A molar equivalent of AQNO3 (10.2 mg, 0.06 mmol, 1 eq)
and Cu(MeCN)4BF4 (18.9 mg, 0.06 mmol, 1 eq) were added as solids to each of the
five suspensions of 6-thioguanosine. After the addition of metal(l) salts and 1 hour of
strong mixing on a magnetic stirrer, a pale green and an orange viscous liquid were
formed for Ag(l) and Cu(l) samples, respectively. The viscosity varied for each of the
ten samples depending on concentration and metal ion added. The reaction instantly
formed hydrogels for Ag(l) samples, 60, 30, 20, 15 mM and it took minimum a week
for the high concentrated sample of Cu(l), 60 mM, and more than nine days for 30, 20
and 15 mM. Samples at 10 mM remain as viscous liquids in both cases regardless of

time. Also, the color of all samples turned darker with time.

Rheology was performed using a HR-2 Discovery Hybrid Rheometer from TA
Instrument, with a standard steel parallel-plate geometry of 20 mm diameter with a 1
mm gap, the volume of sample used was 1 ml. The strain and the frequency were set
to 1 % and 1 Hz, respectively. All measurements were performed at room temperature
by Dr. Dura. Rheological measurements were recorded for two Ag(l) complexes at 15
and 30 mM and two Cu(l) complexes at 30 and 60 mM.
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UV-Vis spectroscopy in the range of 190-800 nm was performed using a Varian Cary
100 Bio UV-Vis spectrophotometer with all data collected at room temperature. Cary
WinUV software was used to control the spectrophotometer. Three samples were
recorded, a basic solution of 6-thioguanosine (30 mM in 0.1 M of NaOH) and Ag(l) and
Cu(l) complexes (30 mM) using a demountable quartz cuvette with a path length of 0.1
mm (106-0.1-40 Hellma), the sample was trapped between the layers of the cuvette.
The blank used for the measurements was nanopure water produced in Direct-Q® 3
UV Water purification system from Merck at 18 MQcm resistivity. Melting temperature
experiments where performed in the same instrument at 260 nm for Cu(l)-6-
thioguanosine complex at 30 mM and the range of temperatures used were 35 °C to

75 °C with 0.5°C per minute of increment for each measurement.

Circular dichroism was performed following the procedure showed in the two previous
chapters although at different complex concentrations, Ag(l) complexes at 10, 15, 20

and 30 mM and Cu(l) complexes at 10, 15, 20, 30 and 60 mM.

For the atomic force microscopy imaging two samples were prepared by adding 2 pL
of Ag(l) and Cu(l) reaction mixtures (20 mM) onto a clean mica wafer and it was left for
dry for two hours on air. The measure procedure followed the same structure as the

two previous chapters.

Room temperature luminescence was measured for Ag(l) complexes at 10 mM and 30
mM and Cu(l) complexes at 10 mM and 30 mM, using a demountable quartz cuvette
with a path length of 0.1 mm (106-0.1-40 Hellma) and following the same procedure
as two previous chapters. Lifetime values were calculated by Dr. Horrocks following a

procedure cited in the appendix.

Circular polarized luminescence was performed using a custom-build CPL
spectrometer in the range of 400-800 nm with a 410 nm excitation source in Durham
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University by Dr MacKenzie.** The data was analyzed using a custom-written Matlab
scripts (Matlab 2019b, Mathwork) and smoothed using an intensity-preserving
Savitzky-Golay filter. Seven samples had CPL measured, six times, for a basic solution
of 6-thioguanosine at 10, 30 and 60 mM, for Ag(l) complex at 10 and 30 mM and for
Cu(l) complex at 20 and 60 mM using an open-topped quartz cuvette (101-10-40

Hellma).

Current-Voltage measurements followed the same structure as it was showed in the
two previous chapter, although here the sample consisted of 1 pL of the Cu(l) complex

at 60 mM.
5.3. Results and Discussion
5.3.1. Ag(l)-6-thioguanosine complexes

Samples of [Ag(l)-6-thioguanosine]n (1) were prepared at different concentrations (10
mM, 15 mM, 20 mM, 30 mM and 60 mM) by reaction of an aqueous suspension of 6-
thioguanosine and solid Ag(l) salt, AgNOs, in an equimolar ratio 1:1. After an hour of
strong mixing a pale green product appeared and the viscosity of the sample increased
with increased concentration. For higher concentration samples, 60, 30, 20, 15 mM, a
hydrogel is formed immediately after mixing, inferred by the vial inversion test (Figure
5.6), and for 10 mM sample a viscous liquid is formed. As crystallization proved
unproductive for these samples, chapter 3 reports the detailed analysis of the lowest
concentration of 1 (1 mM). The section here reports characterization of the hydrogels

formed and how particular morphology affects its properties.
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Figure 5.6. Scheme for the reaction between Ag(l) salt and 6-thioguanosine. An
image for a 60 mM concentration sample confirming the formation of a hydrogel by

the vial inversion test.

Two samples at 15 mM and 30 mM concentration, were first analyzed by rheology with
the aim of establishing their gel-like nature in addition to structural and mechanical
properties of these compounds. Oscillatory sweep tests were performed to confirm the
gel behavior of these two samples exhibiting G’ values bigger than G” values (Figure
5.7 a,b).*® The stiffness of 15 mM and 30 mM samples were 22 Pa and 58 Pa,
respectively, suggesting an increase of rigidity with increased concentration. (Figure
5.7 a,b) Also, frequency sweep experiments supported the elastic nature of gels with
a larger storage modulus than loss modulus (Figure 5.7 c,d) in the range of frequencies

between 0.1 to 100 rad/s.

Oscillatory sweep tests assessed the viscoelastic property of gels. The linear region,
where G’ is independent of the strain applied (10% and 6% for 15 and 30 mM
respectively), confirmed the stability of the gel structure upon deformation. At larger
values of strain, bigger than 125% and 100% for 15 and 30 mM respectively, the
storage and loss modulus are equivalent suggesting the deformation of gels and their
transition to liquid phase (Figure 5.7 e,f).#647 Further rheological measurements

includes a shear rate experiment to explore the viscosity of gels (Figure 5.7 g,h) and
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they confirmed that these hydrogels showed a shear-thinning behavior, reducing the
viscosity by two orders of magnitude as the shear rate increased, typical of a non-
Newtonian fluid.#® Additionally, backward experiments showed the capacity of
hydrogels to self-repair after inducing a deformation on its structure. This suggest the
presence of non-covalent interactions inside hydrogels, which confirms
supramolecular hydrogel characteristics. In chapter 3, AFM showed fibres or fibres
aggregates for the coordination polymer 1 at 1 mM which, together with rheological
results, make it possible to state the non-covalent interaction between these fibres to
form a hydrogel network. Also, the differences in length showed for such fibres in
chapter 3, can be ascribed to the reversibility of the metal(l)-sulfur bond and it confirms

self-healing properties inherent to the nature of hydrogels.
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d, f, h). a) and b) are time sweep experiments; c) and d) frequency sweep

experiments; e) and f) amplitude sweep experiments; g) and h) shear rate
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The change from colourless solution of 6-thioguanosine to a pale-yellow hydrogel for
1 indicated that there must be a modification of the UV-Vis spectrum. Then, both
samples were analyzed by UV-Vis spectroscopy at 30 mM. The comparison of UV-Vis
absorbance for 30 mM of 6-thioguanosine in basic solution, to help its solubility, and
hydrogel 1 at 30 mM exhibit a change in the spectra shown in Figure 5.8. It is observed
by a red shift of the signal of the hydrogel, from the maximum of absorption at 357 nm
of 6-thioguanosine to 401 nm of the hydrogel. Such variation is due to the change of
electronic transitions from 1-1" of the thiol in 6-thioguanosine to -11" or n-1" in hydrogel
1.4 It confirms the interaction between Ag(l) ions and sulfur atoms from 6-

thioguanosine as mass spectrum in chapter 3 also supported.
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Figure 5.8. UV-Vis spectra for a basic solution of 6-thioguanosine (blue line) and 1 at

30 mM (orange line).

In chapter 3, 1 at 1 mM concentration showed circular dichroism (CD) signal due to
chiral properties of 6-thioguanosine. This is expanded to the CD study of 1 to more
concentrated samples, 30 mM, 20 mM, 15 mM and 10 mM as well as 6-thioguanosine

at 10 mM. The CD signal for all of those complexes confirms their chirality (Figure 5.9).
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Comparing the spectrum for the ligand and the four samples of 1 at different
concentrations, a big increase in intensity is noted as concentration increases. It is
proposed that this is connected with a hierarchical molecular ordering of the polymeric
structures.®%5! Then, it confirms that the polymers of 1 self-interact to form hydrogels
depending on concentration. Besides, the large increase of CD signal is associated
with a large chiro-optic property of the compound,®?°3 and it is confirmed with the
presence of left-handed helical fibres associates as it was showed in chapter 3.51,5455
For higher concentrations of hydrogels such as 30, 20 and 15 mM, there is a reversed
dichroism signal with an opposing sign above 300 nm, that is known to be affected by
the environment of sulfur atoms of metal-thiolate chains.>® This change in CD signal
indicates that the higher assembly produces changes to the chirality of the initial
individual chains only on the metal-thiolate region, indicating a different assembly

process between the ligand and 1.

100 \
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Figure 5.9. CD spectra for a basic solution of 6-thioguanosine at 10 mM (green line)

and 1 at four different concentrations.
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This characterization on the hydrogels leads to propose a structure for 1 at different
concentration. Former structural characterization shown in chapter 3 for a less
concentrated 1, 1 mM, indicates the polymeric nature of the complex in the form of a
one-dimensional coordination polymer with a Ag(l)-sulfur backbone. Recall, AFM
clearly showed helical fibres for this compound (chapter 3). Starting from these
proposals, the hydrogels are based on one-dimensional Ag(l) thiolate coordination
polymer (u2) that are assembled to form supramolecular networks. Non-covalent
interactions between fibres of 1 coordination polymers were confirmed by rheology and
they are due metallophilic interactions, base stacking interactions or hydrogen bonding
(Figure 5.10a).57%0 So, these self-assembly interactions between the strands of the
polymer form bundles of nanofibers that intertwining to set up a three-dimensional
fibrillar network in form of supramolecular hydrogel (Figure 5.10b)%%.62 due to water
molecules trapped within the network and their hydrogen bonds interactions with
nanofibres.*® 6364 This structure is confirmed by AFM for a concentrated sample of 1
at 20 mM. In Figure 5.10c it is possible to see fibres associates of the thiolate
coordination polymer that are inter-crossing and although the picture is in two-
dimensions, it suggests the formation of a three-dimensional network where water

molecules are trapped as a main characteristic of a hydrogel formation.5®
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Figure 5.10. Proposed scheme models for the coordination polymer hydrogels 1
structure; a) front view of the self-assembly of two coordination polymers by base
stacking, b) side view of coordination polymers that self-assemble forming fibres
aggregates, ligand substituents were removed for clarity (white and yellow balls
represent Ag(l) ions and sulfur atoms, respectively). These models were drawn on
Avogadro software 1.2.0. C) AFM image of hydrogel of 1 at 20 mM demonstrating the
intercrossing between fibres aggregates forming the supramolecular network of a

hydrogel.

Fluorescence spectroscopy was performed to explore the luminescence properties of
hydrogels of 1. Figure 5.11 shows the maximum peaks in the emission for the ligand
at 420 nm for an excitation of 350 nm and for the hydrogel 1 at 30 mM at 550 nm for
an excitation of 430 nm.%¢ They both have a comparable fluorescence emission
intensity but there is a red shift in the signal after complexation of approximately 120
nm and it indicates that Ag(l) ions are affecting luminescence properties of the
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compound. While the emission of the ligand is a well-defined sharp peak arising from
the transitions between 1-1" orbitals, high energy transitions characteristic of intra-
ligand emission processes,®”%8 the emission principles for the Ag(l) product is more
complex. The broad emission band of Ag(l) compound and its low energy can be
ascribed to metal-ligand charge transfer, metal-metal charge transfer or metal centered
transitions, %70 also, the stokes shift not bigger than 200 nm confirms that the hydrogel
1 at 30 mM is fluorescent.”* The effect of the concentration has been analyzed and a
large difference in fluorescence intensity is observed between 30 mM and 10 mM
samples indicating, possibly, an aggregation induced emission effect (Figure 5.11).72
The formation of a self-assembled complex network in the hydrogel form promotes a
stiff entity with non-covalent interactions that enhances luminescence properties.’374
Lifetime values of luminescence were calculated of the 6-thioguanosine as a solid and
for 1 at 30 mM. Comparison of lifetime values indicates that 1 has nearly twenty times
longer fluorescence lifetime (7 ns) than the ligand (0.398 ns) (Appendix, Figure A5). In
addition, an increase of ten times in lifetime value was calculated between 1 at 30 mM
and 1 at 5 yM. These values indicate a long fluorescence process of 1 when

concentration increases.
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Figure 5.11. Luminescence spectra for a basic solution of 6-thioguanosine at 30 mM
(grey line) at 350 nm excitation and for 1 at 10 mM (blue line) and 30 mM (orange

line) at 430 nm excitation.

As it has been shown, 1 are fluorescent chiral molecules that increase its optical
properties due to a supramolecular organization in form of hydrogel. To deepen the
study of luminescent properties of these compounds and taking advantage of the fact
that they are chiral, circular polarized luminescence measurements were performed.
This measures the difference in intensity between left and right circularly polarized
emission giving the luminescence dissymmetry factor (gum), 1 at 30 mM shows a
maximum of gum of -0.05 at 610 nm (Figure 5.12). By comparison, 6-thioguanosine at
10 mM showed no measurable CPL (Figure 5.12). Additionally, it was shown that 1 at
10 mM did not show circular polarization of the luminescence either (Appendix, Figure
A6). The value of gum for Ag(l) complex at 30 mM is the strongest found for
supramolecular hydrogels so far.”>"” The difference of gum values confirms the effect

of the self-assembly to enhance luminescence properties of Ag(l) complex at 30 mM,®
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and also, the formation of helical fibres for 1, seen in chapter 3, with left-handed

orientation are mainly responsible for this high value of CPL.”®
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Figure 5.12. CPL raw spectra showing gum values between 400 and 800 nm for 1 at
30 mM (red dots and their smoothing into a black line) and 6-thioguanosine at 10 mM

(blue dots).

5.3.2. Cu(l)-6-thioguanosine complexes

Samples of [Cu(l)-6-thioguanosine]n (2) were prepared at different concentrations (10
mM, 15 mM, 20 mM, 30 mM, 60 mM) by reaction of an aqueous suspension of 6-
thioguanosine and solid Cu(l) salt, Cu(MeCN)4BF4, in an equimolar ratio 1:1. After an
hour of strong mixing an orange product appeared and the viscosity of the sample
increased with concentration. For the highest concentration sample, 60 mM, a hydrogel
is formed after a week, inferred by the vial inversion test (Figure 5.13), and for the rest
of samples, 30, 20, 15 mM more than nine days are needed to form hydrogels; 10 mM
sample remains as a viscous liquid over time. The difference in time for the hydrogel
formation compared to [Ag(l)-6-thioguanosine]n could be due to the slow kinetics that

rule the reaction between the ligand and Cu(l) or due to different interactions between
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coordination polymers inside the network. As crystallization proved unproductive for
these samples, chapter 4 reports the detailed analysis of the lowest concentration of 2
(1 mM). The section here describes characterization of the hydrogels formed, its

particular morphology and chiro-optics properties.
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Figure 5.13. Scheme for the reaction between Cu(l) salt and 6-thioguanosine. An
image for a 60 mM concentration sample confirming the formation of a hydrogel by

the vial inversion test.

Two samples at 30 mM and 60 mM concentration, were first analyzed by rheology with
the aim of determine their gel-like structure and structural and mechanical properties.
Rheological analysis using oscillatory sweep test confirmed the gel-like nature of these
two compounds due to larger values of storage modulus than loss modulus (Figure
5.14 a,b).*® The stiffness of 30 mM and 60 mM samples were 10.6 Pa and 29 Pa,
respectively, suggesting an increase of rigidity with increased concentration (Figure
5.14 a,b). In addition, frequency sweep experiments displayed elastic behavior of these
compounds with larger storage modulus than loss modulus (Figure 5.14 c,d) in the
range of frequencies between 0.1 to 100 rad/s. However, higher frequencies reversed
the relation between storage modulus and loss modulus in the complex at 60 mM,

indicating that the gel network broke. It suggests a weak gel nature.
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Oscillatory studies assessed the viscoelastic property of Cu(l) complexes. The linear
region, where storage modulus is independent of the strain applied (40%) in both
complexes, supported the stability of the gel network upon deformation. At values of
strain larger than 364% and 234% for 30 and 60 mM respectively, storage modulus
and los modulus are identical and it suggests a deformation of gels and their transition
to liquid phase (Figure 5.14 e,f).4647 In addition, the viscosity of Cu(l) complexes was
studied under shear rate experiments (Figure 5.14 g,h). These results showed a shear-
tinning behavior, reducing the viscosity by three orders of magnitude as the shear rate
increased, typical of a non-Newtonian fluid.*® In addition, backward experiments
showed self-healing properties of Cu(l) complexes after an induced deformation of its
structure. This suggest the presence of non-covalent interactions inside the gel, which

confirms supramolecular hydrogel characteristics.

In chapter 4, AFM showed fibres or fibres associates for the coordination polymer 2 at
1 mM. These results are in accordance with rheological studies displayed here, where
these fibres are interacting through non-covalent interactions to form hydrogel network.
Likewise, the differences in length for such fibres, showed in chapter 4, can be related

to the reversibility of such interactions and self-healing properties of hydrogels.

133



100 b) W /
g : &
- o
o N 100 | siissnesssnsensssbasssnararerdasisssiusnnsrssteses
= @
© V)
1 1
0 M 20 w0 20 1o 120 140 d ) 0 2 a &0 80 100 120 140
Time/s Time/s
000 S 10 —
i .
® )
&mx & //’—-\
© U n Xl '
o 10 o
1 1
ot 1 10 100 at 1 10 100
e) w /rad/s f) w /rad/s
100
o
[
|
O
o
o
; 1000
100
g
w— | O Ward w— 0w
10 seeenes Backforward W, ™ — emw Backforward
w
“ &
o ! =10
a c
~
c
01 1
001 01
01 ! Shearrate /s 10 10 o4 1 Shear rate /1 10 100

Figure 5.14. Rheological results for Cu(l) complex at 30 mM (a, c, e, g) and 60 mM
(b, d, f, h). a) and b) are time sweep experiments; c) and d) frequency sweep
experiments; e) and f) amplitude sweep experiments; g) and h) shear rate

experiments.
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These hydrogels were analyzed by UV-Vis spectroscopy. The transition from colorless
solution of 6-thioguanosine to an orange hydrogel for 2 indicates that UV-Vis should
change after complexation. The comparison of absorbance for 30 mM of 6-
thioguanosine in basic solution, to help its solubility, and 2 in hydrogel form at 30 mM
exhibit some changes in the spectra shown in Figure 5.15. The main band for the
ligand, in thiol form,*?is at 328 nm and it corresponds to a -1 transition of the thiol
group.#®56 This peak is red shifted and more intense for the hydrogel 2 at 355 nm,
showing a shoulder at 413 nm.8%8! The peaks for the 2 as hydrogel correspond to -
T or n-Tr" transitions, expected for Cu-thiolate compounds confirming that Cu(l) is
interacting with sulfur atoms forming a polymeric structure as mass spectrum results

also suggest in chapter 4.82-84
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Figure 5.15. UV-Vis spectra for a basic solution of 6-thioguanosine (blue line) and 2

at 30 mM (orange line).

To analyze interactions within the hydrogel, melting temperature experiment was
performed. Base stacking non-covalent interactions in Cu(l) hydrogels are due to the
nucleobases of the ligand and it is well-known that the peaks below 300 nm in

absorbance spectrum are due to nucleobase T-Tr" transitions.®8% Figure 5.16a shows
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the change of intensity of absorbance for hydrogel 2 at 30 mM at constant wavelength,
260 nm, when the temperature increases. From 40°C to 63°C there is an increase in
absorption intensity and suggests the presence of base stacking interactions within the
hydrogel. This is similar to the melting behavior of duplex DNA where there is a
hyperchromic shift as the individual aromatic nucleobase groups are no longer
stacked.8 After the cooling process hydrogel 2 showed a higher value of absorption
than the initial value. To confirm recovery properties of hydrogel 2, a UV-Vis spectrum
was run a day before in order to see if the initial absorbance value was reached, but
the results were inconclusive. This maybe occurs due to the viscous medium where 2
IS S0, it is not possible to confirm self-repair properties after being exposed to changes

in temperature.

When the 2 was heated above 63°C a decrease in absorbance intensity was observed,
expected for a xerogel, where there are no base stacking interactions (Figure 5.16b).
These results indicate that 2 is a self-assembled supramolecular hydrogel, built from
non-covalent interactions between 2 coordination polymers based on base stacking

interactions of 6-thioguanosine.
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Figure 5.16. Melting temperature experiments for a 30 mM 2 at 250 nm; a) indicates
the change in absorbance of 2 when the temperature increases up to 63°C (red line)
and when it decreases to 35°C (blue line); b) indicates the change in absorbance of
the complex when temperature reaches 75 °C (red line) and decreases up to 35°C

(blue line).

Experiments of circular dichroism (CD) performed in chapter 4 confirms the chirality of
2 at 1 mM. Figure 5.17 shows CD spectra for complexes of 2 at 60, 30, 20, 15 and 10

mM and 6-thioguanosine at 10 mM. Comparing these spectra, the main change is the
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large difference in intensities between complexes of 2 and the ligand and it suggests
that the complex is adopting a high ordered polymeric structure.>% Figure 5.17 clearly
shows that the CD signal depends on the concentration and this effect can be observed
in the band that starts at 420 nm which depends on metal-to-ligand charge transfer.82:83
For 10, 15 and 20 mM this band remain negative but for 30 mM and 60 mM it is positive.
This reversed circular dichroism signal may be due to higher concentrations of metal

thiolate polymers that produce higher assemblies than low concentration samples, a

different assembly process.
Although it is expected that the intensity of the CD signal is greater for the highest

concentrations, it was not so experimentally since the viscosity of such samples
prevents a homogeneous distribution in the cuvette. So CD confirms the chirality of all

the Cu(l) hydrogels and also their self-assembly properties, a structural feature of

these compounds that form supramolecular networks made of polymeric chains.>®

Figure 5.17. CD spectra for a basic solution of 6-thioguanosine at 10 mM (green line)

and hydrogels of complexes at five different concentrations.

This characterization of hydrogels of 2 lead to suggests a molecular structure them.

Chapter 4 cover all characterization for a low concentrated 2 complex (1 mM) and it
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shows that it is made of Cu(l)-sulfur backbone in a polymeric chain forming a one-
dimensional coordination polymer (us) (Figure 5.18a). Also, AFM showed strands for 2
at 1 mM concentration (chapter 4). The characterization of hydrogels of 2 by UV-Vis
confirmed the presence of a polymeric structure as mass spectroscopy reported in
chapter 4 suggested. Besides, rheology and melting temperature experiment verified
that to form a supramolecular network in form of hydrogels, these polymers interact
between them through non-covalent interactions, in particular, base stacking
interactions (Figure 5.18b).87-%° The chirality of hydrogels of 2 was validated with
circular dichroism spectroscopy indicating a reverse in the signal, it was ascribed to
the formation of aggregated bundles of the polymer for high concentrated samples.
Therefore, the structure of hydrogel 2 is formed by the self-entangling of individual
coordination polymer fibres that interacts through 1-11 stacking to form nanofibres that
associate to form a three-dimensional network where water molecules are trapped
(Figure 5.18b).°92 AFM images for a high concentrated sample of Cu(l) hydrogel
(Figure 5.18c), 60 mM, confirms the presence of nanofibres associates entangled that

forms the characteristic fibrillar network of a hydrogel.5®
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Figure 5.18. Proposed scheme models for the coordination polymer hydrogels 2

structure; a) side view of the assembly of the Cu(l) thiolate coordination polymer with
a tubular chain, b) side view of two coordination polymers that self-assemble forming
fibres aggregates by base stacking, ligand substituents were removed for clarity
(orange, yellow and grey balls represent Cu(l) ions, sulfur atoms and ligand
substituent respectively). These models were drawn on Avogadro software 1.2.0. C)
AFM image of a hydrogel 2 at 20 mM that demonstrate the intercrossing between

fibres aggregates forming the supramolecular network of a hydrogel.

Fluorescence spectroscopy was performed for a basic solution of 6-thioguanosine and
complexes of 2. For the ligand, the maximum peak in emission is at 420 nm for an
excitation of 350 nm,% and for complexes of 2 at 10 mM and 30 mM, two emission
peaks appeared, ca. 560 nm and 670 nm, for an excitation of 470 nm (Figure 5.19).

The sharp emission peak of the ligand and the most intense for the complex have been

140



assigned to ligand-to-ligand charge transfer or intra ligand -11" transitions.®3%* The
broad band in complexes of 2 around 670 nm is related to ligand-to-metal charge
transfer, metal-to-ligand charge transfer or a metal-centered transitions®° confirming
that Cu(l) ions are affecting luminescence properties of the ligand. Comparing the
intensity of the emission, the difference between complexes of 2 at 30, 10 and 1 mM
and 6-thioguanosine at 1 mM, is not large, only the band at 670 nm is more pronounced
for Cu(l) complex at 10 mM. It suggests that the emission of complexes of 2 is not
highly affected by concentration effects. Also, self-quenching effects are affecting the
emission of 2 at 30 mM concentration hydrogel compared to 10 mM Cu(l)-6-
thioguanosine viscous liquid.®” Other Cu(l) thiolates have exhibit similar photophysical
properties with two emission peaks corresponding to ligand-ligand for the high energy
transition and metal-ligand charge transfer for a low energy transition.8%°8 The peak
that appears around 800 nm for the ligand is attributed to the second order

luminescence scattering.
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Figure 5.19. Luminescence spectra for a basic solution of 6-thioguanosine at 1 mM
(grey line) at 350 nm excitation and for complexes of 2 at 10 mM (blue line) and 30

mM (orange line) at 470 nm excitation.
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CD has confirmed that hydrogels of 2 at different concentrations are chiral and also,
they have exhibited luminescence properties. Then, circular polarized luminescence
was performed in order to study if self-assembly properties make these complexes
suitable for CPL.%° Two hydrogels of 2 samples were measured at 60 mM and 20 mM
concentration respectively. Both of these exhibited CPL signals; the maximum of gium
for 60 mM was +0.01 at 700 nm and for 20 mM was -0.015 at 735 nm (Figure 5.20).
The measure of CPL for the ligand at 30 mM was zero so there is no interference of
the ligand in the circular polarized emission of complexes of 2, confirming the self-
assembly chiral arrangement of luminophores and, therefore, the chiral nature of the
luminescence emission for these supramolecular networks.”6:78190 The values of gum
obtained for these complexes of 2 are rather high compared to other Cu(l) complexes
previously reported.10t
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Figure 5.20. CPL experiment showing gum values for hydrogels of 2 at a) 60 mM and

at b) 20 mM.
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Electrical properties of 2 at 60 mM concentration in xerogel form were examined to
establish if this polymer can conduct electrons as is known for other similar Cu(l)
thiolate polymers.t02-194 To obtain 2 in xerogel form it was prepared as a hydrogel,
deposited on the platinum microband electrodes and dried in air for an hour before
measurement. Then a direct current voltage between -2 V to +2 V was applied giving
as a result a current-voltage, I-V plot, (Figure 5.21). First, the maximum current
measured, 10 fA, for the bare electrode background indicates that there is no
interference of the microband electrode. The maximum current measured for the 2
xerogel prepared at 60 mM was 0.497 nA. This indicates that the as-prepared
compound is electrically conductive.% Further, redox doping with Magic Blue turned
dark the color of the xerogel and significantly improves the electrically conductance of
the complex. The maximum current reaches 2 nA and the conductivity is 4 times
greater than the original complex. These results indicate that increasing the
concentration of 2 complex up to 60 times it is possible to obtain a large amount on
conductivity compared to that demonstrated in chapter 4, owing to the formation of
long polymers that interact forming a supramolecular network in form of a xerogel. As
in chapter 4, oxidative doping is established as a useful strategy to introduce charge
carriers in inorganic complexes.'% The increase in electrical conductivity of 2 at 60 mM
could be explained by the injection of positive charges through the oxidation of Cu(l)
ions to Cu(ll) ions as has been shown in previous studies.'% Partial oxidation of the
Cu centers is expected to increase conductivity because the hopping rate will depend
on the product of the local concentrations of Cu(l) and Cu(ll) sites. To determine is the
conductance is stable with time the same measurement was repeated five days later.
The results showed that the intensity of current decreases up to 33 pA, suggesting that

the polymer structure of Cu-thiolate is not stable due to the effect of the doping agent.
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Time did not allow to characterize chemical or structurally 2 60 mM xerogel. However,
it has been demonstrated that a highly concentrated (60 mM) xerogel of 2 shows higher
values of electrical conductivity than low concentrated (1 mM) xerogel for the same
compound as chapter 4 proved with background levels of conductivity and it is due to
the formation of a supramolecular network consistent on fibre-like bundles of 2 that

improve the current-carrying properties of the material.

/ nA

Nt

JITE

Figure 5.21. Two-terminal I-V characteristic of three samples; electrode background
(blue line), 2 xerogel at 60 mM (orange line), 2 xerogel at 60 mM doped with Magic
Blue (grey line) and 2 xerogel at 60 mM doped with Magic Blue measured 5 days

later (red line).

5.4. Conclusion

We have prepared Ag(l) and Cu(l) thiolate coordination polymers at different
concentrations and they form hydrogels. The reaction has probed the interactions
between one-dimensional coordination polymers to form a three-dimensional network
with chiro-optics properties. The hydrogels have been structurally analyzed proving the

formation of a supramolecular network made of fibers associates of Ag(l) and Cu(l)
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thiolate polymers. Besides, the chirality of the components of the hydrogel has been

confirmed and it increases by forming such structures.

Rheological results for Cu(l) hydrogels and Ag(l) hydrogels show, in both cases, a
similar gel behavior but there are some distinctions. The difference in stiffness values
indicates that Ag(l) hydrogels are fairly more rigid even at lower concentrations but
also more fragile when a deformation is induced as lower values of critical strain

indicates when it is compared with Cu(l) complexes.

Luminescence properties have been investigated for the hydrogels evidencing its high
fluorescence due to the organization into a supramolecular system. In addition, the
high concentrated hydrogel exhibits a strong circular polarized luminescence what
encourages to think that the chiro-optics properties of these compounds are enhanced
when supramolecular networks are formed. Besides, high concentrated Cu(l) thiolate
xerogel showed a very promising conductivity properties which confirms
semiconductor behavior of this compound. All these properties are promoted by the
formation of supramolecular networks and they are potential applications on DNA

functionalization.

5.5. References

1- Peters, G., Davis, J., Chem. Soc. Rev. 2016, 45, 3188-3206.

2- Liu, X., 2005, Gelation with small molecules: from formation mechanism to
nanostructurearchitecture in Low Molecular Mass Gelator, 256, 1-37, Springer, Berlin.

3- Fages, F., Vogtle, F., Zinic, M., 2005, Systematic design of amide- and urea-type
gelators with tailored properties in Low Molecular Mass Gelators, 256, 77-131,
Springer, Berlin.

4- Abdallah, D., Weiss, R., Langmuir 2000, 16, 352-355.

5- He, H., Chen, S., Tong, X., An, Z., Ma, M., Wang, X., Wang, X., Langmuir 2017, 33,
13332-13342.

6- Raeburn, J., Adams, D., Chem. Commun. 2015, 51, 5170-5180.

7- Jayawarna, V., Ali, M., Jowitt, T., Miller, A., Saiani, A., Gough, J., Ulijn, R., Adv. Mat.
2006, 18, 611-614.

145



8- Abul, Y., Roy, S., Frederix, P., Javid, N., Jayawarna, V., Ulijn, R., Small 2014, 10,
973-979.

9- Dastidad, P., Ganguly, S., Sarkar, K., Chem. An Asian J. 2016, 11, 2484-2498.
10- Ganta, S., Chand, D., Chem. An Asian J. 2018, 13, 3777-37809.

11- Kim, H., Lee, J., Lee, M., Angew. Chem. 2005, 117, 5960-5964.

12- Gee, W., Batten, S., Chem. Commun. 2012, 48, 4830-4832.

13- Sarkar, S., Dutta, S., Chakrabarti, S., Bairi, P., Pal, T., ACS Applied Materials &
Interfaces 2014, 6, 6308-6316.

14- Huang, J., He, L., Zhang, J., Chen, L., Su, C., J. of molecular catalysis A: Chemical
2010, 317, 97-103.

15- Grondin, P., Roubeau, O., Castro, M., Saadaoui, H., Colin, A., Clerac, R., Langmuir
2010, 26, 5184-5195.

16- Adarsh, N., Sahoo, P., Dastidar, P., Crystal Growth & Design 2010, 10, 4976-4986.

17- Svodoba, H., Nonappa, Lahtinen, M., Wimmer, Z., Kolehmainen, E., Soft Matter
2012, 8, 7840-7847.

18- Araki, K., Yoshikawa, I., 2005, Nucleobase-Containing Gelators in Low Molecular
Mass Gelator, 256, 133-165, Springer, Berlin.

19- Sivakova, S., Rowan, S., Chem. Soc. Rev. 2005, 34, 9-21.
20- Bang, |., Biochem. Z. 1910, 26, 293-311.

21- Gellert, M., Lipsett, M., Davies, D., Proc. Natl. Acad. Sci. USA 1962, 48, 2013-
2018.

22- Fresco, J., Massoulie, J., J. Am. Chem. Soc. 1963, 85, 1352-1353.

23- Giorgi, T., Grepioni, F., Manet, I., Mariani, P., Masiero, S., Mezzina, E., Pieraccini,
S., Saturni, L., Spada, G., Gottarelli, G., Chem. A Eur. J. 2002, 8, 2143-2152.

24- Davis, J., Angew. Chem. Int. Ed. 2004, 43, 668-698.

25- Spindler, L., Fritzsche, W., (ed.), 2012, Guanine Quartets: Structure and
Applications, RSC Publishing.

26- Bairi, P., Chakraborty, P., Mondal, S., Roy, B., Nandi, A., Soft Matter 2014, 10,
5114-5120.

27- Kumar, A., Gupta, S., Green Chem. 2015, 17, 2524-2437.

28- Skilling, K., Ndungu, A., Kellam, B., Ashford, M., Bradshaw, T., Marlow, M., J.
Mater. Chem. B 2014, 2, 8412-8417.

29- Park, S., Kim, B., Soft Matter 2008, 4, 1995-1997.

30- Li, X., Kuang, Y., Lin, H., Gao, Y., Shi, J., Xu, B., Angew. Chem. Int. Chem. 2011,
50, 9365-9369.

31- Li, X., Yi, K., Shi, J., Gao, Y., Lin, H., Xu, B., J. Am. Chem. Soc. 2011, 133, 17513-
17518.

146



32- Bazzicalupi, C., Bencini, A., Berni, E., Bianchi, A., Ciattini, S., Giorgi, C., Paoletti,
P., Valtancoli, B., EurJIC 2001, 2001, 629-632.

33- Lippert, B., Coord. Chem. Rev. 2000, 200-202, 487-516.
34- Berdugo, C., Escuder, B., Miravet, J., Org. Biomol. Chem. 2015, 13, 592-600.
35- Babu, S., Praveen, V., Ajayaghosh, A., Chem. Rev. 2014, 114, 1973-2129.

36- Skilling, K., Citossi, F., Bradshaw, T., Ashford, M., Kellam, B., Marlow, M., Soft
Matter 2014, 10, 237-256.

37- Odriozola, 1., Loinaz, I., Pomposo, J., Grande, H., J. Mater. Chem. 2007, 17, 4843-
4845.

38- Parikh, A., Gillmor, S., Beers, J., Beardmore, K., Cutts, R., Swanson, B., J. Phys.
Chem. B 1999, 103, 2850-2861.

39- Pyykkd, P., Angew. Chem. Int. Ed. 2004, 43 (34), 4412-4456.

40- Odriozola, 1., Ormategui, N., Loinaz, |., Pomposo, J., Grande, H., Macromolecular
Symposia 2008, 266, 96-100.

41- Casuso, P., Carrasco, P., Loinaz, |., Grande, H., Odriozola, I., Org. Biomol. Chem.
2010, 8, 5455-5458.

42- Casuso, P., Loinaz, I., Mdéller, M., Carrasco, P., Pomposo, J., Grande, H.,
Odriozola, I., Supramolecular Chemistry 2009, 21, 581-884.

43- Casuso, P., Carrasco, P., Loinaz, |., Cabafnero, G., Grande, H., Odrizola, |., Soft
Matter 2011, 7, 3627-3633.

44- Carr, R., Puckrin, R., McMahon, B., Pal, R., Parker, D., Palsson, L., Meth. And
Appl. In Fluorescence 2014, 2, 024007.

45- Piepenbrock, M., Lloyd, G., Clarke, N., Steed, J., Chem. Rev. 2010, 110, 1960-
2004.

46- Mistry, L., El-Zubir, O., Dura, G., Clegg, W., Waddell, P., Pope, T., Hofer, W.,
Wright, N., Horrocks, B. R., Houlton, A., Chem. Sci. 2019, 10, 3186-3195.

47- Dash, J., Patil, A., Das, R., Dowdall, F., Mann, S., Soft Matter 2011, 7, 8120-8126.

48- Gabelle, J., Morchain, J., Archard, D., Augier, F., Line, A., AIChE J. 2013, 59, 2251-
2266.

49- Zhang, Y., Zhu, X., Smith, J., Haygood, M., Gao, R., J. Phys. Chem. B 2011, 115,
1889-1894.

50- Lam, A., Guenther, R., Agris, P., Biometals 1995, 8, 290-296.
51- Zimmer, C., Holy, L., Nucleic Acids Research 1976, 3, 2757-2770.

52- Greenfield, J., Evans, E., Nuzzo, D., Antonio, M., Friend, R., Nitschke, J., J. Am.
Chem. Soc. 2018, 140, 10344-10353.

53- Zhang, H., Zheng, X., Kwok, R., Wang, J., Leung, N., Shi, L., Sun, J., Tang, Z.,
Lam, J., Qin, A., Tang, B., Nat. Commun. 2018, 9, 4961.

54- Sutherland, J., Griffin, K., Keck, P., Tacaks, P., Proc. Natl. Acad. Sci. USA 1981,
78, 4801-4804.

147



55- Sprecher, C., Baase, W., Johnson, C., Biopolymers 1979, 18, 1009-1019.

56- Repges, R., Beuck, C., Weinhold, E., Raabe, G., Fleischhauer, J., Chirality 2008,
20, 978-984.

57- Panja, S., Seddon, A., Adams, D., Chem. Sci. 2021, 12, 11197-11203.

58- Koskinen, L., Jaaskeldinen, S., Hirva, P., Haukka, M., Solid State Sciences 2014,
35, 81-87.

59- Wang, W., Zhang, Y., Liu, W., Progress in Polymer Science 2017, 71, 1-25.
60- Toupkanloo, H., Rahmani, Z., Applied Biological Chemistry 2018, 61, 209-226.
61- Kim, H., Zin, W., Lee, M., J. Am. Chem. Soc. 2004, 126, 7009-7014.

62-Wu, Z., Du, Y., Liu, J., Yao, Q., Chen, T., Cao, Y., Zhang, H., Xie, J., Angew. Chem.
Int. Ed. 2019, 58, 8139-8144.

63- Pradas, M., Ribelles, J., Aroca, A., Ferrer, G., Anton, J., Pissis, P., Colloid and
Polymer Science 2001, 279, 323-330.

64- Popa, V., Volf, I, (ed.), 2018, Biomass and Renewable raw material to obtain
bioproducts of high-tech value, ch. 11, 401-439, Elsevier.

65- Feng, H., Du, Y., Tang, F., Ji, N., Zhao, X., Zhao, H., Chen, Q., RSC Adv. 2018, 8,
15842-15852.

66- Rubin, Y., XVI Int. Conf. on Spectroscopy of Molecules and Crystals, Sevastopol,
Ukraine, 2004.

67- Chao, H., Wu, L., Li, C., Lu, W, Liu, L., Feng, X., Z. Anor. Allg. Chem. 2011, 637,
1533-1538.

68- Ford, P., Chem. Sci. 2016, 7, 2964-2986.

69- Forward, J., Bohmann, D., Fackler, J., Staples, R., Inorg. Chem. 1995, 34, 6330-
6336.

70- Wang, X., Guerzo, A., Schmehl, R., J. of Photoc. And Photob. C: Photoc. Reviews,
2004, 5, 55-77.

71- Luo, Z., Yuan, X., Yu, Y., Zhang, Q., Leong, D., Lee, J., Xie, J., J. Am. Chem. Soc.
2012, 134, 16662-16670.

72- Veselska, O., Dessal, C., Melizi, S., Guillou, N., Podbevsek, D., Ledoux, G.,
Elkaim, E., Fateeva, A., Demessence, A., Inorg. Chem. 2019, 58, 99-105.

73- Fermi, A., Bergamini, G., Roy, M., Gingras, M., Ceroni, P., J. Am. Chem. Soc.
2014, 136, 6395-6400.

74- He, Z., Ke, C., Tang, Z., ACS Omega 2018, 3 (3), 3267-3277.

75- Li, C., Jin, X., Zhao, T., Zhou, J., Duan, P., Nanoscale Adv. 2019, 1, 508-512.
76- Wang, F., Ji, W., Yang, P., Feng, C., ACS Nano 2019, 16, 7281-7290.

77- Shen, Z., Wang, T., Shi, L., Tang, Z., Liu, M., Chem. Sci. 2015, 6, 4267-4272.
78- MacKenzie, L., Pal, R., Nat. Rev. Chem. 2021, 5, 109-124.

79- Kameta, S., Shimizu, T., Nanoscale 2020, 12, 2999-3006.
148



80- Veselska, O., Cai, L., Podbevsek, D., Ledoux, G., Guillou, N., Pilet, G., Fateeva,
A., Demessence, A., Inorg. Chem. 2018, 57, 2736-2743.

81- Yam, W., Lo, K., Wang, C., Cheung, K., J. Phys. Chem. A 1997, 101, 4666-4672.
82- Zhang, M., Li, H., Li, H., Lang, J., Dalton Trans. 2016, 45, 17759-177609.

83- Veselska, O., Podbevsek, D., Ledoux, G., Fateeva, A., Demessence, A., Chem.
Commun. 2017, 53, 12225-12228.

84- Rosas, R., Reyes, Y., Morales, J., Gomez, V., Garcia, |., Journal of Chem. 2017,
2017, 7623210.

85- Sapunar, M., Domcke, W., Doslic, N., Phys. Chem. Chem. Phys. 2019, 21, 22782-
22793.

86- Ackerman, M., Ricciardi, C., Weiss, D., Chant, A., Kraemer, M., J. Chem. Educ.
2016, 93, 2089-2095.

87- Lyu, Y., Azevedo, H., Molecules 2021, 26, 873.

88- Li, F., Zhu, Y., You, B., Zhao, D., Ruan, Q., Zeng, Y., Ding, C., Adv. Funct. Mat.
2010, 20, 669-676.

89- Zhang, Y., Zhu, L., Tian, J., Zhu, L., Ma, X., He, X., Huang, K., Ren, F., Xu, W.,
Adv. Sci. 2021, 8, 2100216.

90- Fichman, G., Gazit, E., Acta Biomaterialia 2014, 10, 1671-1682.

91- Braun, G., Ary, B., Dear, A., Rohn, M., Payson, A., Lee, D., Parry, R., Friedman,
C., Knowles, T., Linse, S., Akerfeldt, K., Biomacromolecules 2020, 21, 4781-4794.

92- Zheng, J., Fan, R., Wu, H., Yao, H., Yan, Y., Liu, J., Ran, L., Sun, Z., Yi, L., Dang,
L., Gan, P., Zheng, P., Yang, T., Zhang, Y., Tang, T., Wang, Y., Nat. Commun. 2019,
10, 1604.

93- Xie, H., Kinoshita, |., Karasawa, T., Kimura, K., Nishioka, T., Akai, |., Kanemoto,
K., J. Phys. Chem. B 2005, 109, 9339-9345.

94- Yam, V., Au, V., Leung, S., Chem. Rev. 2015, 115, 7589-7728.

95- Song, J., Li, S., Zhou, R., Shao, J., Qiu, X., Jia, Y., Wang, J., Zhang, X., Dalton
Trans. 2016, 45, 11883-11891.

96- Ford, P., Cariati, E., Bourassa, J., Chem. Rev. 1999, 99, 3625-3648.
97- Bae, W., Yoon, T., Jeong, C., PLoS ONE 2021, 16, e0247326.

98- Delgado, S., Sanz, P., Priego, J., Jimenez, R., Gomez, C., Zamora, F., Inorg.
Chem. 2008, 47, 9128-9130.

99- Deng, Y., Wang, M., Zhuang, Y., Liu, S., Huang, W., Zhao, Q., Light: Science &
Applications 2021, 10, 76.

100- Liu, M., Zhang, L., Wang, T., Chem. Rev. 2015, 115, 7304-7397.
101- Zhang, M., Li, K., Zang, S., Adv. Opt. Mat. 2020, 8, 1902152.

102- Hassanein, K., Cappuccino, C., Amo, P., Lopez, J., Maini, L., Bandini, E., Ventura,
B., Dalton Trans. 2020, 49, 10545-10553.

149



103- Low, K., Roy, V., Chui, S., Chan, S., Che, C., Chem. Commun. 2010, 46, 7328-
7330.

104- Zhan, Y., Xia, T., Yu, K., Zhang, F., Yang, H., Liu, B., An, Y., Yin, Y., Chen, X,,
ChemPlusChem 2014, 79, 559-563.

105- Al-Mahamad, L., El-Zubir, O., Smith, D., Horrocks, B. R., Houlton, A., Nat.
Commun. 2017, 8, 720.

106- Hofmann, A., Kroon, R., Zokaei, S., Jarsvall, E., Malacrida, C., Ludwigs, S.,
Biskup, T., Muller, C., Adv. Elect. Mat. 2020, 6, 2000249.

150



Chapter 6. A nanowire-based gas sensor

151



Table of Contents

6.1, INTrOAUCTION.....eiiiiiiiite e e e e e 153
6.2. Materials and Methods ............ooooi oo 155
6.2.1. SENSING SYSIEIM ... 159
6.2.2. Sensing properties StUAIES .........cevvuiiiiiiieee e 161
6.3. ReSUItS and DISCUSSION .....ccoeeieeeeeeeee e 162
6.3.1. Spectroscopic, microscopic and electrical characterization............... 162
6.3.2. Sensing by Cu(l)-6-thioguanosine films...........cccccooeviiiiiiiiiiiiien e, 169
6.3.3. T90 reaction times in Cu(l)-6-thioguanosine films ....................ooee. 173
6.3.4. VOCs sensing in Au(l)-6-thioguanosine/MWCNTSs composites......... 175

6.3.5. T90 reaction times in Au(l)-6-thioguanosine/MWCNTs composites .. 181

0.4, CONCIUSIONS ..o e et 182

0.5, ROIBIENCES ... e e e 183

152



6.1. Introduction

Researchers and commercial institutions have faced a challenge by chemical sensors
to the classic model of analytical measurement with instrumentation.! The differences
between instrumentation and sensors have become increasingly more important and
the optimum choice of technique for a given application often depends on these factors
in addition to analytical performance.? In general, analytical instrumentation has higher
sensitivity and selectivity than chemical sensors. Examples include mass
spectrometry, chromatography and various types of spectroscopy. Such instruments,
however, suffer from disadvantages: they may not be portable, they require trained
operators and sample preparation techniques and they are often confined to
centralized laboratories.? In contrast, chemical sensors are, by design, small, portable
and cheap devices.* They typically do not require a trained operator to carry out the
measurement. Chemical sensors are therefore most useful in situations where great
precision is not required, but the cost of the analysis or the ability to perform the
measurement in the field or distributed over many sites is crucial.® This is often the
case for the measurement of gases in industrial safety or environmental contexts.®’
Gas sensors are based on the change of one or more of physical properties when in
contact with gases and calibration of this property against the gaseous analyte allows

determination of various gases.°

Some applications of gas sensors are of increasing interest owing to current
environmental concerns and how they affect the health of people. Mainly, those
sensors are committed to study harmful analytes present in the air that we breathe.
Common, hazardous analytes present in the air are ozone, carbon monoxide, nitrogen
dioxide or sulfur dioxide.1° To analyze the air quality there are different methods of
sensing. These include electrochemical reactions (amperometric sensors), solid state

semiconductors devices based on the conductivity response of metal oxides,
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photoionization or optical methods such as light scattering.!! Using these techniques,
the response of the sensor, which governs the time taken for the analysis, is typically
between 10 s and 60 s and the limit of detection lies in the ppm range.'22Whilst these
figures are typical, it is also possible for gas sensors to reach ppb detection limits and

the upper limit of their dynamic range may be as high as 1000 ppm.1*

Analysis of the composition of breath has relevance in healthcare. In breath there are
many relevant analytes including carbon dioxide, nitrogen oxides, ammonia or VOCs
(hydrocarbons, alcohols, terpenes or aldehydes). To measure them there are different
sensing methods that stand out for their greater reliability and sensitivity for the
analytes quoted.'>1® The chemiluminescence sensors and chemiresistors (similar to
metal oxide semiconductor devices) have a limit of detection around 2 ppb for nitrogen
oxide. Amperometric electrochemical sensors and the use of spectroscopy as a
detection technique are well known. The use of metal oxide semiconductors and

optical sensors are also useful for acetone and ammonia.’19

Specifically, the utility of electronic sensors arises from their low cost, reliability, low
power consumption and long operational lifespan; in these respects, they often have
advantages over optical/spectroscopic methods because no light source or optical
components are required.?? Electronic devices rely on changes in conduction upon
interaction with the analyte.?! Such effects may be small for bulk materials but increase
as the surface to volume ratio increases when the material reaches nanoscale
dimensions.?? That guides us to choose self-assembled nanowires as a system for
electronic gas sensors. The semi-conductive materials investigated in this thesis are
of particular interest because of their known sensitivity to oxidation.?3 The combination
of the semiconducting coordination polymers with CNTs materials allow us to merge

the high conductance and surface area of the CNTs?4+2>with the possibility of alteration
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of conductance from the coordination polymer when its surface is exposed to different

vapours.26

In this chapter we have analyzed the behavior of a coordination polymer based on
Cu(l) as a sensor for ozone and VOCs and we have measured the effect of coating
CNTs, specifically of type MWCNTSs, with the metal(l)-thionucleobase coordination

polymers to enhance the sensitivity of the sensors.
6.2. Materials and Methods

Most of chemicals used in the preparation of the complex were purchased from Sigma-

Aldrich and they were used without any purification.

The coordination polymer was prepared by metal/nucleoside complexation in aqueous
media. The first coordination polymer proposed for sensing used, as a metal-
containing reagent, tetrakis (acetonitrile) Cu(l) tetrafluoroborate. The second polymer
was based on chloroauric acid. (-)-2-amino-6-mercaptopurine riboside hydrate was the
nucleoside used. The chloroauric acid is Au(lll) and prior to complexation must be
reduced to Au(l). The reducing agent used was 2,2’-thiodiethanol. The solvent to
prepare the coordination polymer was highly purified nanopure deionized water (with
nominal resistivity of 18.2 MQ-cm) from a Barnstead NANOpure® Diamond™ Life
Science ultra-pure water system attached to a Diamond™ reverse osmosis system.
Absolute ethanol for HPLC, acetone for HPLC and chloroform for 99.8% were
purchased from Fisher Scientific Ltd., UK. The multi-wall carbon nanotubes (MWCNTs
Elicarb™) were purchased form Thomas Swan, UK with diameter 2-10 nm and
dispersed in methanol (obtained from Fisher Scientific Ltd., UK). Interdigitated Pt on
glass microelectrodes (DRP-G-IDEPT10) with an electrode width of 10 microns and

an inter-electrode gap also of 10 microns (DropSens) were purchased from Metrohm
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Ltd., UK. The number of digits was 125x2, and the nominal cell constant of the device

is 0.0118 cm (Figure 6.1).

Figure 6.1. Interdigitated Pt on glass microelectrodes (DRP-G-IDEPT10). The sample

is deposited on the right grey part of the electrode.

The preparation of the Cu(l)-6-thioguanosine coordination polymer was performed in
agueous solution. (-)-2-amino-6-mercaptopurine riboside hydrate (18 mg) was crushed
and added to water (1 mL) and sonicated for one hour. Tetrakis (acetonitrile) Cu(l)
tetrafluoroborate (18.9 mg) was then added to the 6-thioguanosine suspension and
strongly mixed with stirring for one hour on a magnetic stirrer. The resulting orange

mixture was left for 7 days to form a gel.

The preparation of the Au(l)-6-thioguanosine coordination polymer was performed in
agueous solution. (-)-2-amino-6-mercaptopurine riboside hydrate (0.5 mg) was
crushed and added to water (1 mL). Chloroauric acid (0.5 mg) was dissolved in
deionized water (1 mL) and then the Au(lll) was reduced to Au(l) using the reducing
agent 2,2’-thiodiethanol (0.35 mg) before mixing with the 6-thioguanosine suspension
and carbon nanotube dispersion in various ratios given below. A dispersion of multi-
wall carbon nanotubes was prepared after sonicating 0.1 mg MWCNTSs in methanol
(10 mL) for 3 h using a micro tip (750 W, 20 kHz, amplitude 20%, 230 Volt, ultrasonic

processor) to avoid aggregation of MWCNTSs at the bottom of the vial.

Three samples were prepared with three different ratios of Au(l)-6-

thioguanosine:MWCNTSs by adding 1pL:1pL, 2.5uL:2.84puL and 5uL:5.68uL of the 6-
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thioguanosine and Au(l) solutions respectively to 50 pL of the MWCNT dispersion. An
additional sample prepared from 50 pL or MWCNTSs alone was explored as a control
for the effect of the polymer on the sensing response. The mole ratio of Au:C in the
composites on a percentage basis was 3.5%, 10% and 20% respectively plus the
control sample (0%). One sample of Cu composite was prepared, Cu(l)-6-
thioguanosine:MWCNTSs, 1pL:1puL of the 6-thioguanosine and Cu(l) solutions were

added to 50 pL of the MWCNT dispersion.

Multiple techniques were used to investigate the formation of the composites Cu(l)-6-
thioguanosine/MWCNTs and Au(l)-6-thioguanosine/MWCNTSs. The interaction of the
coordination polymer and MWCNTs, essential for sensing application, were
characterized by atomic force microscopy (AFM), Raman spectroscopy (only Au(l)-6-
thioguanosine/MWCNTSs), scanning electron microscopy (SEM) and electrical

measurements (Au(l)-6-thioguanosine/MWCNTs and Cu(l)-6-thioguanosine).

Atomic force microscopy data were obtained using a Multimode 8 atomic force
microscope with a NanoscopeV controller (Bruker) and a ‘E’ scanner. Nanoscope
software version 9.1 was used to control the microscope. The system was operated in
ScanAsyst in Air mode as a peak force tapping mode at ultra-low forces to minimize
damage to the samples. A silicon tip on silicon nitride cantilevers (ScanAsyst, Bruker)
was used as the tips for imaging. The nominal tip radius was approximately 2 nm,
resonant frequency 150 kHz, and spring constant k=0.7 nmt. The AFM data were
analyzed with NanoScope Analysis 1.5 software (Bruker). Cu(l)-6-
thioguanosine/MWCNTs and Au(l)-6-thioguanosine/MWCNTs samples were drop cast
from solution (3 pL) onto interdigitated electrodes and were dried at room temperature

for 15 min. All measurements were performed at room temperature in air.
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For Raman spectra a Confocal Raman Imaging microscope (alpha CRM200, Witec
GmbH) was used. The back scattered light was collected by a multimode fiber, which
served as the confocal pinhole, dispersed on a grating and detected by a Peltier-cooled
CCD. The laser excitation wavelength was 488 nm using a diode laser of 60 mW output
power. The measured light intensity at the sample was 12 mW. MWCNTs and Au(l)-6-
thioguanosine/MWCNTs sample was drop cast from solution (3 pL) onto interdigitated

electrodes and were dried at room temperature for 15 min.

A TESCAN VEGA LMU Scanning Electron Microscope, housed within EM Research
Services, Newcastle University was used. Digital Images were collected with TESCAN
supplied software. CNTs, Cu(l)-6-thioguanosine/MWCNTs and  Au(l)-6-
thioguanosine/MWCNTs samples were prepared by drop-casting 3 pL of solution into
Si chips and drying at room temperature overnight. The samples were then mounted
on an aluminum stub with double sided adhesive tape. Silicon chips of 1 cm? area were
cut from 10 cm diameter wafers (dopant boron and <111> oriented p-type, resistivity

0.09-0.12 Ohm-cm) which were purchased from Pi-KEM Ltd.

Current-voltage measurements were performed on a probe station (Cascade
Microtech) and readings were collected using a Hewlett Packard Agilent Technologies
B1500A semiconductor parameter analyzer driven by Agilent Easy EXPERT software.
The applied voltage was varied from +2 V to -2 V in steps of 0.05 V. Nitrogen was
flowed through the probe station sample chamber to keep the measurement area dry.
All data were measured at room temperature after 30 min of nitrogen flow. Cu(l)-6-
thioguanosine sample was drop cast on the electrode (~100 pL) and spread as a thin
film. It was then allowed to dry in vacuo to form the xerogel which comprises an orange-
brown film in which networks of Cu(l)-6-thioguanosine nanowires span the inter-
electrode gaps. Au(l)-6-thioguanosine/MWCNTs sample (3 pL) was dried on inter

digitated electrode and it was dried for 15 min before any measurement. Prior to use,
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the interdigitated electrodes were cleaned by sonication for 15 minutes in acetone

before being washed with acetone and dried under a stream of nitrogen gas.

6.2.1. Sensing system

The performance of the devices was evaluated using a test rig to provide flows of
controlled gas composition over the sensors. Two configurations were employed: one

for ozone testing and one for volatile organic compounds (VOCSs).

Ozone was generated in a flow of synthetic air (aka zero air, 4:1 dry N2 : dry O2) by
irradiation with a shortwave UV tube lamp (A = 185 nm). The tube lamp runs parallel to
the gas flow line and is covered by a ruled aluminum shield (Figure 6.2, part A). The
relative concentration of ozone is controlled by removing the shield to reveal a known
fraction of the tube lamp. The absolute concentration of ozone was determined by
calibration using the reaction of ozone with iodide (equation 1) in a Dreschel bottle in

place of the sensor compartment:

O3+ 3+ 2H 2 02 + H20 + I3 (Eq. 1)

Triiodide (I3") has a characteristic band at A = 350 nm and was determined by UV
spectrophotometry of the solution after passage of the gas stream for 10, 20, 30, 40,
50 and 60 min. At a volume flow rate of 100 mL min! the ozone concentration could

be controlled in the range between 5 and 25 ppm.
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Figure 6.2. Schematic of the ozone rig. Synthetic (zero) air flows from a gas bottle
through a mass flow controller (MFC) and past a shortwave (185 nm) UV lamp. The
partial pressure of ozone flowing to the sensor is determined by the volume flow rate

and the extent to which the aluminium shield A is retracted from the UV lamp. The

solid lines indicate 6 mm i.d. PVC tubing.

The configuration employed for VOCs is shown in Figure 6.3. Two MFCs (mass flow
controllers, Figure 6.3 a,b) were used to control the volume flow rate of VOC-saturated
air and zero air. Pure synthetic air (zero air; 80% N2, 20% O2, BOC Ltd) was passed
through a Dreschel bottle (Figure 6.3c) to saturate it with the chosen VOC and then
mixed with zero air before passing to the gas cell/sensor as shown in Figure 6.3. The
volume flow rate of zero air and VOC-saturated air varied from 400;100, 300;200,
200;300, 100;400 and 0;500 mL min-* respectively throughout the experiment. For the
control measurement (zero air) the volume flow rate was fixed at 400 mL mint. A
thermocouple connected to the sensor and the Dreschel bottle was used to monitoring

the temperature of each separately.
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Figure 6.3. Schematic of the VOC sensing test rig. Synthetic (zero) air flows from a.
Gas bottle via two independent mass flow controllers (MFC A and MFC B). The air
streams A passes through a Dreschel bottle where it is saturated with the vapor of an
organic liquid (C). The two flows are combined before passing to the sensor. The

solid lines indicate 6 mm i.d. PVC tubing.

6.2.2. Sensing properties studies

A stream of VOC at controlled partial pressures in synthetic air was generated by
adjusting the volume flow rates in the two lines of Figure 6.3. The partial pressure of
the analyte at the sensor is then determined by the mixing ratio and the saturated vapor
pressure at the temperature of the Dreschel bottle, p*, via equation 2.

Vvair

Vvoco + Vair (Eq. 2)

p=p*

Where V voc and V air are the volume flow rates of the VOC-saturated air and of the
pure synthetic air. The saturated vapor pressure p* was obtained from the Antoine

eguation, equation 3.

b
T+C (Eq. 3)

loggp*=4A4-
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The parameters A, B and C for particular VOCs were obtained from the National

Institute of Standards and Technology (NIST) database (http://webbook.nist.qov/).

In both the ozone or the VOC experiments, the response of the sensor was monitored
either using a digital multimeter (Agilent 34401A, controlled with LabView) to record
directly the device resistance or using a potentiostat to apply a fixed bias voltage and

to record the direct current flowing across the device.

To quantify the sensor performance, the film sensitivity was calculated by observing

the fractional change in film resistance, equation 4.

Ro (Eq. 4)

Where Ro is the film resistance on the zero air (background) and R is the film resistance

during exposure to the analyte (VOCs:dry air).
6.3. Results and Discussion
6.3.1. Spectroscopic, microscopic and electrical characterization

The coordination polymer, Cu(l)-6-thioguanosine, Au(l)-6-thioguanosine, and
composites Cu(l)-6-thioguanosine/MWCNTs and Au(l)-6-thioguanosine/MWCNTs
were characterized using different techniques. Mainly the nanocomposites were
characterized using AFM to determine the effect of mixing the coordination polymer
with carbon nanotube as well as mixing volume. Figure 6.4a and b shows a Au(l)-6-
thioguanosine and Cu(l)-6-thioguanosine AFM image of individual strands
respectively. Two distinct heights (nanowire diameters) are discernible in the image.
We interpret these as the formation of double-strands by the intertwining of individual
strands — the helical nature of this self-assembly is evident in the apparent corrugation

along the double-stranded regions.
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150.0 nm

Figure 6.4. AFM image on air of polymer strands of drop-cast a) Au(l)-6-

thioguanosine and b) Cu(l)-6-thioguanosine after drying.

Atomic force microscopy was also used to image the topography of composites. The
samples were drop cast from a small volume of solution (3 yL) onto mica wafer, dried
for 15 min and finally imaged in air. The scan over the sample surface is produced by
the tip marking intermittent contact with the sample. The control MWCNT sample
(Figure 6.5a) and the Cu(l)-6-thioguanosine/MWCNTs sample show the presence of
individual nanotubes (Figure 6.5¢), however the composite Au(l)-6-
thioguanosine/MWCNTSs (Figure 6.5b), which tends to readily absorb moisture from
the atmosphere, has the appearance of a film and individual nanotubes are not easy

to discern.
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Figure 6.5. AFM images a) bare MWCNTSs, b) Au(l)-6-thioguanosine/MWCNTSs

composite and c) Cu(l)-6-thioguanosine/MWCNTs composite.

It is clearly difficult to confirm the presence of CNTs in the composites only with AFM
images, so we have analyzed the same samples using SEM. These two types of
microscopy exhibit differences, especially in the imaging mechanism. AFM tip is very
sensitive to the organic material because it depends on tip/sample forces, but SEM is
less sensitive to the organic material and the electrons scatter more strongly from the

CNTs.

SEM was used to image the MWCNTSs, Cu(l)-6-thioguanosine/MWCNTSs and Au(l)-6-

thioguanosine/MWCNTSs nanocomposites in order to determine the effect of adding the
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coordination polymer to the carbon nanotubes. Characterization by SEM reveals
differences between these systems. Figure 6.6a and 6.6b reveal one dimensional
fiores of MWCNTs, Figure 6.6c shows the Cu(l)-6-thioguanosine/MWCNTs
nanocomposite film. Those are difficult to see but it clearly shows that the Cu(l)
coordination polymer, forming spherical aggregates and MWCNTSs are interacting with

each other.

Figure 6.6. SEM images a) bare MWCNTSs b) Au(l)-6-thioguanosine/MWCNTs

composite and c) Cu(l)-6-thioguanosine/MWCNTs composite.

Examining images from AFM and SEM together, there is a clear evidence of the
presence of MWCNTSs in the composites. MWCNTSs have a similar morphology in the
composites as they do in pure MWCNTs sample, under SEM they look almost the
same for the composite as for the control, but there is evidence they are coated with
the coordination polymer (Cu-6-thioguanosine or Au(l)-6-thioguanosine) because of

the difference between AFM images of composite and the bare CNTs control.

Raman spectroscopy can be used to monitor the change in composition and structure
of MWCNTs and Au(l)-6-thioguanosine/MWCNTs nanocomposites.?’ Figure 6.7 did
confirm the presence of MWCNTSs in the composite by the expected bands at Raman

shifts of 1365 cm™ (D-band), 1588 cm™ (G-band) and 2706 cm™ (2D).%®
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Figure 6.7. Raman spectra of bare MWCNTSs (blue line) an Au(l)-6-
thioguanosine/MWCNTSs (orange line). (Note: the dark count of the CCD is about 325

and the spectrum for the composite has been offset on the y-axis for clarity).

Since D band is due to sp? carbons and G band to sp? carbon hybridization?® we can
assume that the slightly greater radio D/G in the composite compared to the MWCNTs

control is the only indication of sp® carbons of the composite in the spectrum.

For electrical characterization, bare MWCNTs and Au(l)-6-thioguanosine/MWCNTSs
composites at different ratios were investigated using a two-point current-voltage (I-V)
measurement on a probe station. Figure 6.8 shows the I-V plots of bare MWCNTSs and
nanotube-polymer composites at different ratios: all show an ohmic behavior. The four
samples plotted indicate the change in the current during application of a direct current
voltage between -2 V and +2 V. The horizontal portion of the data merely indicates the
maximum current that can be passed by the instrument of about 5 mA. The data shows
that the current decreases after Au(l)-6-thioguanosine is added to the MWCNTSs and

as the ratio Au:C increases, the conductance decreases from 5.0 mS for a control
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sample of MWCNTSs to 0.43 mS for the 20% sample, which has the largest amount of

Au(l)-6-thioguanosine polymer (Figure 6.8).

el ) (0% 6 l / mA

il 107

Figure 6.8. Two-terminal I-V characteristics of three samples with different rations
Au(l)-6-thioguanosine/MWCNTs and bare MWCNTSs control. The ratios are reported

as percentages calculated on the basics of the molar ratio of Au:C in the composite.

The monotonic decrease in conductance with the mole ratio of polymer is interpreted
as the effect of the semiconducting polymer coating the metal-like MWCNTs and
introducing additional inter-tube tunneling barriers for charges to pass through the
composite (Figure 6.9). The reason for the sharp decrease in conductance between
the 10% (3.89 mS) and 20% sample (0.43 mS) is unclear, but percolation effects are

well-known in metal/insulator composites.3°
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Figure 6.9. Schematic diagram showing two MCNTSs in solution before (left) and after

(right) be coated and dispersed with coordination polymer (yellow lines).

Electrical characterization of pure Cu(l)-6-thioguanosine was also performed in a two-
point measurement on the probe station. Cu(l)-6-thioguanosine devices showed non-
linear I-V characteristics, which are typical for hopping conductors. Here, the carriers
are localized and make tunneling transitions between sites following a simple nearest-
neighbour hopping model in which a given charge has only one possible hop.3! In our
polymer system, there is also the possibility to have a significant contribution to the
overall resistance from the interfacial charge transfer at the contacts because one of
them would always be reverse-biased resulting a sigmoidal 1-V curve (Figure 6.10).
Nevertheless, the devices have an easily measurable differential conductance at zero
bias suitable for using in sensing. Figure 6.10 shows the I-V characteristic curve for
the pure polymer Cu(l)-6-thioguanosine and following other related experiments in our
group, it shows differences in conductance in relation to Au(l)-6-thioguanosine since
Cu(l)-6-thioguanosine conducts a little bit when is chemically undoped whereas Au(l)-
6-thioguanosine need to be doped to conduct.?® We suggest that the reason for this is

the accessibility of the Cu(ll) oxidation state.
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Figure 6.10. Two-terminal I-V characteristic for a typical pure Cu(l)-6-thioguanosine

device.

6.3.2. Sensing by Cu(l)-6-thioguanosine films

The detection of ozone in Cu(l)-6-thioguanosine is shown in Figure 6.11. Its shows
typical data for the response of a Cu(l)-6-thioguanosine device to 23.5 ppm ozone. As
expected, there is a drop-in resistance upon exposure to ozone — similar polymers
have been successfully oxidatively doped.?® However, the response time of >5 min is
rather long and the resistance does not recover upon shielding the UV lamp to return
the sensor to pure air. In fact, repeated exposure of the device to ozone resulted in
degradation of the film. This is considered to most likely be a result of the extreme
oxidizing power of ozone and we were unable to produce re-usable sensing devices.

We therefore switched to a study of the response to VOCs.
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Figure 6.11. Data for the response of the resistance of a Cu(l)-6-thioguanosine to
23.5 ppm ozone at a volume flow rate of 100 mL/min. The arrows indicate the times

at which the device was exposed to ozone and at which the ozone was removed.

In the detection of volatile organic compounds, a reversible response of the Cu(l)-6-
thioguanosine device to all three vapours (acetone, chloroform and ethanol) was

observed. Example data for chloroform is given in Figure 6.12.
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Figure 6.12. Typical raw data showing the reversibility of the current response of
Cu(l)-6-thioguanosine to chloroform vapour. Down arrows indicate exposure of the
sensor to 300 ppm chloroform and up arrows indicate return to pure synthetic air.
The flow rate was constant at 100 mL min-! throughout and steady applied voltage of

0.5V.

Response times to achieve 90% of the steady value of S;, reported as a percentage
change in current following equation 5, were of the order of t9o=40 s or less. Figure
6.10 is an indication that this material is not highly conductive, so the multimeter is not
capable of making reliable resistance measurements. In these cases, a direct
measurement of current by the potentiostat is better (in Figure 6.13 pA currents
correspond to TOhm resistance and the multimeter can only measure GOhm

resistances at maximum).

The presence of the VOCs on the surface of the electrode makes the current decrease

since the resistance is increasing.

s =L (Eq. 5)

Io
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The sensitivity of the device was lowest for chloroform and larger for the polar
molecules, acetone and ethanol (Figure 6.13). The shape of the InS;vs p curve (Figure
6.13) suggest an adsorption process is responsible for the analytical response. BET
theory can be applied to systems of multilayer adsorption and it aims to explain the
adsorption of gas molecules on solid surfaces (microporous solids) without any
chemical reaction between them; once the micropores are filled by the gas molecules
there are not free surface for further sorption. Specifically, Figure 6.13 gives rise to a
similar shape as that of a type | isotherm if the analytical signal is assumed to be
proportional to the volume of gas absorbed onto the surface of the sample as pressure
increases.?2 At high pressure the pores start to fill and therefore the additional response

to the VOCs decreases at high pressure — the curve is sublinear.

- Acetone =—-e=Chloroform Ethanol
7 . InS' 4 _

Figure 6.13. Data for the response of the dc current at fixed bias of 1V for a Cu(l)-6-
thioguanosine to three VOCs. p/p” is the fraction of the saturated vapour pressure of

the VOC.
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6.3.3. T90 reaction times in Cu(l)-6-thioguanosine films

The standard measure of device response time is the too parameter.® This is defined
as the time taken for the response to attain 90% of the steady-state response in the
presence of the analyte. It can be simply obtained from Figure 6.12 by measuring the
time required for S to achieve 90% of the steady-state value after switching the gas
flow from air to analyte. This measurement includes a small overestimate equal to the
dead volume of the system (length of tubing x cross-section area) divided by the
absolute volume flow rate. Also, the response time is dependent on the size of the gas
sensing chamber or the working temperature inside it.343% In our apparatus, the dead-
time is less than 2 s and is therefore insignificant in most of the reported
measurements. Typical value of tgo for commercial amperometric gas sensing systems
(e.g. Oz, CO, Cl2) are around 50 s32 and the difference between these values and our
shorter times is mainly because the sensors studied here rely simply on adsorption on
the surface of the material. Thickness or porosity play an important role in the diffusion
of the VOC through the material. Figure 6.14 shows the 90% response time for Cu(l)-
6-thioguanosine to ethanol; teo increases with partial pressure, reaching a value of 40
s near the saturated vapour pressure. These values are comparable to commercial
amperometric sensor tgos for gases, such as carbon monoxide used in safety

applications.33
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Figure 6.14. 90% response time for Cu(l)-6-thioguanosine to ethanol vapour as a

function of the partial pressure of ethanol at the sensor.

Changes in current observed in Figure 6.13 and the tgo reaction time, Figure 6.14, are
promising. However, it is necessary to make a study of the continual exposure of Cu(l)-
6-thioguanosine to VOCs, chloroform and ethanol, required in order to understand if

the current response is maintained over a long duration of exposure.

Figure 6.15 shows the effect of continual exposure of Cu(l)-6-thioguanosine to (a)
chloroform and (b) ethanol with time. The signal reaches a maximum after which the
current decreases strongly, although it does not return all the way to the baseline. The
analytical response S;, based on current following equation 5, was followed over about
15 min. Although the initial response is very large, it decays with continuous exposure
until an approximate plateau is observed at about 4000 s in the case of chloroform
(Figure 6.15a) and 2000 s in the case of ethanol (Figure 6.15b). The value of current
remains larger than the pre-exposure baseline, however the fact that the current
decreases very slowly when the partial pressure of the VOCs is constant would make

distinguishing slow changes in analyte concentration from purely time-dependent
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effects of the sensor difficult. Further, in Figure 6.15, ethanol shows a larger normalized
signal at long times than chloroform, but chloroform shows a large response at short

times; this would make any attempt to distinguish different analytes difficult.

These long exposure test also show that the response to chloroform is reversible in
the sense that the current returns to the baseline value before exposure when the
analyte flow is switched to zero air again (t = 4500 s, Figure 6.15a). A reasonable
interpretation of the data is that adsorption of the VOC creates a swelling effect that
varies slowly with time and is reversed upon evaporation of the analyte. Confirmation
of this would require further investigation using AFM to explore the influence of the
VOC on the morphology of the coordination polymer. However, it is clear that the

coordination polymer alone is not suitable as a sensing material.
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Figure 6.15. Long term exposure raw current data for Cu(l)-6-thioguanosine for (a)

chloroform at 16.6 kPa and (b) ethanol at 43.8 kPa.

6.3.4. VOCs sensing in Au(l)-6-thioguanosine/MWCNTs composites

Gas sensing properties of Au(l)-6-thioguanosine/MWCNTs composites to different

volatile organic compounds in gas phase were investigated motivated as an attempt
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to improve on the known issues with bare MWCNTs and the observations above
regarding the coordination polymer. Bare MWCNTSs respond weakly to VOCs, and the
coordination polymer Cu(l)-6-thioguanosine responded strongly, but in a complex
manner. In this section sensors prepared by coating MWCNTs with an insulating
coordination polymer, Au(l)-6-thioguanosine, were analyzed.3¢3 Inclusion of
MWCNTSs in the polymer film increases the overall conductivity and it was hoped would

also stabilize the response.

Before any detection measurement we studied the resistance against time for a
MWCNTSs device in the absence of coordination polymer as a control (Figure 6.16).
The device was exposed to pulses of each of the VOCs of increasing concentration
and the response is notably stable and reaches a steady-state within a few minutes of
exposure that does not substantially decay. The response is also reversible and
returns to the baseline after the gas stream is switched to zero air. Increasing partial
pressures of the VOC also produce signals of increasing magnitude. The sensitivity,
S, was calculated following equation 4 and it varied between VOC:s, it is of the order

of 0.1 for ethanol, 0.04 for chloroform and 0.0005 for acetone.
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Figure 6.16. Typical raw data showing the reversibility of the current response of a

control device based on MWCNTSs alone to ethanol, chloroform and acetone.

The MWCNTSs control device shows a similar level of response to both ethanol and
chloroform (Figure 6.16). However, when the Au(l)-6-thioguanosine/MWCNTs
composite is employed, the pattern of selectivity changes with a much larger response
to ethanol observed (Figure 6.17). Importantly, the response to ethanol does not show

the steep decline observed in Figure 6.15b.

177



6000 = R/Q
w—=fthanol ===Chloroform Acetone

5000 4

4000 -

3000 m

0+ - t/S.

0 2000 4000 6000 8000 10000

Figure 6.17. Raw data showing response of Au(l)-6-thioguanosine/MWCNTSs (20%)
to ethanol, chloroform and acetone. It is clear that there is much larger change in the

film resistance during ethanol exposure.

We have analyzed the impact of varying partial pressures of the three VOCs and
different polymer-MWCNTs compositions. As shown in Figure 6.18, as the ratio Au:C
increased in the composite, a larger response to ethanol was observed. However, the
linearity of the calibration curves is degraded for the 10% and 20% composites (Figure
6.18). The 3.5% composite shows a good linear response up to the saturated vapour
pressure (r’= 0.9996), however the 20% composite shows evidence of an effect of
condensation of ethanol near the saturated vapour pressure as a rapid increase in the

value of S near p/p* =1 (Figure 6.18).
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Figure 6.18. Fractional change in resistance, S, upon exposure to ethanol at various
partial pressure and for difference compositions of the sensing material. The ethanol
partial pressure is expressed as a ratio to the saturated vapour pressure at the

temperature of the experiment (17.1 °C).

Although the device responses to chloroform an acetone are much weaker, similar
data can be obtained. Although with an increase of partial pressure the sensitivity to

the gases increase, linearity is lost due to similar condensation effects as in ethanol.
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Figure 6.19. Fractional change in resistance, S, in response to VOCs at various
fractions of their saturated vapour pressure and different compositions of the sensing

material. a) chloroform, b) acetone. The temperature was 15-16 °C.

Figure 6.19 shows that the response to chloroform and acetone is at least an order of
magnitude lower than to ethanol. Interestingly, an increase in the mole ratio of Au(l)-6-
thioguanosine eventually leads to a suppression of the response to either of these
compounds- the values of S are of order 102 for the 20% Au(l)-6-

thioguanosine/MWCNTSs composites.

The comparison of the values of sensitivity between MWCNTs control sample and
Au(l)-6-thioguanosine/MWCNTSs also shed light on some aspects. First, whereas the
size of sensitivity to ethanol and chloroform are very similar between control and
composite in the linear region, acetone showed a difference with a higher size of
sensitivity in the composite sample (10%) than the control sample. This is an indication
that the sensitivity using a coordination polymer coating the MWCNTSs is enhancing the
sensitivity for the sensing of acetone. On the other hand, the values of sensitivity for
acetone are rather smaller than the other two VOCs. Overall, the size of the values of

sensitivity also indicate that the composite Au(l)-6-thioguanosine/MWCNTs becomes
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more sensitive for ethanol than the other VOCs. We attribute this to the low polarity of

MWCNTSs compared to the metal ion-containing polymer.

In addition to device sensitivity and linearity, the response time of the sensor is
important. Slow device response times (minutes) may be acceptable in urban air
quality monitoring where the typical variations occur throughout the day over
timescales of hours.'* However, industrial safety applications and breath analytics in a

clinical setting may require more rapid response to observe VOCs breath-by-breath.
6.3.5. T90 reaction times in Au(l)-6-thioguanosine/MWCNTs

The too values for the response to ethanol are about 3 minutes and actually decline
slightly with increasing polymer mole fraction (Figure 6.20). The magnitude of these
values is consistent with rate limiting diffusion of the analyte in a thin composite
polymer/MWCNTS film. The response to acetone is much faster (<1 minute), but also
much weaker (Figure 6.19b). The behavior of chloroform in intermediate: at low
polymer mole fractions, the response times are similar to those for ethanol, but they
decline at higher mole fractions. We interpret this in terms of the rejection of chloroform
from the relatively hydrophilic environment of the polymer. The response times are
slower than commercial amperometric gas sensors (te0=30 s)33 but are nevertheless

sufficient for long-term monitoring applications.
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Figure 6.20. too values for various compositions Au(l)-6-thioguanosine/MWCNTSs for

each analyte studied. This data shows the response to switching from air to analyte.

6.4. Conclusions

The synthesis of the nanocomposites Au(l)-6-thioguanosine/MWCNTSs has helped to
overcome the limitation in terms of sensing of the pure coordination polymer systems.
As we saw, Cu(l)-6-thioguanosine suffer the oxidizing effect from ozone and the
material was unable to recover after exposure, also the humidity of the system causes
the material to degrade and then the electrode become unusable. Apart from that,
Cu(l)-6-thioguanosine sensor system showed a large response upon exposure to three
VOCs (acetone, chloroform, ethanol), however the response was complex and time-
dependent. However, this simple polymer system motivated a move towards
polymer/CNT nanocomposites and the study of their performance as VOC sensing

materials.

After synthesis, the nanocomposites were characterized by a range of techniques,
AFM, Raman spectroscopy or scanning electron microscopy. Electrical
characterization of those materials shows the decrease in current with increase of the

ratio of Au(l)-6-thioguanosine to MWCNTSs but the sensitivity to VOCs improved and a
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stable response was observed. Au(l)-6-thioguanosine/MWCNTs become more
sensitive for ethanol than other VOCs in the gas phase. Also, a faster response of the

sensor to ethanol was observed.
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Chapter 7. Synthesis of 4-thiouridine. Preparation and characterization of
coordination polymers designed from 4-thiouridine with Ag(l), Au(l) and Cu(l)

coinage metal ions
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7.1. Introduction

The interaction of modified nucleic acids and metal ions is a promising route to design
functionalized materials with properties on demand.? In particular, the idea is to attach
metal ions to modified nucleosides through specific interactions to build materials with

opto-electronic® or semiconductor properties* for its use in technological applications.

An approach to design these materials consists in the bottom-up preparation of
coordination polymers from specific interaction between coinage metal ions and
nucleosides derivatives® since, as has been successfully demonstrated,® such route of

preparation lead to the formation of functionalized materials.

Modified nucleosides are usually prepared to extend features of oligonucleotides, e. g.
altering their original formula to attach specific molecules or chemical groups to them.?
58 The modification explored here consists in the use of a thio-modified nucleoside
derived from RNA to force specific interactions with coinage metal ions and then form
a coordination polymer with a sulfur-metal ion backbone. The sulfur-metal ion pairing
is based on the hard and soft acids and bases Lewis theory, HSAB theory, that
established that there is an affinity between a soft base, sulfur, and a soft acid, coinage

metal ions.%10

The formation of metal-chalcogenolate materials® lead to show interesting properties
for technological application, such as luminescence!! or electrical conductivity,'?
derived from the interaction between sulfur atoms and metal ions similar to metal

sulfides, well-known semiconductors.13:14

The coinage metal ions usually used are, Ag(l), Au(l) and Cu(l). These metal ions are
able to attach sulfur groups from ligands forming metal(l) thiolate compounds in form

of coordination polymer that display equivalent properties as semiconductors, optical
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emission?!® or electrical conductivity.'® Because of that, these coordination polymers

found use as a sensors or nanowires.1”:18

In addition to coinage metal ions, 4-thiouridine has been used as the sulfur contain
ligand. It is a thio-modification from the original nucleoside uridine present on tRNA
(Figure 7.1) that has the aim of protecting the cells from near-UV exposure. It is
produced in bacteria cells (E. coli), where uridine suffers a usual mutation in the fourth
position by two enzymes, cysteine desulfurase and tRNA sulfurtransferase,*®and as a
result, this thiol derivative can be found at position eight of tRNAs.2%2% Also, it is
possible to prepare 4-thiouridine synthetically?? and it can be exportable to short
oligonucleotides.?® So, the sulfur atom of 4-thiouridine will provide a specific bonding

site to coinage metal ions.?*

Figure 7.1. Three-dimensional model structure for a) uridine and b) 4-thiouridine.

There are not many examples of crystal structures of complexes based on 4-thiouridine
and metal ions, only three have been analyzed in order to determine their structure
and properties. The simplest reported crystal structure consists in a complex based on

1-methyl-4-thiouracilyl that coordinate linearly a p-mercuribenzoic acid through the
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sulfur atom.?®> Another study focusses on the interaction and stability of complexes
based on Mo metal ions with different thiouracil ligands.?® Crystal structures based on
these systems are described as 4-thiouracil attaching Mo(IV) through N3 and S(C4)
(Figure 7.2a). The study also compare this system with a complex based on a 4-
methylthiouracil that link Mo(lIV) through N3 and O(C2) indicating that this compound
is less stable than the complex formed with 4-thiouracil which suggests a high affinity
of Mo(lV) to sulfur atoms than to oxygen.?® In addition, there is another study that
explores the interaction of 4-thiouracil with Pt(l1).2” The attachment of Pt(ll) to the ligand
4-thiouracil occurs exclusively through the sulfur atom and it is justified by the intense
donor properties of sulfur atom (Figure 7.2b).2” Moreover, they explored the interaction
between Pt(ll) ions and a deprotonated molecule of 4-thiouracil, resulting in the
formation of a complex where 4-thiouracil attach Pt(Il) ions through S(C4) and N3
(Figure 7.2c).?” These examples illustrated that only particular metal ions have affinity

for sulfur atom of 4-thiouracil ligands to form mono- and di-nuclear complexes.

Figure 7.2. Scheme of crystal structures based on 4-thiouracil and metal ions, a)

[Mo(4-SN20C4H3)]*, b) [PtMes(bpy)(s*Ura-kS)]* and c) [(PtMes)2(u-s*Ura-h)z].
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Because there is a lack of crystal structures based on 4-thiouridine and coinage metals,
crystal structures based on 2-thiouridine and coinage metal ions have been explored

since a similar reactivity has been assumed for both ligands.

A crystal structure for Ag(l) ions and 2-thiouracil, confirms the interaction through the
S(C2) forming a mononuclear complex with trigonal planar geometry around the Ag(l)
and it owns antimicrobial bioactivity (Figure 7.3).28 Another complex formed with a
derivative of 2-thiouridine, 2-mercapto-4-(3H)-quinazolinone, and Ag(l) verify that the
preferred coordination site for Ag(l) is S(C2) atom. The tetrahedral complex formed

around the metal ion possess antibacterial activity.2°

1 —
HN
o A\
Ph3P—Ag/ A
\\ HN

PPh;

O

Figure 7.3. Scheme of a crystal structure based on 2-thiouracil and Ag(l) ions, [Ag(S-

tucH2)(PPhs)z]*.

Studies of crystal structures based on Au(l) and thiouridine derivatives showed
interesting results. The coordination of two Au(l) ions with S(C2) and N3 of 2-thiouridine
produced a short distance between them and as a result, aurophilic interactions
appeared. This complex can extend its configuration to form a helical polymer with
Au(l)-Au(l) motif joined by aurophilic interactions (Figure 7.4) with photoluminescence
properties.®® Another crystal structure based on Au(l) and 2-thiouridine has been
reported and it confirmed the affinity of Au(l) to S(C2) of 2-thiouridine forming a linear

mononuclear complex with metal ion substituent.®! Further crystal structures includes
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a complex based on Au(l) and pteridine based ligands. The linear coordination
between a Au(l) ion and a sulfur atom from the ligand included aurophilic interactions
with another Au(l) ion (Figure 7.5a), this complex exhibit optical properties with
luminescence emission.3? A long luminescence polymer chain has been explored in
the interaction of Au(l) ions and a ligand derived from the deprotonated thiobarbituric
acid. Crystal structures have showed a complex based on Au(l) ions that coordinate
linearly a sulfur ligand that can interact with another ligand, attached to another Au(l),
through hydrogen bonding (Figure 7.5b). In addition, this complex can incorporate

other Au(l) ions by aurophilic interactions.33

Figure 7.4. Scheme of a) the crystal structure based on 2-thiouracil and Au(l) ions,
[Au2(p-TU)(u-dppm)] and b) a model of the helical arrangement of Au(l) ions (grey

balls) (ligands are omitted for clarity).3°
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Figure 7.5. Scheme of some of crystal structures based on Au(l) ions and thiouracil
derivatives, a) [Au(2SpteridinylMe2)(PPhs)]2 and b) [PhsPAuSC4H3sN202]., dashed

lines correspond to hydrogen bonds (R=Ph).

Also, Cu(l) ions and thiouracil derivatives complexes have been studied. A crystal
structure based on a Cu(l) ion bridging two sulfur atoms from 2-thiouracil has been
reported.®* In addition, this complex is the unit of a long polymeric chain where
derivatives of 2-thiouracil interact through hydrogen bond, N1-O(C6) and O(C6)-N1,
forming a one-dimensional coordination polymer (Figure 7.6a).3®> Another complex
reported for Cu(l) ion is the formation of a di-nuclear complex based on 2,4-thiouridine
that bridge two Cu(l) ions, each one attached to a 2,4-thiouridine. This complex can be
modified introducing a Br substituent of Cu(l) ion and it induce the formation of a one-

dimensional coordination polymer with a Cu(l)-sulfur backbone (Figure 7.6b).36
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Figure 7.6. Scheme of crystal structures based on Cu(l) ions and thiouracil

derivatives, a) [Cul(ptu)z]n and b) [CuBr(u-S,S-dtucH2)(PPh3)]n.

Also, thiouridines has been studied for their interactions with Cd(I1),3” and TI(111).28 All
of these studies have highlighted the large affinity for sulfur in C2 and C4 of metal ions
than for oxygen. Although N3 could be involved in the complexation, the complex

formation is not thermodynamically favorable.®’

As a new perspective using thiouridine derivatives, our work focusses on the
coordination of monovalent coinage metal ions with 4-thiouridine in an effort to prepare
coordination polymers analogous to those formed with 6-thioguanosine.® The fact that
we designed a coordination polymer using 6-thioguanosine and coinage metal ions in
previous chapters encouraged us to consider that analogous compounds based on a
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pyrimidine nucleobase derivative from nucleic acid will be formed. Therefore, in this
chapter we have investigated the interaction of a fully synthesized 4-thiouridine with
different monovalent coinage metal ions. Structural and spectroscopic studies have

been carried out in order to characterize the products of these reactions.
7.2. Materials and Methods
7.2.1. Reagents and Techniques

All chemicals used on the synthesis were purchased from Sigma-Aldrich and Fisher

Scientific and they were used without any purification.

NMR, H and 13C experiments, were carried out in a Bruker Avance Il at 300 MHz and
75 mHz, respectively, with DMSO-66 as a solvent. The data was analyzed using using

MestReNova software.

Mass spectrometry analysis was done using a Waters Xevo G2-XS Quadrupole Time
of Flight Mass Spectrometer, with Electrospray lonisation source in Positive lon mode.
Three samples were analyzed, 4-thiouridine, Ag(l) reaction mixture (10 mM) and Au(l)
reaction mixture (10 mM). For each sample 2 uL was injected into the mass
spectrometer in MeOH:H20 (9:1), the flow rate into the instrument was 0.2 mL/min and

the collision energy was 5 eV.

FTIR spectroscopy was performed using an IRAffinity-1S Fourier Transform infrared
spectrophotometer (Shimadzu) with an integrated ATR accessory, in transmittance
mode between 400 and 4000 cm! at 4 cm™ spectral resolution, under N2. Samples
were prepared drying the solvent on a vacuum oven during 30 min and then deposited
on a clean p-Si (100) chip (1 cm?). The chip was deposited on the ATR accessory
sample holder and scanned 50 times, co-added and averaged. Bared ATR accessory

was used as a background. Silicon chips, purchased from Pi-KEM Ltd, of 1 cm? area
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were cut from 10 cm diameter wafers (dopant boron at <111> oriented p-type,

resistivity 0.09-0.12 Ohm-cm).

The pH was measured on a Hanna HI 90103 instrument and previously calibrated
using commercial buffer solutions from Sigma-Aldrich. Aliquots NaOH 0.1 M were used

to increase the pH value.

UV-Vis spectroscopy in the range of 190-800 nm was performed using a Thermo
Scientific NanoDrop One Microvolume spectrometer with all data collected at room
temperature. Three samples were recorded, a water solution of 4-thiouridine (0.1 mM)
and Ag(l) and Au(l) reaction mixtures (0.1 mM) using a quartz cuvette with a path
length of 10 mm (108-000-10-40 Hellma). The blank used for the measurements was
nanopure water produced in Direct-Q® 3 UV Water purification system from Merck at

18 MQ-cm resistivity, this water was used for all the solutions made in the experiments.

Circular dichroism was performed using a Jasco J-810 spectropolarimeter, connected
to a PTC-423S temperature controller at 25°C and under N2. Three circular dichroism
spectra were recorded in a demountable quartz cuvette with a path length of 0.1 mm
(106-0.1-40 Hellma), 4-thiouridine solution at 10 mM, Ag(l) (10 mM) and Au(l) (10 mM)

reaction mixtures.

Scanning electron microscope was performed using a Tescan Vega LMU scanning
electron. Digital images of the sample were recorded for 20 uL of Ag(l) reaction mixture
(100 mM) dried on a vacuum oven for 30 min on a clean p-Si (100) chip (1 cm?) and

then mounted on an aluminium stub with double sided adhesive tape.

Atomic force microscopy was performed using a Multimode 8 atomic force microscopy
with a NanoscopeV controller (Bruker) and a ‘E’ scanner. Nanoscope software version
9.1 was used to control the microscope. The system was operated in ScanAsyst in air

mode as a peak force tapping mode at ultra-low forces to minimize damage to the
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samples. For reducing vibrational noise, an isolation table/acoustic enclosure was
used (Veeco Inc., Metrology Group). Silicon tips on silicon nitride cantilevers
(ScanAsyst, Bruker) were used for imaging. The nominal tip radius was approximately
2 nm, resonant frequency 150 kHz, and spring constant k=0.7 nm1. The AFM data
were analyzed with NanoScope Analysis 1.5 software (Bruker). Samples were
prepared by adding 3 pL of Ag(l) reaction mixture (0.01 mM) and Au(l) reaction mixture
(0.1 mM) onto a clean 1 cm? mica wafer and it was left for dry for 15 min at room
temperature on air. Different diluted solutions of such samples were used to image. All
measurements were done at room temperature on air. Avogadro software version

1.2.0 was used to build the structure model of complexes prepared.

Room temperature luminescence in the range of 300-900 nm was performed using a
Spex FluoroMax spectrofluorometer. Four emission spectra were recorded, a water
solution of 4-thiouridine (60 mM), Ag(l) reaction mixture at 100 mM and two for Au(l)
reaction mixture at 100 mM, using a quartz cuvette with a path length of 1.5 mm (105-

252-15-40 Hellma).
7.2.2. 4-Thiouridine synthesis
7.2.2.1. Protection

Uridine (5 g, 20.47 mmol, 1 eq) was dissolved in dry pyridine (30 ml) and acetic
anhydride (6.44 ml, 68.18 mmol, 3.33 eq) was added dropwise under an inert
atmosphere at 60°C. The reaction was stirred for 7 hours, with TLC monitoring (ethyl
acetate:petrol; 9:1), and then quenched with the addition of ice. The product was
isolated by rotary evaporation producing a colourless oil, and it was partitioned
between 100 ml of chloroform and 100 ml of water. The organic layer was washed with
100 ml of HCI 1N, 100 ml of H20 and 100 ml of brine. The liquid was dried with Na2SO4
overnight and the solvent was rotary evaporated until an oil appears. The addition of
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40 ml of ethanol yielded a white powder, isolated by air vacuum and dry inside a
vacuum oven at 40 °C (Figure 7.7).223° 1H-NMR (300 MHz, DMS0-86) 5 2.02 (s, 3H),
2.04 (s, 3H), 2.06 (s, 3H), 4.27-4.40 (m, 2H), 4.41-4.6 (m, 1H), 5.39 (t, 1H), 5.48 (t,
1H), 5.7 (d, 1H), 5.9 (d, 1H), 7.6 (d, 1H), 11.5 (s, 1H). 3C-NMR (75 MHz, DMSO-56) &
20.2, 20.21, 20.22, 62.8, 69.91, 71.8, 79.4, 88.8, 102.6, 142.4, 150.1, 164.1, 171.2
ppm. FT-IR (wavenumber, cm-1): 3050 (N-H), 1750 (C=0, ester), 1680 (C=0, amide),
1380 (C-H, alkyl), 1250 (C-N, aromatic amine), 1000 (C=C, alkene), 850 (C-H). ESI/MS

(C1sH19N209)*: Theoretical: 371.11 m/z. Actual: 371.11 m/z. Yield: 87%

0
0
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0
OH OH /K O\’/O
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Figure 7.7. Reaction scheme of uridine protection.

7.2.2.2. Thiolation

Uridine protected (3 g, 8 mmol, 1 equiv) and Lawesson’s reagent (6.55 g, 16.21 mmol,
2 eq) were dissolved in anhydrous toluene (30 ml) and stirred for 24 hours under an
inert atmosphere at 110°C. A yellow solution with a precipitate was formed. The solid
was removed under vacuum filtration and the liquid was isolated by rotary evaporation,
producing a yellow gummy solid. It was purified by a column of silica gel (ethyl
acetate:hexane; 16:33) and isolated by rotary evaporation which gave a yellow
caramel (Figure 7.8).2240411H-NMR (300 MHz, DMSO0-36) 5 2.02 (s, 3H), 2.04 (s, 3H),
2.06 (s, 3H), 4.37-4.44 (m, 3H), 5.4 (t, 1H), 5.49 (t, 1H), 5.8 (d, 1H), 6.4 (dd, 1H), 7.53

(d, 1H), 12.8 (s, 1H). 3C-NMR (75 MHz, DMSO-56) & 21.1, 20.14, 20.18, 64, 69.9,
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72.3, 79.69, 89.4, 103.82, 137.7, 1475, 169.4, 191.1 ppm. ESI/MS

[(C1sH18N20sS)Na]*: Theoretical: 409.07 m/z. Actual: 408.87 m/z. Yield: 19%

O
O

S
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Y , NH Y , /,E
o N/g © N~ o
\@ o Lawessons Reagent )
Anhydrous Toluene, 110°C, 24h
0O 0. _o Y /CL O\]/O

Figure 7.8. Reaction scheme for the thiolation in carbon 4 (C4).

7.2.2.3. Deprotection

4-Thiouridine protected (0.589 g, 1.52 mmol) was dissolved in 10 ml of ammonia in
methanol (7 N) under inert atmosphere, stirred overnight and monitorized by TLC
(DCM:Methanol; 3:1). The solution was neutralized (from pH 3 to 7) using a DOWEX-
50 WX-8 ion exchange resin in proton form (2 g) previously washed with methanol.
The product was isolated by rotary evaporation and 20 ml of water were added. After
two washes of 30 ml of diethyl ether the sample was lyophilized for two days and a
yellow solid was obtained (Figure 7.9).22tH-NMR (300 MHz, DMSO-36) & 3.5-3.68 (m,
2H), 3.8-4.2 (m, 3H), 5.2 (m, 2H), 5.49 (d, 1H), 5.7 (d, 1H), 6.38 (dd, 1H), 7.7 (d, 1H),
12.69 (s, 1H). **C-NMR (75 MHz, DMS0O-56) & 60.02, 69.85, 73.68, 85.1, 89.06, 111.2,
135.4, 149.2, 190.01 ppm. FT-IR (wavenumber, cm1): 3300 (O-H, alcohol), 3000 (N-
H), 1693 (C=0, amide), 1608 (C=C, alkene), 1458 (C-H, alkyl), 1269 (C-N, aromatic
amine), 1100 (C=S), 850 (C-H). ESI/MS [(C9H12N205S)Na]*: Theoretical: 283.04 m/z.

Actual: 283.03 m/z. Yield: 79%
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Figure 7.9. Reaction scheme for the deprotection of 4-thiouridine.

7.2.3. Ag(l)-4-thiouridine complex preparation

The preparation of 4-thiouridine complex was carried out in water solution. A yellow
agueous solution of 4-thiouridine (26 mg, 0.1 mmol, 1 eq, 1 mL) was added to AQNO3
in powder form (17 mg, 0.1 mmol, 1 eq) at room temperature. After 10 min of strong
mixing on a Vortex, a yellow hydrogel was formed at 100 mM and over 24 hours is
confirmed by the vial inversion test. Due to instrument limitations measurements of
mass spectroscopy, FTIR, SEM and AFM were performed on dry form of the hydrogel,

xerogel, to make them possible.
7.2.4. Au(l)-4-thiouridine complex preparation

The preparation of 4-thiouridine complex was carried out in water solution. A colourless
agueous solution of Au(l) (34 mg, 0.1 mmol, 1 eq, 100 uL) prepared by reduction of
HAuCL4 with 2 equivalents of thiodiglycol was added to a yellow aqueous solution of
4-thiouridine (26 mg, 0.1 mmol, 1 eq, 900 pL) at room temperature. After 10 min of
strong mixing on a Vortex, an orange liquid was formed at 100 mM. Due to instrument
limitations measurements of FTIR, SEM and AFM were performed on dry form of the

orange liquid to make them possible.
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7.2.5 Cu(l)-4-thiouridine complex preparation

The preparation of 4-thiourdine complex was carried out in water solution. A yellow
agueous solution of 4-thiouridine (26 mg, 0.1 mmol, 1 eq, 1 mL) was added to
Cu(MeCN)4BF4in powder form (31.5 mg, 0.1 mmol, 1 equiv) at room temperature. After
10 min of strong mixing on a Vortex, a black solution with a black precipitate was

formed. No characterization was made on this material.
7.3. Results and Discussion
7.3.1. Synthesis of 4-thiouridine

The synthesis of 4-thiouridine was successfully achieved in three steps. The first step
consisted on the protection of alcohol groups of uridine with hydroxyl groups through
an esterification (Figure 7.10). ESI mass spectroscopy confirmed the protection of
uridine showing a peak equivalent to a cationic single molecule of protected uridine,
371.1106 m/z for (C1sH19N209)*, 371.11 m/z calculated (Appendix, Figure A7). In
addition, *H and 3C NMR confirmed the protection with triplets at 2 ppm and 20 ppm,
respectively, corresponding to the hydroxyl groups (Appendix, Figure A8). Also FTIR

confirmed the protection of uridine (Appendix, Figure A9)
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Figure 7.10. Scheme of the mechanism for the protection of alcohol groups in uridine,

R=uridine.
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The second step consisted in the thiolation of the fourth position of uridine by the
Lawesson’s reagent (Figure 7.11). ESI mass spectroscopy indicates the formation of
a sodium adduct molecule equivalent to the acetyl-protected 4-thiouridine, 408.8760
m/z for [(C1sH1sN20sS)Na]*, 409.07 m/z calculated (Appendix, Figure A10). NMR also
suggested the thiolation of protected uridine with singlets for *H at 13 ppm and for *3C
at 190 ppm, corresponding to the proton of the thiol group and the carbon linked to the
sulfur group, respectively, in agreement with literature values (Appendix, Figure A11).%?
In addition, due to steric hindrance Lawesson’s reagent will only sulfurize the position

4 of uridine protected.??
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Figure 7.11. Scheme of the mechanism for the thiolation in position 4 of acetyl-
protected uridine by Lawesson’s reagent. R indicates the acetyl-protected ribose

group of uridine.

The final step consists in a deprotection via ester alcoholysis (Figure 7.12).22 ESI mass
spectrum on the synthesis product indicates the formation of a 4-thiouridine sodium
adduct, 283.0362 m/z for [(CoH12N20sS)Na]*, 283.04 m/z calculated (Appendix, Figure
A12). 'H and 3C NMR also indicates a successful deprotection with the disappearance

of peaks related to protected groups (Appendix, Figure A13). This data suggests that
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deprotection was successful and further analysis of 4-thiouridine will support its

formation.
COOMe;, MeHONH,
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Figure 7.12. Scheme of the mechanism for the deprotection of acetyl-protected 4-

thiouridine to obtain a yellow solid, 4-thiouridine. R indicates the 4-thiouridine group.

Additional characterization of 4-thiouridine included UV-Vis absorption, FTIR, CD and
fluorescence spectroscopies. The UV-Vis spectrum showed two maximum peaks at
333 nm and 248 nm and these are assigned to T-Tr" transitions of the thione group*?
and -1 transitions of the pyrimidine ring, respectively (Appendix, Figure A14).43-46
FTIR spectroscopy showed a characteristic C=S stretch mode band at 1112 cm
confirming the formation of 4-thiouridine (Appendix, Figure A15).#” CD spectrum
confirms the chirality of 4-thiouridine with two positive peaks at around 335 nm and
267 nm and one negative at around 231 nm, that correspond to T-T1" transitions
(Appendix, Figure A16).434849 Finally, fluorescence spectroscopy of an aqueous
solution of 4-thiouridine showed a maximum emission at 470 nm for an excitation of
380 nm confirming luminescence properties of 4-thiouridine. In accordance with
literature, this emission is produced by transitions between 1-11" orbitals of 4-thiouridine

(Appendix, Figure A17).951 These results confirmed that 4-thiouridine was
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successfully prepared and therefore, it was possible to analyze its interaction with

coinage metal ions.

7.3.2 Reaction between 4-thiouridine and coinage metal(l) ions

In an effort to prepare coordination polymer analogues of the 6-thioguanosine
derivatives reported in chapters 3 and 4, reactions with univalent coinage metal ions
were performed. The following sections show the results obtained for each of the
reactions between 4-thiouridine and metal(l) salts used in previous chapter, i.e. AQNO3

and Au(l) derived from reduction of HAuCla.

7.3.2.1. 4-Thiouridine and Ag (I)

The reaction was performed using a yellow aqueous solution of 4-thiouridine and a
solid Ag(l) salt, AgNOs, in an equimolar ratio 1:1 (Figure 7.13). After a minute of strong
mixing a yellow-green hydrogel (1) appeared immediately at room temperature,
inferred by the vial inversion test. The reaction mixture 1 was firstly analyzed in order

to determine its chemical structure.
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Figure 7.13. Scheme of Ag(l)-4-thiouridine complex preparation.
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Mass spectroscopy confirmed the complexation of the metal ion. ESI mass
spectroscopy showed a peak equivalent to an oligomeric chain, 628.9990 m/z for
[AgL2]*, 629.000 m/z calculated (Appendix, Figure A18). L corresponds to a neutral
charge molecule of 4-thiouridine, [CoH12N20sS]. This data suggests that a coordination
polymer is formed through a Ag(l)-sulfur bond, further analysis of 1 supports the

formation of a polymeric structure as discussed below.

The comparison of UV-Vis absorbance for an aqueous solution of 4-thiouridine (0.1
mM) and 1 (0.1 mM), shows changes in the spectra (Figure 7.14). The main peak for
the ligand, in thione form, appears at 333 nm and it corresponds to a T-11" transitions
of the thione group.#? This peak is red shifted to 338 nm, broadened and less intense
for 1. This suggests that the sulfur atoms are affected by Ag(l) ions forming the
expected Ag(l)-thiolate. Peaks below 300 nm are due to T-1" transitions of the

pyrimidine ring,*® and they appear at 248 nm for the ligand and 245 nm for 1.

Figure 7.14. UV-Vis spectrum for 4-thiouridine (blue line) and 1

(orange line).

The FTIR spectra of 1 as a dry xerogel shows a similar spectrum than the ligand (Figure

7.15). The characteristic band for the C=S group at 1112 cm* and for C-S group at
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770 cm are present in 4-thiouridine.?®52 For 1 the band for C=S is less intense while
for C-S more intense (Figure 7.15). It suggests that there is a modification in the sulfur

environment due to the interaction between Ag(l) ions and sulfur atoms.
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Figure 7.15. FTIR spectra for 4-thiouridine (blue line) and 1 (orange line). Data

showed between 500 and 1200 cm™1.

Circular dichroism (CD) spectroscopy helped to determine the structure of 1 based on
the chirality of 4-thiouridine. The CD spectrum of an aqueous solution of 4-thiouridine
(10 mM) shows two positive peaks at 268 and 315 nm and one negative at 231 nm
confirming the chirality of the molecule (Figure 7.16). Comparing these peaks with the
spectrum of 1 at 10 mM there is a red shift to 300 and 360 nm and also these peaks
are broadened and more intense than in 4-thiouridine (Figure 7.16). Although it is
difficult to assign each peak with a spectroscopic transition without computational
calculations, peaks above 300 nm are usually assigned to - transitions of C=S
group in 4-thiouridine®® and it indicates that the change in the spectra observed is due
to a modification of the sulfur environment. This change can be explained by the Ag(l)

ions coordinating sulfur atoms of 4-thiouridine. In addition, the increase of intensity
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suggests a rise in the molecular ordering as a consequence of a polymer formation.%45°
The confirmed chirality of 1 is often ascribed to a helical configuration®® and the
negative CD signal below 200 nm is an indication for a right-handed orientation of the

helicity, it will be discussed along with AFM data later.55:57:58
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Figure 7.16. CD spectra for 4-thiouridine (blue line) and 1 (orange line).

Further analysis of 1 includes analysis of SEM microscopy on xerogel form. Figure
7.17a reveals the formation of a supramolecular network made of one-dimensional
polymers with microns in length, that entangle forming layers of polymers. These
polymers, in form of fibres, are consistent with the formation of coordination polymers
that cover all the surface of the holder. Figure 7.17b shows a zoom in image where
the formation of such strands is discernible. These results suggest the formation of a
one-dimensional coordination polymer made with Ag(l)-sulfur backbone, that support
as well mass spectroscopy data. Since the resolution for the size of the fibers under

SEM is not very clear, further studies with AFM may show better details.
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Figure 7.17. SEM image for Ag(l) product at 200 um (a). Two zoom images

show the conformation of the material in layers (b).

Atomic force microscopy analyzed 1 in xerogel form deposited on mica to gain better
insight into its structure. Figure 7.18 shows that 1 formed a layer of fibres associates
that assemble forming an entangled supramolecular network, characteristic of a
hydrogel. Also, it is possible to observe fibres thicker than others. The length of single
fibres varying between 100 to 200 nm with an average of 140 nm (Figure 7.19a) and
cross-sectional heights around 2 nm (Figure 7.19b) similar to other Ag(l) thiolate
compounds.>%0 Individual fibres associate to form much longer strands, ca. 2um,
forming extended bundles (Figure 7.20a) with equivalent height to shorter individual
fibres (Figure 7.20b). This is an indication that individual fibres self-interact in parallel
to associate. In addition, as CD experiment suggested, 1 is chiral and it is confirmed

in Figure 7.20c were a fibre associate reveals the formation of an individual helical
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chain with a regular periodicity of the helix around 9 nm and cross-sectional height

around 2 nm.

800.0 nm
Figure 7.18. AFM image for 1 at 0.1 mM concentration in water and dried on mica,

showing fibres associates that entangle, forming a characteristic network of a

hydrogel.
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Figure 7.19. AFM images for 1 at 0.01 mM concentration in water and dried on mica,
showing single fibres, a) shows large individual fibres and b) shows that the height of

an individual fibre is around 2 nm.
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Figure 7.20. AFM images for 1 at 0.01 mM concentration in water and dried on mica,
showing fibres associates, a) shows an extended bundle of individual fibres, b)
shows that the height of these associates is around 2 nm and c) shows a helical

feature of these fibres associates, the periodicity of a helix, which is around 9 nm.
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At this point it is possible to propose a structure for 1. Mass spectroscopy indicated the
oligomeric nature of 1 with Ag(l)-sulfur motif and it is in agreement with the formation
of a coordination polymer. Spectroscopic techniques, UV-Vis, FTIR and CD, confirmed
the interaction of sulfur atoms with Ag(l) ions due to the modifications on the electronic
environment of sulfur atoms. It implies the coordination of 4-thiouridine by Ag(l) ions.
In addition, CD spectroscopy showed an increase in the intensity of the chiral signal
for 1 suggesting that molecular ordering is larger than in 4-thiouridine ligand and it is
consequence of a polymer formation. Microscopic techniques showed the formation of
a one-dimensional coordination polymer in form of fibres that could associate into
helical bundles for 1 (Figure 7.21a). The formation of associates is based on the non-
covalent self-interaction between individual fibres by base stacking or hydrogen
bonding (Figure 7.21b).6162 As a result, these fibre associates entangled to form the
three-dimensional network of a supramolecular hydrogel where water molecules are
trapped.®3-%° In addition, these chiral fibre associates have a right-handed helical

orientation.
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Figure 7.21. Proposed scheme models for the one-dimensional coordination polymer
1 structure, a) indicates a perpendicular view of the coordination polymer, b) and c)
shows the association of coordination polymers in parallel viewed from the top (b)
and onto the polymer axis (c). These bundles of fibres associates turn into a helix
with a right-handed orientation (grey balls represent Ag(l) ions) (in b and c ligand
substituents are omitted for clarity). These models were drawn on Avogadro software

1.2.0.

Luminescence emission was measured to determine optical features on the
coordination polymer 1. The maximum peak in the emission spectrum of 1 appears
around 522.5 nm for an excitation of 380 nm while in 4-thiouridine it is at 470 nm for
the same excitation wavelength (Figure 7.22). The red shift and the large increase in
emission intensity after complexation suggests a ligand to metal charge transfer

process.®6-68 Also the broad emission band of 1 can be associates with a metal-ligand
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charge transfer, metal-metal charge transfer or metal centered transitions.®®7° In
addition, the Stokes shift near 200 nm along with a broad emission peak, are often

indicatives of a phosphorescence emission process.’1’3
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Figure 7.22. Luminescence spectra for an agueous solution of 4-thiouridine at 60 mM

(blue line) and 1 at 100 mM (orange line) at 380 nm excitation.

7.3.2.2. 4-Thiouridine and Au (I)

The reaction was performed using a yellow agueous solution of 4-thiouridine and an
agueous solution of Au(l), prepared by the reduction of HAuCls with thiodiglycol, in an
equimolar ratio 1:1 (Figure 7.23). After 10 min of strong mixing an orange liquid (2) is
formed at room temperature. The reaction mixture 2 was firstly examined to determine

its chemical structure.
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Figure 7.23. Scheme of Au(l)-4-thiouridine complex preparation.

Mass spectroscopy proved the complexation of Au(l) and the oligomeric nature of 2.
ESI mass spectroscopy showed a peak equivalent to an oligomeric chain, 717.0573
m/z for [AuL2]*, 717.06 m/z calculated (Appendix, Figure A19). L corresponds to a
neutral charge molecule of 4-thiouridine, [CoH12N20sS]. This data suggests the
formation of a coordination polymer where Au(l) is attached to sulfur of 4-thiouridine
as a thione in accordance with literature.?* Further examinations of 2 supports its

polymeric structure as discussed below.

A comparison of UV-Vis absorbance for an aqueous solution of 4-thiouridine (0.1 mM)
and 2 (0.1 mM) shows differences in the spectra (Figure 7.24). The main peak of 4-
thiouridine at 333 nm, due to T-Tr" transitions of the thione group,*? is red shifted to 350
nm, broadened and more intense for 2. This suggest that sulfur atoms are interacting
with Au(l) ions forming the expected Au(l)-sulfur thiolate.?* Peaks below 300 nm are
related to T-* transitions of the pyrimidine ring,*® and they appear at 248 nm for the

ligand and 260 nm for 2.
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Figure 7.24. UV-Vis spectra for 4-thiouridine (blue line) and 2 (orange line).

Circular dichroism (CD) spectroscopy contributed with important features to determine
the structure of 2. The CD spectrum of an aqueous solution of 4-thiouridine (10 mM)
showed a signal with positive and negative peaks, confirming its chiral properties
(Figure 7.25). Comparing this with the spectrum of 2 at 10 mM there is an increase in
intensity of the CD signal related to a polymer formation, where molecules adopt an
ordered structure.>>% In addition, the number of peaks increased after complexation.
Positive peak of 4-thiouridine at 268 nm is red shifted to 297 nm for 2; 315 nm is red
shifted and unfolded to 330 and 371 nm for 2 that also showed a new peak at 440 nm.
The peaks above 300 nm are related to the electronic environment of the sulfur atoms’#
so the change in the spectra above 300 nm is associated to the coordination of Au(l)
ions with sulfur atoms. For long wavelength, peaks are usually assigned to metal to
ligand charge transfer® so the new peak at 440 nm also supports the complexation.

Both the chiral properties and the formation of a polymer with a Au(l)-sulfur motif were

therefore confirmed for 2.
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Figure 7.25. CD spectra for 4-thiouridine (blue line) and 2 (orange line).

Structural characterization eventually included AFM microscopy for 2, after being dried
on mica. The examination of 2 dried reveals the formation of aggregates, with cross-
sectional heights varying between 1.4 and 2.7 nm with an average of 2.5 nm (Figure
7.26). The size distribution of these aggregates varies between 5 and 40 nm with an
average of 20 nm, this wide range of size distribution is associated with the poor
uniformity of the aggregates (Figure 7.27). The fact that 2 is a liquid suggest that there
is not a supramolecular network supported by fibres entangling. Instead, AFM
suggests the formation of aggregates with undefined shapes. These have some thick

parts where the material seems to gather together strongly (Figure 7.27).
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Figure 7.26. AFM image for 2 at 0.1 mM concentration in water and dried on

mica and its cross-sectional heights distribution (right).
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Figure 7.27. AFM image for 2 at 0.1 mM concentration in water and dried on mica

(left) and its size distribution diameter (right).

The structural characterization of 2 started with mass spectroscopy, which indicated
the formation of a polymer with a Au(l)-sulfur backbone. To confirm that the polymeric
nature of 2 is based on a Au(l) thiolate chain, UV-Vis and CD spectroscopies where

performed. They showed a change in the electronic environment of sulfur atoms after
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reaction with Au(l) ions, which indicates formation of a coordination polymer based of
Au(l)-sulfur chains. In addition, CD spectroscopy indicated that 2 possess chiral
properties. AFM indicated that 2 forms non-uniform aggregates. To propose a structure
for 2, aurophilic interactions should be considered as a possible interaction between
Au(l) ions as some of crystal structures reported showed. Also, the fact that the
aggregation of 2 can be related with aurophilic interactions,” " leads to the conclusion
that the structure of 2 is based on shorts Au(l) thiolate coordination polymer that
aggregate due to aurophilic interactions (Figure 7.28). The presence of aurophilic

interactions will be further investigated with the study of luminescence properties of 2.

Figure 7.28. Proposed scheme model for the one-dimensional coordination polymer
2 structure. It shows a perpendicular view of the coordination polymer where Au(l)
ions are bridging 4-thiouridine ligands and another Au(l) ion by aurophilic
interactions, this Au(l) is interacting with N3 of 4-thiouridine (orange balls represent
Au(l) ions) (ligand substituents are omitted for clarity). This model was drawn on

Avogadro software 1.2.0.
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Luminescence emission was measured to determine optical properties on the
coordination polymer 2. The maximum peak of the emission for 2 appears at 623 nm
for an excitation of 450 nm while in 4-thiouridine it appears at 470 nm for an excitation
of 380 nm (Figure 7.29). The emission peak for 2 is red shifted and is broader than that
of the ligand and it suggest a ligand to metal, metal to ligand or metal centered
transition processes.%”:%%70 Another emission peak appears at 832 nm when 2 is
excited at 550 nm (Figure 7.29). This peak displays a much larger increase in emission
intensity as well as a large Stokes shift, which suggests a phosphorescence emission
process attributed to a Au(l) centered transition due to aurophilic interactions and a
ligand to metal charge transfer.30:6%.78-82 The high intensity of this emission is related to
the formation of aggregates of the Au(l) thiolate coordination polymer and it is due to

the large amount of aurophilic interactions between Au(l) ions within the aggregate.8%

83-85

Figure 7.29. Emission spectra of 4-thiouridine with excitation at 380 nm (blue line)

and 2 with excitation at 450 nm (orange line) and 550 nm (green line).
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7.4. Conclusion

A thio-modified nucleoside, 4-thiouridine, has been successfully prepared following an
organic synthesis method. Once the completion of the synthesis was successful, 4-
thiouridine has been spectroscopically and structurally characterized to confirm its

morphology.

The preparation of coordination polymers with pyrimidine thio-nucleoside and coinage
metal ions was explored. First, the interaction between Ag(l) ions and 4-thiouridine was
examined using ESI mass spectroscopy, UV-Vis, FTIR, CD, SEM and AFM. The
structural analysis on [Ag(l)-4-thiouridine]n hydrogel proved the formation of a chiral
one-dimensional coordination polymer based on Ag(l)-sulfur motif as building-block of
a supramolecular network. Also, optical properties of [Ag(l)-4-thiouridine]n indicates
that luminescence emission intensity increased compared to the ligand an thus

confirming the chiro-optical properties of [Ag(l)-4-thiouridine]n.

In addition, the preparation of [Au(l)-4-thiouridine]n was achieved. Its structural
characterization included ESI mass spectroscopy, UV-Vis, CD and AFM. They showed
the formation of a chiral coordination polymer based on Au(l)-sulfur interactions that
aggregate due to aurophilic interactions. Optical properties of [Au(l)-4-thiouridine]n
were explored and the formation of aggregates led to a large increase of luminescence

emission compared to the ligand.

To conclude, it has been shown that it is possible to prepare coordination polymers
based on coinage metal ions and thio-modified pyrimidine nucleosides. Although
[Ag(l)-4-thiouridine]n and [Au(l)-4-thiouridine]n possess promising characteristics, such
as chiro-optical properties, similar to semiconductor compounds, further experiments
need to be done in order to prove these materials as appropriate candidates for
electrical conductivity or magnetic properties.
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8.1. Conclusions and Outlook

The work in this thesis has developed a series of new coordination polymers based on
thio-nucleosides and coinage metal ions that display a range of technologically useful

properties.

Previous studies on DNA-based nanomaterials have showed an absence of valuable
properties for their use in nanotechnology such as electrical conduction or magnetism.!
To overcome these limitations, our group has worked on the preparation of a one-
dimensional coordination polymer based on Au(l) and 6-thioguanosine and it has
showed luminescence and electrical conductivity after being oxidative doped. In

addition, it was integrated on DNA sequence.?

Continuing with this proposal, the main body of this thesis has been focused on the
synthesis of [Ag(l)-6-thioguanosine]n and [Cu(l)-6-thioguanosine]n  coordination
polymers, determining their molecular structures. The interaction between monovalent
coinage metal ions and 6-thioguanosine has been examined and established as the
union through the metal-sulfur bond (Figure 8.1 a,b). Thus, the formation of one-
dimensional coordination polymers is based on this interaction, similar to
semiconductors, and it provides chiro-optical and conductivity features not observed
so far for similar thiolate coordination polymers. A future prospective is the idea of
using these polymers as building blocks to design a specific route of functionalization

of molecules derivatives from DNA and RNA.
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Figure 8.1. Side view of a proposed scheme models of a one-dimensional
coordination polymer for Ag(l)-thiolate (a), and for Cu(l)-thiolate (b). They show the
metal ions (white balls for Ag(l) and orange balls for Cu(l)) coordinating sulfur atoms
(u2 and s respectively) (yellow balls) to form the metal-sulfur backbone of a

coordination polymer. These models were drawn on Avogadro software 1.2.0.

The preparation of the [Ag(l)-6-thioguanosine]n was characterized structurally and it
confirmed the formation of a chiral one-dimensional coordination polymer with a Ag(l)-
sulfur backbone. Some details on the structure indicated that individual polymer chains
associate to form left-handed helical strands. In addition, optical properties of [Ag(l)-6-
thioguanosine]n showed an increase in luminescence emission after coordination

polymer formation.

The synthesis of the [Cu(l)-6-thioguanosine]n was characterized similarly to [Ag-6-
thioguanosine]n and it results as the formation of a chiral one-dimensional coordination
polymer with a Cu(l) coordinating three sulfur atoms. These individual chains, in form
of fibres, were associated to produce long helical polymeric chains. Additionally, optical
and electrical properties of [Cu(l)-6-thioguanosine]n were analyzed, obtaining

luminescence emission and conductivity behavior after redox doping.
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When prepared at high concentrations, both complexes, [Ag(l)-6-thioguanosine], and
[Cu(l)-6-thioguanosine]n, formed hydrogels. These three-dimensional supramolecular
networks with self-healing properties, showed enhanced chiro-optical properties
compared to themselves at low concentrations due to larger self-assembly processes
and the homochirality of their chains. The combination between homochirality and
luminescence emission originated that these coordination polymers showed CPL
emission. Specifically, [Ag(l)-6-thioguanosine]n displayed the largest value of CPL
reported for thiolate coordination polymers so far. In addition, [Cu(l)-6-thioguanosine]n

exhibited electrical conductivity and this confirmed its behavior as a nanowire.

The idea of developing a practical route of nucleic acid functionalization using the
coordination polymer approach has been successfully achieved. The new materials
prepared in form of thiolate coordination polymers have displayed useful optical and
conductivity properties that could be integrated into DNA as previous studies in our
group have demonstrated, as is the case with [Au(l)-6-thioguanosine]n. In addition,
inherent structural properties of such self-assembled hydrogels in combination with

opto-electronics properties possess features appreciated in technological fields.3

High concentration [Cu(l)-6-thioguanosine]n and [Au(l)-6-thioguanosine]. coordination
polymers in form of hydrogels were successfully designed and tested for their use as
nanowire-based gas sensors. The sensing properties shown by [Cu(l)-6-
thioguanosine]n indicated that suffered the oxidizing effect from ozone and it was
incapable to recover after degradation. However, [Cu(l)-6-thioguanosine]n exhibited
larger response to three VOCs although it was time-dependent. To overcome these
limitations, the use of a nhanocomposite of [Au(l)-6-thioguanosine]n and Multi-Walled
Carbon Nanotubes (MWCNTs) showed an enhancement in sensing capabilities
exhibiting a stable response for VOCs. In addition, [Au(l)-6-thioguanosine]o/MWCNTs

showed a sensitive and faster response for ethanol. Excellent results showed on gas
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sensing for these hydrogels confirm a useful application of thiolate coordination
polymers. This will encourage further studies on soft-materials based on thio-
derivatives nucleosides and coinage metal ions for their use in the versatile design of

materials with potential applications in recognition processes or catalysis.

The preparation of analogous coordination polymers was expanded to another thio-
modified nucleoside, 4-thiouridine, in order to explore the coordination of coinage metal
ions to pyrimidine bases. The synthesis of 4-thiouridine and its interaction with Ag(l)
and Au(l) ions, successfully formed two coordination polymers, [Ag(l)-4-thiouridine]n
and [Au(l)-4-thiouridine]n. [Ag(l)-4-thiouridine]n formed a supramolecular network in
form of hydrogel composed by chiral one-dimensional coordination polymers based on
Ag(D-sulfur interactions while in the case of [Au(l)-4-thiouridine]n aggregates were
formed by the interaction between chiral Au(l) thiolate coordination polymers,
suggesting the presence of aurophilic interactions between them. For both systems,
optical properties showed an improve in luminescence emission compared to 4-
thiouridine. Therefore, it confirmed that the preparation of coordination polymers with
a pyrimidine thio-nucleoside derived from nucleic acids lead to the formation of similar
complexes as thiopurine did and consequently the study of coordination polymer can

be expanded to other soft-mutated nucleobases.

The work shown in this thesis allows to affirm that coordination polymer approach is a
potential route of functionalization of larger biomolecules through soft modification of
nucleobases. The interaction between sulfur atoms and monovalent coinage metal
ions provide an interesting starting point in order to provide specific functions that metal
ions entail. Also, the design of larger biomolecules with specific places to link these
metal ions also provide an advantage to other nanomaterial designs since it is possible
to build complexes architectures with particular capacities for opto-electronics in

nanotechnology.
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The future prospects of such studies will need to establish the molecular ordering of
these coordination polymer. As a first step, a NMR titration experiment could be
established in order to determine the effect of the metal(l) after complexation and follow
the change in NMR signal of the complex according to the hydrogel concentration. With
this technique it would be possible to determine structural changes produced by the
metal(l) in the system and therefore, have a better insight of the chemical structure of
the coordination polymer. Subsequently, perform a TEM-EDX experiment will bring
information about which atoms form the fibres showed in AFM. Also, one should
proceed in the design of specific experiments with the aim of obtaining crystals suitable
for X-ray diffraction and determine the coordination mode of metal(l) ions. These
experiments should include the modification of the thio-nucleoside, replacing the ribose
ring by alkyl groups, and its reaction with metal(l) ions. This perspective will focus on
avoiding a high number of hydrogen bonds interactions and then the formation of
hydrogels. Thus, it will be possible to understand and clarify potential structural
properties of these coordination polymers. As has been done in this thesis, the
coordination polymer studies should be expanded to other nucleobases, modified or
not, and metal ions. Probably they will show properties unexpected that can

accommodate the development of previously unknown nanomaterials.

In addition, the integration of such motifs into DNA or RNA should be the next step for
this field of knowledge. The possibility to extent the properties of coordination
polymers, as shown in this thesis, to larger nucleic acids with their structure-building
capabilities provides a new approach to integrate technologically useful properties into

nucleic acid-based molecular architectures in a simple and controllable manner.
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Figure A1. MALDI-ToF data measured for [Ag(l)-6-thioguanosine]n.
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Figure A2. Height of a helix for [Ag(l)-6-thioguanosine]n.
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Figure A3. (a) Normalised intensity against time for the luminescence decay of ligand
(6-thioguanosine, red line) and [Ag(l)-6-thioguanosine]n (blue line) at 5 uM
concentration and fits. The excitation wavelength was 371 nm and the emission at
430 nm was recorded against delay time in a TCSPC experiment with 10° counts. (b)
Distribution of inverse lifetimes extracted from the fitting of the PL decays. Blue curve
ligand, red line [Ag(l)-6-thioguanosine]n at 5 uM.*
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Figure A4. MALDI-ToF data measured for [Cu(l)-6-thioguanosing]n.

i

233



e

a)
g 0.100 1 c) 0,08
3 —6TG
i 0.010 g 0.06 Ag-TG 30 mM
§ S §
0.001 = = 0,04 /
1.00 . .:
b) & oe
0.10

0,001 00 01 1 10 100
Inversa lifetime / ns-1

Normadised intensity
o o
8 o

e
2

1000 2000 3000 4000 5000

Time {ns)

o

Figure A5. (a) Normalised intensity against time for the luminescence decay of ligand
(6-thioguanosine) and (b) [Ag(l)-6-thioguanosine]n (blue line) at 30 mM concentration
and fits. The excitation wavelength was 371 nm and the emission at 430 nm was
recorded against delay time in a TCSPC experiment with 108 counts. (c) Distribution
of inverse lifetimes extracted from the fitting of the PL decays. Blue curve ligand, red
line [Ag(l)-6-thioguanosine]n at 30 mM.*
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Figure A6. The luminescence dissymmetry factor (gum) data for [Ag(l)-6-
thioguanosine]n at 10 mM shows a value close to zero.
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Figure A7. ESI data measured for uridine protected.
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Figure A8. (a) *H NMR spectrum (300 MHz, DMSO-86) of uridine and uridine
protected and b) *3C NMR spectrum (75 MHz, DMSO-36) of uridine and uridine
protected.
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Figure A10. ESI data measured for 4-thiouridine protected.

237



e
® o |
® .00 0 l
| l‘ i i M
135 130 125 R0 1S 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
fi (oom)
O
A‘O
' £
O
@) 0og0O
QJJ\O OJQI\Q
'"L l g ‘! J‘ y | < "~y |1 \~|\~r-'- " l‘[‘ ek )-Wm%wulﬂ-ml\
190 180 170 160 10 140 130 120 110 10 % 8% 70 6 5 4 0 2
# (oom

Figure All. (a) *H NMR spectrum (300 MHz, DMSO-56) of 4-thiouridine protected
13C NMR spectrum (75 MHz, DMSO-36) of 4-thiouridine protected.
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Figure A12. Figure A9. ESI data measured for 4-thiouridine.
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Figure A13. (a) 'H NMR spectrum (300 MHz, DMSO-36) of 4-thiouridine b) 3C NMR
spectrum (75 MHz, DMSO-66) of 4-thiouridine.
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Figure A15. FTIR spectrum of 4-thiouridine.
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Figure A17. Luminescence spectrum of 4-thiouridine.
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Figure A18. ESI data measured for [Ag(l)-4-thiouridine]n.
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Figure A19. ESI data measured for [Au(l)-4-thiouridine]n.
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