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Abstract of the Dissertation

Exploring Silver-Pyrimidine Chemistry and the Controlled Assembly of M-DNA Systems

Liam Mistry

The body of work discussed within this thesis focuses on silver-pyrimidine chemistry

traditionally found between a mismatched cytosine-cytosine (C-C) DNA base-pair.

Three examples of [Ag'-bis-(N3-cytosine)]* were prepared and structurally characterised by
single crystal X-ray diffraction: cisoidal-[Ag'-(N3-cytosine)2][NOs] (Coent), transoidal-[Ag'-(N>-
cytosine)2][NOs]-H20 (Thent)) and transoidal-[Ag'-(N3-cytosine),][PFs]-2H20 (Tiinear). All three
compounds displayed the typical N3-Ag'-N® coordination motif with variable geometries
including, cisoidal/transoidal (C/T) and bent/linear base arrangements. Collectively, they
represent three of five possible combination of these parameters. Density-Functional theory
calculations showed the global minimum conformation to be the bent-transoidal arrangement;

the entire series being Thpent > Tiinear > Ciinear > Chent.

[Ag'-bis-(N3-cytidine)][NOs] was prepared and structurally characterised by single crystal X-ray
diffraction techniques and revealed to show the expected linear N*-Ag-N® coordination. The
resulting bis-nucleoside (ribose form) complexes spontaneously stacked inline to produce a
helical arrangement (right-handed) analogous to DNA (approximately 10-bp per rotation). In
solution, a significant change in the circular dichroism profile was observed compared to
cytidineaq) and was associated with the formation of helical structure. The helix is stabilised by
hydrogen bonding between adjacent exocyclic N*---O? groups of the ligands, argentophilic and
hydrophilic interactions. The silver ions positioned down the central core are sufficiently close,
with Ag---Ag distances of approximately 3.0 A for argentophilic interactions. Despite having
Ag---Ag distances <5% of the metallic radii, the material displayed electrically insulating
properties, likely due to a large bandgap (2.5 eV). Furthermore, when prepared in an alcoholic
solvent (MeOH and EtOH) the corresponding silver complex produced a sample-spanning
homogenous gel. A rheological study showed an entangled network with thixotropic (self-

healing) properties.

[Ag'-bis-(N3-2’-deoxycytidine)][NOs] was prepared and structurally characterised by single
crystal X-ray diffraction to show a similar helical arrangement to its ribose counterpart.
However, the deoxy analogue possessed a left-handed (LH) rotation to the helix. Interestingly,
the CD changes previously associated with a helical structure were similar for both the ribose
(RH) and deoxy (LH) compounds. Atomic force microscopy imaging of the complex drop-cast
from an aqueous solution on to a silicon wafer showed coiled fibres 10 nm in height. Individual

coils could be followed into larger aligned assemblies or bundles before merging with the
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crystal lattice. These images hold an insight into the mechanisms of crystal growth for

polymeric systems.

Two solvates of the nucleotide complex [Ag'-(N®,0%cytidine-5-monophosphate)] (Cmp) were
prepared and structurally characterised by single crystal X-ray diffraction; cis-[Ag'-(N3,03-
Cmp)][NO3]-H20 and cis-[Ag'-(N®,0%-Cmp)][NO3z]-MeOH. A one-to-one stoichiometry extends
the repertoire of metal coordination sites of cytosine to include the exocyclic O% acceptor group.
This mode of coordination (N3-Ag'-0O?) leads to a polymeric array where the Ag' ions “zigzag”
down the crystal lattice axis. This configuration means the Ag---Ag distances are short, at
2.9 A. Furthermore, both compounds exist as 3D coordination polymers owing to a third
coordination Ag-O” from a phosphodiester group of an adjacent complex. Attempts were made
to access and isolate single Ag-chains from crystalline material by mechanical exfoliation
techniques. Sonication (in hexane) yielded a uniform distribution of 2D flakes that were 3.0 nm
in height. Powder X-ray diffraction results suggested that the cleavage likely occurred at the
Ag-O’ position resulting in flakes with a bilayer of Ag-chains running perpendicular to the

substrate in the [101] direction.

Cytosine rich oligonucleotides were investigated as a controlled method of accessing stabilised
few atom metallic clusters or particles. Oligonucleotides were designed with a non-binding
central region, which allowed folding into a hairpin type secondary structure facilitated by C-
Ag-C coordination. A novel approach to controlled metal ion capture was investigated. A focus
was placed on loop and stem optimisation utilising mass spectroscopy, circular dichroism and
isothermal titration calorimetry techniques. It was discovered that oligos required central non-
binding looped regions of at least two units to retain sufficient flexibility for the folding of the
oligo. The abilities to capture or populate the free mismatched cytosine-cytosine mediation-
sites with Ag™ decreased as the length and number of mismatched C-C sites increased. This
was due to increased conformational flexibility and cooperativity effects. We were able to

maximise the Ag* occupancy for oligonucleotides with six or less C-C mismatched sites.
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1.1. DNA and its Application in Nanotechnology

How small can we fabricate materials? For many years we have developed
progressively better solutions and technologies addressing this question. Whilst there
is no obvious answer or boundary to our limitations or ingenuity, it has become clear
that the biological world is far more adept. Many biological entities (e.g. amino acids,
DNA and proteins) have self-organisation and self-assembly capabilities which are
unequalled, yet they lack the functionality required for them to realise applications
outside of their biological domain (i.e. molecular wire, sensors and drug-delivery).?3
Fortunately, we can introduce functionality (optical, catalytic, electrical, magnetic) by
addition of certain transition metals.?-® DNA in particular seems well-suited for this
purpose, as it readily binds to a wide range of metal ions whilst offering a large scope
of versatility in its construction.*#® To today, several groups have utilised DNA as
scaffolds in the “bottom-up”” construction of nano-scale materials including,
nanoparticles/clusters®'2, nanowires'>®> and molecular sensors®>16-18  The
remarkable advances made in synthetic techniques have made DNA’s use practical
for many material scientists.'® The work conducted within this thesis addresses the
well-known, yet poorly understood, specific interactions between Ag' ions and DNA

(specifically, interactions with cytosine); discovered only 18 years ago.?°
1.2. DNA - Structure and Function

Deoxyribose nucleic acid or DNA is the key building block to all discovered life to date.
Its primary role within a biological cell is storage, transcription and expression of large

amounts of encoded genetic information.??

The structure of DNA exists in many secondary forms but its principle physiological
conformation was initially well described by the American biologist James Watson and
English physicist Francis Crick in 1953 (Figure 1.1).?2 They described a double-helix
or duplex existing as two independent ridged anti-parallel polymeric strands
(oligonucleotide) bound along a common fibre axis by hydrogen bonding between
nucleic monomers (analogous to a twisted-ladder structure). The inherent chirality of
duplexed DNA enables the formation of supercoiled helical structures under torsional
stress. This feature allows for gene regulation and organisation allowing for translation

or transcription events.?!
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Figure 1.1 a) lllustrations of the purine-pyrimidine base-pairing (A-T and G-C) (Inset
() R group differences between nucleobase, -side and -tide classifications) and b) A
DNA duplex as proposed in the 1953 publication by Watson and Crick (Inset (ii)
oligonucleotide backbone construction).??

The monomers or nucleotides are comprises of a nucleobase and backbone linker
consisting of five-carbon sugar sub-unit (2'deoxyribose) and phosphodiester group.?'~
23 Nucleobases of DNA, of which there are four main types, can be split into two main
groups, purines (adenine (A) and guanine (G)) and pyrimidines (thymine (T) and
cytosine (C))".?* The dominant base tautomeric forms give rise to the well-established
Watson-Crick dinucleotide hydrogen bonding interactions between adenine-thymine
(A-T) and cytosine-guanine (C-G) base-paring. Due to the complementarity of these

two base sets, there exists a natural 1:1 ratio of pyrimidines vs. purines, which has

* Thymine (T) is replaced with uracil (U) within RNA
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become known as Chargaff’s rule.?* From a chemist’s point of view, DNA is an elegant
pairing between a keto base (purine) with an amino base (pyrimidine). Two and three
H-bonds exist between A-T and C-G respectively; as seen in Figure 1.1. For an A-T
pairing, H-bonds exists across the endocyclic secondary and tertiary N3 amines and
exocyclic N* donor and O“acceptor. A C-G pairing has an additional N2-O2 H-bond.

The ordering or sequence of base-pairs is obviously fundamental to the storage of
genetic information, site-specific recognition (proteins and enzymes) and structural
morphology of DNA. The genetic code is read linearly and in runs of three base-pairs
(termed a codon); from a specific start codon.?!* The information encoded within DNA
affords sequence dependent physicochemical properties (i.e. structural rigidity and
abilities to strand separate).?! DNA has naturally led to exploration by many scientists
as a means of depositing and storing man-made digital information. The storage
capacity of DNA has been theorised at 1.28 petabytes per gram or 1.8 bits of data per
nucleotide.?® The storage capacity is only limited by the length of DNA. Having many
thousands of replicates of encoded DNA information ensures the reliability of the
information retrieval against corruption. However, the downfall of such methods of
information storage is the speed at which information can accessed or written using
the technologies currently available. DNA specific enzymes, such as polymerase, have
measured to have a working rate of approximately 50 nucleotide base-pairs per

second.26

The insights gained into the fundamentals of genetics over the past 60 years have
gained a staggering amount of momentum and have since allowed for the plethora of
genetic advances. The discovery of various DNA structures which have been
visualised with alternative morphologies have been well characterised since the now
famous 1953 publication by Watson & Crick.?” B-DNA, A-DNA, and Z-DNA are all
polymeric structures that exists as a double helices (Figure 1.2).2” These can each be
imagined as a simple straight ladder. Ribonucleic acid (RNA) typically differs itself from
DNA as it tends to exist as a base-paired folded single strand polymer; double-
stranded sequences have however been observed. The crucial physical and chemical
differences in the biological properties of DNA therefore dependent on their base

sequence.
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Figure 1.2 Top and side on views of crystal structures of A-, B- and Z-DNA.?8

*Reproduced with the permission of John Wiley and Sons.

The most common and well described conformation of DNA is the B-form. The
structure exists as a linear right-handed intertwined double-helix (1.9 nm dia.) with a
complete rotation every 3.4 nm (antiparallel confirmation) around a common helical
axis, approximately ten base-pairs (36° rotation per base-pair). This is also referred to
as a plectonemic coil. Major and minor grooves exist along the duplex, enabling
sequence specific protein interactions. The grooves allow gaps for protein-

nucleobases back-end interactions.23

A-form DNA exists as a right-handed helix (1.9 nm dia.) with a complete rotation every
11 base-pairs (33° rotation per base-pair). The major differences between A- and B-
form DNA exist in the conformation or pucker of the sugar group (Figure 1.3). A-form
DNA exists in a C3-endo (syn- base orientation) conformation, whilst B-form exists in
a C?-endo (anti- base orientation).?® This has the effect of reducing the distances
between adjacent nucleotides in A-form DNA by approximately one Angstrom when

compared to B-form. A second major difference is the positioning of bases within the
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helical core. In B-form the bases are central to the helical axis, however, in A-form they
are displaced towards the major grooves, resulting in a ribbon-like helix with a more

open core.

C2’ endo Sugar Pucker C3” endo Sugar Pucker

Figure 1.3 Guanosine (deoxy) displaying a C? (LHS) and C® (RHS) endo sugar
pucker confirmations found in B- and A-forms of DNA respectively.?® *Reproduced
with the permission of Springer Nature.

Z-form DNA exists as a significantly different left-handed helix (1.9 nm dia.) with a
complete rotation every 12 base-pairs (30° rotation per base-pair). The helix has a
pronounced “zig-zag” pattern, hence the Z- conformational assignment. Interestingly,
small portions of DNA within a cell can exist in this Z-form by having runs of alternating
GCGCGC sequences. This is due to G-nucleotide have a different conformation when
compared to traditional B-form DNA. Guanine (G) is in the Syn-conformation due to
the C3-endo sugar pucker.?® To accommodate the out of centre G-base position the

structure distorts to allow H-bonding with its complementary adjacent C-base partner.

Ribonucleic acid (RNA) is similar to DNA in many ways, however its biological role
involves the coding, decoding, regulation and expression of genes. Its most
pronounced difference from DNA is uracil (U) in place of thymine (T). RNA primarily
exists as a single stranded molecule, however, double stranded regions caused by

back folding are similar to A-form geometries.
1.3. The Synthesis of Oligonucleotides

Synthesis of oligonucleotides has become widely automated over the past few

decades. For most applications, very small quantities are required, usually 40 nmol
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scale or lower, however larger scales (synthesis of multi-kilograms) are achieved using
solid-phase synthesis. These solid-phase methods were originally pioneered by
Marvin Caruthers in the early ‘80s and has since become the industry standard for
oligonucleotide preparation.™%30 The phosphoramidite oligonucleotide synthesis
occurs with sequential growth in the 3’ to 5’ direction from a solid-support, where each
cycle or solvent wash adds one additional nucleotide unit to the sequence. The
phosphoramidite oligonucleotide synthesis cycle consists of six steps outlined in

Figure 1.4 below attached to a solid support.

The oligonucleotide synthesis begins with detritylation of the support-bound 3'-
nucleoside. The first chosen unit protected nucleic unit (A, C, G or T) at the 3’-end
comes pre-attached to a resin support with a 5’-(4,4’-dimethocytrityl) (DMT) protecting
group. DMT prevents polymerisation during resin functionalisation. Protecting group
therefore must be removed prior to oligo-synthesis; removal involves trichloroacetic

acid as an acid catalysed detritylation.

Following detritylation, the support-bound nucleoside is ready to couple with the next
nucleic unit (step-1) added as a nucleoside phosphoramidite monomer (in excess).
The phosphoramidite monomer is first activated using a tetrazole catalyst which
displaces the protonated diisopropylamino group generating an ideal leaving group
which is easily displaced by the 5’-hydroxyl group of the support-bound nucleoside, the
newly formed phosphorus-oxygen bond generates a support-bound phosphite
trimester. This process is remarkably efficient with reasonable yields of around 99.5%,
however any remaining unreacted 5’-hydroxyl groups left unchecked could potentially
react in following coupling cycles leading to a mutation or base-free unit in the desired
oligo. To prevent this from occurring, step-2 introduced a “capping” step to block any
remaining 5’-hydroxyl groups. A mixture of acetic anhydride and N-methylimidazole
(NMI) dissolved in tetrahydrofuran produces an electrophilic mixture which rapidly
acetylates alcohols rendering any 5’-hydroxyl groups inert to subsequent reactions. At

this stage small quantities of pyridine are added to maintain a basic pH.

The newly created phosphite-triester (P"") formed during step-1 is relatively unstable

to acids and therefore requires oxidation during step-3 using iodine (in the presence

T Not to be confused with the 1984 Nobel prize winner Bruce Merryfield’s method, which also relies on
solid-phase chemical synthesis developed in the 1960’s.
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of water and pyridine) to produce a stabilised (PV) species. The resulting
phosphotriester is now analogous to that of a DNA-backbone. The 2-cyanoethyl group
prevents any undesirable reactions from occurring during subsequent synthesis
cycles. Step-4 repeats the detritylation (deprotection of the DTM) at the 5’-end of the
newly added nucleoside so that subsequent additions can occur. At this stage, Steps-

1-4 are repeated until the desired oligonucleotide sequence is achieved.

Step-5 involves the removal or cleavage of the oligonucleotide from the resin support
at the 3’-end is achieved using ester hydrolysis using ammonium hydroxide. Heat is
finally applied in step-6 to the now ammonia-dissolved oligonucleotide to remove the
protecting groups from the heterocyclic bases and/or phosphate groups. High
performance liquid chromatography (HPLC) techniques are generally used in a final

purification step.
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Figure 1.4 The phosphoramidite method of oligonucleotide synthesis (DMT, 4,4'-
dimethoxytrityl and NC, cyanoethyl protecting groups).1-30

1.4. The Sequence Dependent Structures and Conformations of DNA

The sequence dependant structures of both DNA and RNA have led to the discovery
of several secondary structures. These include cruciform, H-DNA (triplex-DNA),3! G4-
DNA (quadruplex),®?33 origami,®*37 hairpin,®®4! dumbbell*>-* and slipped strand
DNA% (Figure 1.5).4°
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Figure 1.5 Examples of secondary DNA structures; a) H-DNA (triplex DNA),3! b) G4-
DNA (quadruplex),3?:23 ¢) origami DNA,3*-37 d) hairpin®-! and e) slipped strand
DNA%.

Of these, hairpin (also known as Stem-Loops) are particularly interesting due to their
potential applications in numerous auto-assembly based*' or encapsulation type
situations. A hairpin is a short secondary structure generated from the folding of single
nucleic acid strand and consists of a base-paired stem and a loop with unpaired
nucleotide bases.®® A hairpin loop forms when two regions of the same nucleic single-
strand (complementary when read in opposite directions) base-pair or hybridise to form
a double helix which ends in an unpaired loop. The resulting secondary structure has
been thought to be key to a number of biological mechanisms found in nature, e.g.
gene expression*® and regulation*’, ribozymes (RNA enzymes) and messenger-
RNA.3® Several studies have confirmed their existence by spectroscopic and
calorimetric means. Metal-induced folding of DNA into hairpin structures has long been
postulated to be an effective method of heavy-metal-ion encapsulation towards

sensing, logic gates or nanoscale materials construction.1:48-54
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1.5. M-DNA - Silver-Pyrimidine Chemistry

Metal lons are critical to many biological and chemical processes. Over the past few
decades, the use of DNA-based routes towards nanomaterials have been actively
pursued. While the main biological purpose of DNA is genetic storage of information,
its chemical structure lends itself towards a plethora of metal binding possibilities.>
This is achieved by either the phosphate backbone or nucleobase subunits. DNA
possesses many remarkable traits, such as being highly stable, cost-effective and
easily modified. DNA is therefore a fitting tool for the development of nanotechnology
or materials. Numerous examples exist of metal-ions being used to functionalise DNA
— M-DNA (metallo-DNA) giving them conductive®6-%4, magnetic® or luminescent®>:6
properties. Transition metals in particular occupy a large proportion of the elements
present on the periodic table and are of great analytical importance. Many transition
metals can readily lose their bound water ligand for inner-sphere coordination, resulting
in a high binding affinity for DNA.% Many non-specific interactions between DNA and
transition metal ions have been studied by a variety of techniques showing a
preference towards nucleobase binding rather than the phosphate backbone. The
general affinity for divalent metal cations follows: Hg" > Cu" > Cd" > Mn'' > Ni" > Co' >
Fe!' and Au'= Ag' for monovalent cations.>>%” Such M-DNA systems have extensively
been investigated towards the development of nanoscale materials; i.e. heavy metal

sensors,®>%8-'0 nanowires,3°%71 nanoparticles or clusters’2-"".

Metal-nucleobase interactions have been studied for the past 70 years, since divalent
mercury cations (Hg") were found to coordinate strongly with thymine-rich
polynucleotides.”®7® The discovery initially saw little impact owing to the inherent
toxicity of mercury ions limiting its application. In 2002 Tanaka et al. demonstrated that
silver ions possessed similar characteristics, allowing for coordinated across a C-C (C:
cytosine) pyrimidine mismatch within a DNA duplex.?° Their work demonstrated the
exchange of natural G-C Watson-Crick type base-pair with a mismatched C-C pairing
capable of coordinating across a silver ion (C-Ag*-C).2%8% Unlike many naturally found
metal counterions (K*, Na* and Mg?*) which preferentially bind to the negatively
charged phosphate backbone, Ag' and Hg" bind to the endocyclic N-donors of the
heterocyclic bases. In a metal-mediated base-pair, the hydrogen bonds across a
canonical base pair are formally exchanged by coordinate bonds across a metal-ion
within the duplex.8! The reduced size of pyrimidines when compared to purines allows

for a gap (4.4 A), large enough for a single Ag' and Hg" ion to be selectively
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incorporated into the core of helix.”®8283 QOther transition metal ions have since been

reported to have similar interactions with DNA, such as U-Pt"-U8 and C-Zn"-G®, The

term bio-coordination have since been used to describe these types of metal-

nucleobase interaction.86
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Figure 1.6 Examples of metal mediated/modified base pairs; a) C-Ag'-C, b) T-Hg"-T,
c) U-Pt"-U and d) C-Zn"-G.#"

These particular types of metal-nucleobase interactions can be further sub-categorised

into metal mediated or metal modified base pairs (Figure 1.7).8” The former is

observed by insertion of a metal ion between a non-interacting mis-pair or base

surrogate pair (i.e. C-Ag'-C and T-Hg'"-T). The latter occurs between a hydrogen

bonded base pair. (i.e. G-C, A-T or A-U). The term metal modified base pair has been

further extended to include larger metal-nucleobase aggregates such as triplets and

quartet complexes.?’
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Figure 1.7 Metal mediated (top) vs. metal modified (bottom) base pair.8’

1.6. Ag-Pyrimidine Interaction

The discovery of these inner-duplex coordination modes, again, initially saw little
impact, yet over the past decade has experienced a renaissance within the scientific
community.*687-90 Applications in materials science, biotechnology and analytical
sensors became viable as costs associated with oligonucleotide synthesis reduced.
Recent efforts to structurally characterise Ag'-DNA systems have since led to the
discovery of several new coordination partners beyond just the traditional CN3-Ag-CN3
coordination motif. The scope of natural nucleobase coordination partners of Ag' now
includes; CO2-Ag-CN3 CN3-Ag-AN6, TN3-Ag-TN3, UN3-Ag-UN3, GN3-Ag-GN3 and GN3-Ag-
CN3 (Figure 1.8).82:86-94
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N1-blocked cytosine predominantly occurs in the amino oxo tautomer form as in DNA.
Other rare tautomers exist and are associated with mispairing or mutagenesis within
the nucleus of a cell. Metal binding sites (N1-substituted) include O2?, N3, N4 and C>.
Binding at the N* and C® positions requires the loss of a proton which can occur.
Aqueous Ag* cations are very weakly acidic (pKa 11.9), which means they cannot
readily deprotonate nucleobases and are therefore expected to bind through the loss
of aqua ligands with unprotonated donor sites.8” This feature is reflected in the highly
specific N® binding motif with cytosine. Relatively little is known about these
mechanisms, nevertheless it is likely that electrophilic attack of the metal ion occurs
and subsequent formation of N3 bound silver-cytosine complex (Figure 1.9). The role

of the aqua ligands remains unclear, with some speculating the existence of a third

Ag*-OHz interaction or ligand stabilising role.%
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Figure 1.9 A theorised mechanism towards the formation of the [Ag'-(N3-cytosine)z]

coordination complex.

The coordination between the N3-donor of cytosine and silver ions is further
understood by considering Hard and Soft Acid and Bases (HSAB) principle. Ag* is
regarded as a soft-acid, due to its large ionic radius (>90 pm), low positive charge,
completely filled atomic orbitals in its valence shell with low energy LUMOSs. In contrast
the N3 amino group is an intermediate-base, with a large radius (>170 pm), highly
polarizable and low energy HOMO. The alternative coordination sites N1, O2 and N*
are harder-bases when compared to N3. Therefore, to satisfy the soft-acid to soft-base
binding principles Ag would tend towards the softer N3 group when forming a covalent

complex.

1.7. Ag-Nucleobase (Cytosine) Complexes

The earliest example of a “modified” metal-mediated base pair was discovered to exist
by X-ray diffraction in the solid state between silver ions and an alkylated cytosine
base, specifically 1-methylcytosine, was published in 1979 by Marzili &
Kistenmacher.®® Surprisingly, the metal mediation observed did not exclusive show
coordination to the amino N2 donor site, but, involved the exocyclic O?acceptor (Figure
1.10). The inclusion of the carbonyl coordination (O2-Ag-N%) allowed for a 1:1
stoichiometry  forming eight-membered macrocyclic dimers, [Ag'-(1-
Methylcytosine)(NO2)]2. The Ag---Ag distances are 3.34 A within the dimer, and 3.64 A
to the nearest neighbour, generating a “zig-zagged” run of metal-ions or “pillars”
through the crystal lattice. The ligands or bases of the dimers are offset by 1.4 A in
height but are coplanar.
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Figure 1.10 Molecular structure for [Ag'-(N3-1MeC)]2 showing a dimer within the unit

cell (P1). NOz anions removed for clarity.%

By changing the stoichiometry from 1:1 to 2:1 (ligand to metal ratio) Frontera and
Galindo et al. have since both demonstrated a fundamental change in the binding
mode from N3,02 (N3-Ag'-02) to purely N3 (N3-Ag'-N3).1%0 This binding, for obvious
reasons, is a more appropriate mimic to that of natural C-rich or C-homo M-DNA.

The second example of silver N3-bound to a modified nucleobase which was recently
published by the Frontera group, demonstrates another helical structure involves the
C*-Ag-C* (C*: N3-methylcytosine) binding motif (Figure 1.11).1%° The bis-complexes
form a right-handed helix (35.7°) very similar to that of natural DNA (~36.0°). This is
one of only two known modified nucleobase system (synthetically manufactured) to
express a helical disposition upon metal-binding. The tendency to form a double helix
in the absence of a sugar (ribose or deoxy-) or phosphate group is intriguing. The
Ag---Ag distances are very short, ranging between 2.9 — 3.0 A, varying slightly down
the long unit call c-axis. The bases adopt a cisoidal arrangement allowing for n-nt
interactions. The twisted orientation of bases allows for diagonal intermolecular
hydrogen bonding to occur between the carbonyl (O%) and amino (N*4) groups of
neighbouring complexes above and below. These synergistically (inner-helix)
stabilising interactions allow for the formation of a double helical structure analogous
to that of natural DNA.
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Figure 1.11 Molecular structure for [Ag'-(N3-1MeC)2] showing two instances of the C-
Ag*-C complexes stacked and stabilised through intramolecular O2-H-N* hydrogen

bonding and Ag---Ag argentophilic interactions.1

The Terrén & Frontera group found a consecutive stacks of C*-Ag-C* (C*: NI-
hexylcytosine) bound through N3-coordinations at the expected 2:1 (ligand-to-metal)
stoichiometry gave [Ag'-(N-hexylcytosine)z]* in the solid state (Figure 1.12).86 By
extending the modified alkylated site to a hexyl substituent, very little about the
fundamental helix changes, as perhaps could be expected. The monomeric bis-
complex (C*-Ag-C*) units stack to form a double helix analogue the previously
mentioned [Ag-(1MeC)z]* complex. Both right- and left-handed helical senses (~33°)
are observed in the solid-state. Ag---Ag distances are fairly unremarkable at 3.1 A. The
solid-state helical assembly is driven by alternating intramolecular hydrogen bonding
between the exocyclic O? acceptor and the N4 donor sites of neighbouring complex
ions. This method of interaction orientates the ligands to be near perpendicular across
the metal ion centre. The alkylated nucleobases show an identical tendency to

orientate in a cisoidal geometry relative to their adjacent coordination partner.

25



Figure 1.12 Molecular structure for [Ag'-(N3-(N1-hexylcytosine)2] showing two
instances of the C-Ag*-C complexes stacked and stabilised through intramolecular

02-H-N* hydrogen bonding and Ag---Ag argentophilic interactions.%!

A third example, published in 1992 by Menzer, Sabat and Lippert describes the
structure of a silver-nucleobase complex involving methyl derivatives of both cytosine
(1-methylcytosine) and adenine (9-methyladenine) to form [Ag'-(1-MeCN3)(9-MeAN7)]
(Figure 1.13). The central coordinating silver cation binds strongly across the
endocyclic N3 position of cytosine and N7 of adenine, with distances of 2.13 and 2.12
A respectively. This arrangement allows the ligands to be nearly coplanar, granting an
intramolecular H-bond between 02 (MeC) and N6 (MeA) (3.05 A). A stabilising eight-
membered macrocycle is formed. It's interesting to note that the purine adopted a
reversed Hoogsteen type conformation, which allows the N¢ of the MeA and OZ2 of MeC
to interact while retaining a near linear 180° coordination geometry across silver cation
centre above (166°). It is conceivable that Ag'-(N3-MeA) could be possible forming a
complementary hydrogen bonded arrangement, however the N6-O2 interactions would
lead to a bent conformation across the N-Ag-N coordination. This crystallographic
example further illustrates the affinity for silver to coordinate at the N3-site of cytosine,

whilst expanding repertoire of nucleobases-silver interactions.
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Figure 1.13 Molecular structure for [Ag'-(1-MeCN3)(9-MeAN7)].102

Until very recently, any reports of natural nucleobase-silver complex were surprisingly
absent from the literature given the current surge of interest surrounding metal DNA
and its synthetic derivatives. In many ways that is understandable, given that modified
analogues were often far easier to grow single crystals for structural characterisation

using X-ray diffraction.

Despite the lack of structural clarity surrounding unmodified, C-Ag'-C, silver-cytosine
complexes outside of a duplex, numerous computational and spectroscopic studies
have been produced in attempts to address this short-coming. Lopez-Acevedo et al.
used DFT-based quantum mechanics/molecular mechanics methods in the gas-phase
to interrogate the structure and H-bonding within a silver-cytosine tetramer; consisting
of two closely positioned N3 bound C-Ag'-C complex ions.1% By changing the Ag---Ag
distances between 2.8 — 4.4 A they observed both inter- and intra-molecular hydrogen
bonding across the adjacent N4 and OZ2 groups respectively. This simulation predicts
that the closely arranged complex ions (with distances around 2.8 A) could stack to
form a series of 1D chains within the solid state supported by stabilizing intermolecular
H-bonding, as observed in the modified [Ag'-(N3-1MeC)2] complex. However, if the
metal-metal distances are greater, the stabilising H-bonding occurs intramolecularly.
This would likely form independent complex ions in the solid state. These simulations
use the assumption that the transoidal orientation, not cisoidal, has the lowest energy

ground state as calculated previously by the co-author Gwinn et al. (Figure 1.14).%!

27



Cisoid Transoid

Figure 1.14 Cisoidal (Cis) and transoidal (Trans) structural variations of linearly

flanking N3-bound cytosine bases about a central silver(l) ion.

Ono et al. conducted a comprehensive determination of the base pair arrangement for
a silver(l) mediated cytosine-cytosine base pair using *H/*°N/1°Ag NMR spectroscopy
in solution.®* Their results showed, particularly those from the 1°N experiments, that
the triplet resonances of the exocyclic N* heteroatoms in a C-Ag-C complex existed as
an amino group (-NHz). No isomerization and/or N4-Ag coordination was found to
occur. At the time of publication, these findings directly discredited Wang et al.,% who
proposed an alternative binding motif involving metal coordination at both the N2 and

02 sites based on UV-melting curves (Figure 1.15).
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Figure 1.15 a) Structure of C-Ag'-C with a N3-Cisoidal arrangement of the complex
ion. b) The proposed structure by Wang et al. displaying N3, O2 coordination to the
central metal ion.1% ¢) The most probable isomerized (deprotonated) structure for a

N3-cisoidal silver-cytosine complex ion.1%4

1.8. Ag-Nucleoside (Cytidine) Complexes

To date, no silver-cytidine (nucleoside) complexes have been crystallographically
characterised outside of the work conducted in this thesis. It is speculative to assume
a similar N2 binding mode would exist, given the preference for such interactions as a

bis-complex discussed previously.
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1.9. Ag-Nucleotide (Cytidine-5’-Monophosphate) Complexes

Cytidine-5’-monophosphate (CMP) has little literature presence as a coordinating
ligand, however, it has typically generated polymeric coordination complexes.196-109 |t
has also been noted to be a good supramolecular inducer of chirality.1%6-1%8 Terrén &
Frontera recently reported the first crystallographic structure in the solid state for a
silver(l) complex coordinated to the natural ribose nucleotide; CMP (CCDC no.
1562883).110 A 1:1 stoichiometry allows for the coordination of the Ag* to CMP via both
the N3 and OZ2 heteroatoms of flanking cytosine ligands and O7 of the phosphate group
from a neighbouring complex (Figure 1.16). In many ways, the N-, O- binding motif is
reminiscent of the very early base-modified example, [Ag'-(N3-1MeC)]. discussed
earlier. The interconnectivity of the phosphate forms a 3D coordination polymer
composed of continuous “zig-zag” runs or pillars of silver ion chains permeating down
the c-axis, [100] (Figure 1.17). The Ag---Ag distances are remarkably short at 2.99 A
suggesting argentophilic interaction. Adjacent nucleobases have a plane twist of
approximately 90° when looking along the b-axis as a consequence of the short Ag*-
Ag* distances. The ribose sugar group exists in a 3’-endo ‘N’-twist conformation. Its
chiral metal-organic framework (MOF) or crystal lattice yields further interesting solid-
state properties, such as large channels or pores which incorporate solvent into the

interior.

>

Figure 1.16 Molecular structure for [Ag'-N3,02-Cmp] focusing on the interactions

between the endocyclic N3 donor and exocyclic O2 acceptor with Ag* (02-Ag*-N3).110
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b)

Figure 1.17 a) Top down [100] packing and b) side-sectional view of [Ag'-N3,02-
Cmp] highlighting the contiguous silver ion “zig-zag” 1D pillars within the crystal

lattice.110

The weaker Ag*-O” phosphate coordination critical for the three-dimensional lattice
assembly could be susceptible to cleavage (by chemical or mechanical means),
allowing access to lower one- or two- dimensional architecture. Access to molecular
sheets or fibres bearing continuous runs of 1D silver chains could yield novel material

properties.

1.10. Ag-Oligonucleotide Complexes

The second crystallographically determined structure from a single crystal involving
natural metallo-base pair across pyrimidine bases C-Ag-C was formed within RNA 11!
Kondo et al. used a dodecamer r(* GGACU[dCB|GACUCC3) (dCB = 5-bromo-2’-
deoxycytosine) (Bold = metal-mediation C-C mismatched sites) designed to be a self-
complementary duplex containing two mismatched cytosine-cytosine base pairs
(Figure 1.18). The dodecamer has modified B'C units at the fifth position to avoid phase
issues during crystallisation, i.e. the loss of information during high-resolution
diffraction of the crystal (<1.2 A). Metal-mediation of the silver(l) ions occurs between
these two mismatched sites generating the familiar linear (177-180°) bis-coordination

across the silver(l) ion. Both instances display cisoidal coplanar orientation with Ag-N3
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distances of 2.2 — 2.3 A. The propeller twist angles of the two metallated sites is
relatively large (-27 — -29°), compared with that of naturally duplexed A-form RNA (-
129).
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Figure 1.18 The secondary (a) and crystal structure of the silver-mediated RNA (A-
form) duplex. The helix features two C-Ag-C coordination modes which do not
interrupt the conical Watson-Crick base pair hybridisation.''! *Reproduced with the

permission of John Wiley and Sons.

Following the publication of the metal-mediated RNA structure, Kondo et al.®
successfully determined the structure for a short dodecamer DNA hybrid duplex (Right-
handed antiparallel, B-form) bearing a continuous one-dimensional array of
uninterrupted silver ions in-place of the core Watson-Crick base pairing (Figure
1.19).9° Ag-Ag distances are between 3.1 — 3.4 A (average 3.2 A). Unlike any of the
previous C-Ag-C examples, they have demonstrated a range of alternative
coordination modes; G-Ag-G, G-Ag-C and T-Ag-T. The binding types described here
open up the range of possibilities for Ag-mediated systems. The authors went to some
length to describe this system as a molecular wire without sufficient cause. The
contiguous array of closely aligned silver ions along the helical axis was thought to
allow electron transport, analogous to a wire, however such properties have yet to be

experimentally tested.

31



2 3 12 s
= P s

Figure 1.19 The crystal (a) and secondary (b) structure of the silver-mediated DNA
d(GGACT(B'C)GACTCC) forming a B-form duplex. The helix features an
uninterrupted array of silver ions down the c-axis, [100]. Metal-mediation is observed
across C-C, G-G, G-C and T-T base pairs.®® *Reproduced with the permission of

Springer Nature.

Despite the high level of interest in silver-oligonucleotide systems, examples with
crystallographically determined structures are few. This is due to in part the dynamic
irregularity of DNA leading to high entropy, which is not conducive to regular alignment
within a lattice necessary for the formation a crystal. Fortunately, many other
spectroscopic methods (CD and ESI-MS) have become well established tools for the
analysis of bonding events when forming M-DNA. One such example, by Dickson et
al., has shown the capture of silver ions within a short homo-C oligonucleotide, dC12.112
Their investigation focused on a homo-C 12mer (dCi2) oligonucleotide that readily
coordinates with a 6:1 addition of Ag* in an aqueous solution. Their results conclude
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that interactions between the two occur, as observed by multiple new species in the
MS correlating to 2 - 7 bound Ag* per oligo (Figure 1.20).
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Figure 1.20 ESI-MS data directly from Dickson’s publication showing the formation of

multiple species relating to (a) Ag™:dCi2 complex in solution and (b) Ag*n:(dCi2)2
forming duplexed M-DNA species. The Na* adducts are stabilized by the high
negative charge density of the phosphodiester backbone (inset (c) illustrates a metal-
mediated ladder of the M-DNA system).'1? *Reproduced with the permission of ACS

Publications.

In summary, such direct techniques can readily detail interactions between the

oligomer and metal ion. Based off these findings, we can further expand the range of
and complexity of oligo substrates as demonstrated by the authors.? It is plausible that

the species observed in Figure 1.20 formed a hairpin loop structure; in keeping with a
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2:1 C-Ag stoichiometry. Unfortunately, the structural details were not probed further.
Calorimetry experiments (e.g. Isothermal titration calorimetry) would be able to quantify
Ag'-C binding events and therefore be able to deduce if a single bonding/coordination
event occurred versus two; as expected in the C-Ag*-C bis-complexation. A frame of
reference would be required to quantify the amount of energy liberated or absorbed for
a single Ag-C coordination event. From this, the number of coordination evens per
oligo could be used to determine the exact quantity of bonds per Ag*. Two binding
events per oligo (2:1) would be indicative of a hairpin; the oligo folds to form a loop
which facilitates the second C-Ag*-C interaction. If the measured enthalpy of the
system only represented a single coordination per oligo, the system would be 1:1, and
therefore single site coordination. A single coordination would not be conducive

towards hairpin formation.

Dickson et al. made use of these Ag™:dCi2 complexes by subsequently chemically
reducing the metal ions using BHa', yielding silver nanoparticles/clusters as evident
from the number of transitions in the fluorescence and absorption spectra (typically
observed in the range 200 and 400 nm). Various other research groups have used this
approach to obtain stabilised few atom nano-clusters (NCs) or -particles (NPs).
Recently, the Dickson group has published crystallographic evidence of silver
nanocluster (NC) formation, templated on a DNA scaffold. Fluorescent Ags clusters
were stabilised upon a multistrand mismatched DNA scaffold (sequence: AACCCC or
A2Cj4) yielding [(A2C4)2Ags] (Figure 1.21).113 The crystal describes a short duplex or
double stranded structure with two different metal-binding regions, the first involves
three metal mediated C-Ag-C sites bound through the expected endocyclic N3
heteroatoms and the seconds region is composed of a rarely observed N,O bonding
motif. The silver ions, which are found as a linear run when bound across cytosine
ligands (2:1 ratio), changes to adopt a “zig-zag” arrangement (1:1 ratio) as they
approach and coordinated between adenosine (A) sites. Binding alternates between
the exocyclic N6 and endocyclic N! donors. Ag---Ag distances within the adenosine
region are shorter than found between cytosine bases, at ~2.9 A vs. ~3.1-3.4 A.
Fluorescence is observed from the crystal when excited at 405 nm. Emission shift from
blue to green upon chemical- or photo-reduction yielding a ~100-fold increase in
emission intensity owed to NC formation. The stability and structural features
described by DNA-templation offer an intriguing route towards highly emissive

biomolecules-metallocluster systems.
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Figure 1.21 a) The crystal and structure of Dickson’s fluorescent Ags clusters

templated upon a multistrand mismatched DNA scaffold yielding [(A2C4)2Ags]. The b)
adenosine and c) cytosine silver binding regions. d) The DNA-host conformation
dictated by the silver interactions.'!® *Reproduced with the permission of ACS

Publications.

1.11. Application of M-DNA Systems Based on Silver-Pyrimidine Coordination

1.12. Nanoparticles or Clusters

Nanoparticles (NPs) are zero-dimensional particulates with core sizes ranging from
10-100 nm and have attracted a huge amount of attention over the past decade due

to substantial size-dependent differences versus their bulk counterparts.'#115 Bulk
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metals are excellent conductors, due to the freely delocalised electrons in the
conductance band. NPs have been shown to display intense colour, due to their
surface plasmon resonance caused by the collective oscillation of the conductance
electrons interacting with light. Their size dependent properties give them a diverse
portfolio of potential applications in nanoscale catalysis’®, data storage, molecular

imaging'®, biosensors, drug delivery’® and nanomedicine.’3114.115,117

Sub 1 nm particles consisting of several to tens of atoms or molecules are called
nanoclusters (NCs), quantum clusters/dots (QCs/QDs) or metal clusters.”6118 At these
size-regimes the electronic levels are discrete as they possess sizes comparable to
the Fermi wavelength.1’® The electrons of metal atoms are confined in molecular
dimensions allowing for molecular or single atom like energy gaps compared to the
continuous band experienced by bulk material (Figure 1.22). Its these discrete energy
levels that allow for electronic transitions lead to strong photoluminescent due to
guantum confinement effects, differentiating them from their larger NP (nanoparticle)
counterparts. This is due to the loss of their size-related plasmonic properties. The loss
of the plasmon resonance is due to the discrete level structure. If there is a discrete

level structure, the valence electrons are no longer in a metallic state.!*®

Discrete molecular-like electronic transitions, size-dependent photophysical properties
(luminescence) and in some cases magnetism have generated a wide array of interest
in the synthesis of atomically precise cluster with a high monodispersity. The catalytic
properties of clusters, both supported and unsupported, have been extensively
explored.18-121 A range of noble metals (ruthenium, rhodium, palladium, silver,
osmium, iridium, platinum and gold) have been investigated including their alloys. The
size regime of NCs however, presents a unique challenge for chemists as they are far
more difficult to synthesis and characterise when compared to their larger NP

counterparts.
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Figure 1.22 Size effects on metals, showing continuous bands of energy levels for
bulk and nanoparticles, discrete energy levels for nanoclusters which bridge the gap
between single atoms and nanopatrticles allowing interactions with light by electronic

transmission.?? *Reproduced with the permission of Springer Science + Business

Media.

Several protocols exist for the synthesis of NCs with the aim of controlling cluster size,
shape or functionality. Methods usually fall into two categories, bottom-up or top-
down.”6:118 A traditional bottom-up technique, known as the Brust-Schiffrin method, by
Brust et al. use a two-phase synthesis (org/aq) utilizing a phase transfer agent moving
the metal ion precursor into organic phase generating thiol capped nanoparticle.1?3
Alternative bottom-up methods usually rely on wet chemistry methods reducing a
metal-ions in the presence of ligands to achieve clusters, which incorporate: radiolytic,
electrochemical, microwave assisted, microemulsion, solid state, sonochemical,
photoreduction and template-based routes.”® Top-down methods rely on the

manipulation of bulk materials, i.e. ligand-exchange or etching from larger NPs.”®

Various methods have been used to stabilize NCs that include monolayers (Thiol
capped, oxide layers),115123-126 gcaffolds (Dendrimers, polymers, short molecules,
DNA, proteins and peptides)810.16.122127-129  and  microemulsions!®®-134, DNA in
particular has been shown to be a very effective scaffold due to the unique relationship
observed through metal-mediation. The ability to design and build oligonucleotides
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using “bottom-up” assembly techniques affords the opportunity to package atomically
precise numbers of atoms.*? Microemulsions have become a very attractive method
of maintaining NCs in solution as they offer a physical barrier against aggregation of

the particles.

I's those highly sensitive dimensional properties that give nanoclusters the ability to
be tuned effectively by their core size. Dickson et al. generated a series of Ag-NCs
encapsulated in single-stranded DNA (ss-DNA) that when reduced, generated a range
of controlled Ag-NCs sizes which exhibited IR, red, green, blue and UV emissions.1:135
Bigioni et at. demonstrated how absorption was linked to particle core size in gold and
silver bound nanoclusters with glutathione ligands using electrophoresis to separate
bands containing “magic-numbers” of atoms.13® Magic-number theory was developed
to explain the tendency (narrow size distribution) and stability for certain cluster
sizes.136.137 A reduction in a clusters surface energy exist more for certain sizes of
cluster than those with semi-stabilized magic humbers (also known as the Jellium
model3.139) therefore a larger number of these clusters persist in a in solution. 76:115.140
Without further stabilization those NCs tend to aggregate irreversibly which reduces
their individual surface energies. Those larger aggregates with stabilised energies form
NPs or bulk material. One interesting method of avoiding this would be to isolate the

newly formed NPs within a microemulsion.134
1.13. Molecular Wires

Molecular wires or nanowires (NWSs) are a highly active area of research due to their
potential application as electrically conducting (including semi-conducting and
insulating)!?14.15,56,62,141,142 “ sensing®’’ or biomedical materials of the future.>'* From
both an academic and industrial perspective such one-dimensional (1D) materials offer
unique properties of value. To date, examples of molecular wires exist using Silver
(Ag), Gold (Au), Copper (Cu), Zinc (Zn), Platinum (Pt), Palladium (Pd), Ruthenium (Ru)

ions.%6

NWs offer several properties owed to their dimensions, such as a high surface-to-
volume ratios (S/V), tunability and ease of preparation. Their finite or quantum size
effects present a basis for the investigation and exploration of novel and interesting
phenomena in physics, chemistry, biology and material science. Their large S/V can

often be found to offer superior sensing abilities that those found by traditional chemical
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surface techniques.'*® Furthermore, a tuneable bandgap has been observed for
materials small enough to induce quantum confinement. Unfortunately, this has often
been somewhat out of reach for many NWs as their dimensions are often too large in

achieving quantum confinement.

Two distinct classes of M-DNA molecular wire exist; Outer-helix and Inner-Helix
(Figure 1.23). The nomenclature effectively describes the interaction site between the

metal-ions and DNA.

a) b)

Outer-Helix : Inner-Helix
Templating Metal-Mediation

Figure 1.23 Methods of constructing M-DNA; a) Templating (a truly conductive
nanowire would possess a more complete coating of metallic particles than is

illustrated) vs. b) metal-mediation or molecular wire.

Outer-helix molecular wires are usually the result of metal-ions binding to the surface
or grooves around a DNA scaffold. These methods have also been described as
templating. Interactions can occur directly or indirectly through hydrogen bonding of
the coordinating water molecules surrounding the structure.'#* Alternatively, direct
coordination with bases via the major helical grooves (i.e. cis-platin4®) or with the
phosphodiester backbone.'4* Braun et al. first described the successful templating of
silver onto a DNA scaffold generating conducting nanowires that are 12 ym long and
100 nm wide. A three-step method was employed involving the selective localization
of Ag* ions, Ag*/Na* ion exchange and finally formation of the Ag* of the complex
between the DNA and ions. Subsequently, Richter et al. and Ford et al. have published
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work concerned with the metallization of DNA with palladium and platinum generating

nanowires using templating methods very similar method to those described.14142

Inner-helix molecular wires are generated through coordination bonds within the axial
core of DNA replacing the base pair hydrogen bonding interactions with metal-
mediation or metal-modified base pairing. Functionalising the core of DNA with a
continuous core of metal ions that are surrounded by Tr-stacked nucleobase units
stabilised by a sugar-phosphodiester backbone has become of particular interest due
to their precise composition and atom efficiency. It has been proposed that the
argentophilic interactions between axially adjacent metal ions can lead to the
compression of inter-pair bonding lengths from 3.4 to 3.3 A of B-form DNA.”® The
proximity generated by the attractive interaction between adjacent silver cations has
led to speculation of their election transport credentials.”® To date, no evidence exists
of conductivity from such functionalised DNA species with continuous silver ion core

despite two examples being identified.%°
1.14. Conclusions

This introductory chapter has described the key examples of silver-pyrimidine
chemistry following a survey of current and past literature. The materials and structures
discussed all share a unique affinity with Ag*, making them ideal model systems for
future M-DNA or nanomaterial applications. The use and scope of silver as a metal-
mediator has been explored across a range of cytosine analogues, highlighting its
preference to bind linearly across two endocyclic N-donor sites (C-Ag'-C) generally

forming bis-complexes.
1.15. Scope for Investigation

Whilst there exists several well-developed systems utilising the established C-Ag'-C
silver-DNA interaction outlined within this chapter, there are some concepts or
variations that are yet to be explored. Despite the resurgence of interest in silver-
pyrimidine chemistry, virtually all of the fundamental cytosine derived structures based
on natural DNA are notably absent from the literature or crystallography databases. It
seems prudent first to address these shortcomings. The structural details and nuances

may help design alternative M-DNA systems.
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The aim of manufacturing molecular wire with self-assembly characteristics would be
remarkable. To date, most molecular wires possessing conductive properties are
based upon a multi-step templating approach upon a non-conductive DNA scaffold. By
utilizing the highly specific silver-cytosine interactions, a molecular wire could be

achieved with in a single step.

Furthermore, the secondary structures of DNA offer a diversity of structural traits
applicable towards the fabrication of nanostructures. Hairpin loops for example, have
been designed as methods of accessing discreet metal packets of known quantity
suitable for controlled bottom-up nanocluster formation. Many of these examples
describe metal-coordination at a C-rich loop-region, yet the stem-region is equally

capable.
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Chapter 2.

Transoid and Cisoid conformations in silver-mediated cytosine base
pairs. Hydrogen-bonding dictates argentophilic interactions in the

solid-state.

This chapter is based upon the following publication:

Liam Mistry, Paul G. Waddell, Nick G. Wright, Benjamin R. Horrocks, Andrew
Houlton*, Inorg. Chem. 2019, 58, 19, 13346 — 13352
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2.1. Introduction

In recent years the interactions between silver(l)-ions and DNA have been of particular
interest; thought to offer a highly-selective bottom-up route towards the development
of functional biomolecular entities (Scheme 2.1), a promising avenue towards the
construction of complex functional nanoarchitectures.’™ Several reviews have
commented on their potential applications as biosensors for metal ions,®® single-
nucleotide-polymorphism (SNP) detectors,'? heavy-metal trappers, nanomachines,*!

molecular wires,'?-17 uniform nanoclusters formation'®-2! and logic gates?2-24,2526

Scheme 2.1 A depiction of M-DNA with a molecular diagram of the C-Ag'-C
coordination (C: cytosine).

Essential to these is the formation of the metal-mediated base pairs, C-Ag*-C. The
binding of Ag* to DNA was one of the earliest metal-ion nucleic acid interactions to be
investigated. Even from those initial studies, it was recognised to display sequence
specificity with nucleobase sites.*?7 Since then, the Ag*-N3 coordination has since
become well-established as a basis for metal-mediation across cytosine mis-pairs in
DNA.?52829 The d° electronic configuration of silver has shown a tendency towards
lower coordination numbers, often highly-linear (~180°). Recent studies have focused
this binding motif towards the generation of 1D materials.3°3! The physico-chemical
modifications observed in the metalation of DNA — M-DNA, extends their functional

repertoire.
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This pairing has recently been characterized using high resolution X-ray diffraction of
single crystals describing a range of natural and modified alkylated-nucleobases (see
chapter 1, introduction).1”3? Furthermore, several oligonucleotide sequences have
been characterised that display a wider range of additional coordination motifs,
including: G-Ag*-G, G-Ag*-C, T-Ag*T and BC-Ag*-C (®C - 5-bromo-2-

deoxycytidine).33-3%

In principle, there are only two conformations possible for the C-Ag*-C base-pair,
Cisoid (C) and Transoid (T) (Scheme 2.2). The transoidal arrangement is often cited
as preferred due to its complementary positioning of the hydrogen-bond donor-
acceptor sites.?>3¢ However, typical bonding distances between the two respective
groups is too large at ca. 4.5 A, for formal H-bonding. In fact, crystallographically
characterised examples of this type of coordination motif are exclusively cisoidal.
However, a notable is the lack of co-planarity exists between the ligands.133637

Two-coordinate Ag* are not confined to purely linear geometries e.g. bis-(6-phenyl-
1,3,5-triazine-2,4-diamine)-silver(l) nitrate,3 bis-(2-amino-3-methylpyridine-N)-silver(l)
nitrate,®® and bis-[2-(1-phenylethyl)quinolato]silver(l) percholate*® (Note: the defined
linear geometry is N-Ag-N >160°). In relaxing this conformational constraint, numerous
possibilities open up based on permutations of bent geometry and C or T
arrangements. These are illustrated in Scheme 2.2 as being Ciinear; Tiinear; Cbent-00;

Thoent; Chent-NN.
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Scheme 2.2 Structural variations for the metal-mediated [C-Ag-C]* base-pair based

on permutations of linear/bent coordination geometry and cisoid (C)/transoid (T)

conformation. These are short-handed as, from, left-right, top-bottom; Ciinear, Tiinear,

Chbent-00, Thbent and Cpbent-NN.

In this chapter, we sought to prepare and structurally characterise examples of the

recognised Ag*-mediated base-pair displaying as several alternative conformations. In

particular, we hoped to obtain examples of the theoretically (vide infra) preferred,

transoidal conformation. We chose to use the natural nucleobase, cytosine, as the

ligand with a range of common silver salts (AgNOs, AgBF4 and AgPFs) using a range

of crystallisation techniques. At the start of this investigation,

there were no

crystallographically characterized examples of this particular coordination motif

containing the unmodified nucleobase.
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2.2. Results & Discussion

Herein, we report three [Ag'-(cytosine)2] compounds isolated and structurally
characterised for the first time in the solid-state. The compounds displayed marked
differences in their molecular and intermolecular structures when compared to those
alkylated®33¢ or modified Ag*-mediated systems. Examples of both cisoid and transoid
orientations stabilised in the solid-state through intramolecular base-pairing are shown.
Furthermore, there is a notable absence of argentophilic chain formation within the
single crystal, something which has dominated the intermolecular interactions of these

derivatives.

The compounds were prepared by the reaction of cytosine (2 equiv.) with the
corresponding silver salt (1 equiv.) in water under standard laboratory conditions (273
K, 100 kPa). Crystalline solid material suitable for single X-ray diffraction was produced
using a range of techniques, evaporation, layering (without a buffer layer) and vapour
diffusion using acetonitrile as the antisolvent. A simplistic mechanism was proposed
below to explain the reaction (Figure 2.1). The Lewis base or tertiary (3°) N2 amine of
the cytosine ligand donates its lone-pair to the silver-ion or Lewis acid displacing the
counter anion, forming an acid-base adduct; N-Ag'-N. The N2 nitrogen has the highest
basicity (3° > 2° > 1°, N3 > N! > N4), as electron donation from the conjugated system

increases the nitrogen’s lone-pair availability to coordinate.

® /_\ I le
:NH NH2® NH, NH, O}_
NH
NH - N @ © J N S]
+ A — { —Ag— > | X
| (J\/& g X N Ag N\ Y,

N (o) HN
N2 _ﬁo HoN

(2 equiv.) (1 equiv.)
X: Anion (NO3, PFg, BF,)

Figure 2.1 A proposed mechanism towards the formation of bis-[Ag'-(N3-Cytosine)2]*.

Compounds 1 — 3 were characterised by single X-ray diffraction as: Cis-[Ag'(N3-
cytosine)2][NOs], 1; Trans-[Ag'(N3-cytosine)2][NOz]-H20, 2 and Trans-[Ag'(N3-
cytosine)2][PFe]-2H20, 3. Figure 2.2 depict their complex cations including any

associated solvent motifs. All three complexes exist as the suspected Ag* bis-species
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(N = 2) retaining silver’s preference for low coordination numbers. Binding occurs
exclusively through the N3- heteroatom donor following HSAB theory. Interestingly,
those solvent motifs dictate the bent/linear geometries and cisoid or transoid

orientation of the ligands.

a) % b) )YY C)\\r“'\—l
aate s

Cisoid Transoid 4/

Figure 2.2 Three silver-cytosine conformations found to exist via single X-ray
diffraction: a) Cisoid-[Ag'-(N3-cytosine)2][NOz], (1); b) Transoid-[Ag'-(N3-
cytosine)2][NOs]-H20, (2) and c¢) Transoid-[Ag'-(N3-cytosine)z][PFe]-2H20, (3). (Legend:
silver — Ag*, blue — N, red — O, beige — C and white — H, orange — P, green - F).

Cisoid-[Ag'-(N3-Cytosine)2]*[NOz], 1 (Figure 2.3), was prepared in an aqueous
solution of cytosine and silver nitrate at a ligand-to-metal-ion ratio of 2:1. The solution
was kept at room temperature avoiding exposure to ambient light where possible.
Crystals were encouraged to form from a saturated solution within a closed system;
yielding colourless crystals of 1 after 7 days. The complex exists in a cisoid-bent (Cbent)
conformation bound through the expected N3-Ag-N3 sites (bend angle — 158.79(10)°,
N3-Ag distance: 2.170(3) and 2.173(3) A). The base-plane twist angle is 13.90(12)°,
likely due to the repulsion between carbonyl groups O2? and O2?" caused by the

accommodation of a nitrate anion above the metal-ion.

The disordered nitrate counter-anion exists in close-proximity to the silver-ion with the
shortest O---Ag distance being 2.667(1) A. For comparison, AgNOs in the solid state
possess five Ag-O bonds, with distances of 2.482 — 2.588 and 2.448 — 2.579 A in the
orthorhombic*! and trigonal*? phases respectively. The longer distances between the
metal-ion and nitrate in complex 1 indicate a weak interaction, further supported by a
shift in the FTIR N-O stretch.
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Figure 2.3 The complex cation 1, cisoid-[Ag'(N3-cytosine)2]*[NOs],, a.) The molecular
structure with atomic assignments and b.) hydrogen bonding interactions in the solid-

state structure (100).

Further analysis into the packing of 1 reveals the fundamental lattice intermolecular
interactions and stacking behaviour (Figure 2.3). Existing within the crystal are just
two discrete intermolecular hydrogen-bonding exchanges along the b/c-axis. The first
being between the N1-O2 sites of neighbouring cytosine ligands, “back-to-back”,
misaligned slightly to allow shorter interaction distances. The second existing across
the counter-anion, N4-H---NOs--N4 or N4 involving only the exocyclic primary (1°)
amines. A subsequent layer or string of nitrate anions exists between each “back-to-
back” double layer of bis-complexes. Exploring the stacking behaviour down the a-axis
shows a distance and offset between planes (which interestingly are co-planar) of
3.268(4) and 1.359(7) A, indicating that no T stacking effects are present, often

commonly discussed as a stacking feature in the solid phase for interactions of this

type.
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Figure 2.4 A packed view into the crystal structure of 1 looking down the c-axis
showing the intermolecular hydrogen bonding interactions and resultant layers (note:

the counter anions located between the layers are NOsz).

Transoid-[Ag'(N3-Cytosine)2]* [NOs]-H20, 2 (Figure 2.5), was prepared in an aqueous
solution of cytosine and silver nitrate at a ligand-to-metal-ion ratio of 2:1. The solution
was kept at room temperature avoiding exposure to ambient light where possible.
Crystals were encouraged to form using a layered approach with acetonitrile (MeCN)
as the antisolvent; yielding colourless crystals of 2 after 14 days. Unlike 1, complex 2
exist in a transoid conformation with a N-Ag-N bend angle of 151.2°. A small twist angle
between cytosine ring planes (15.5(2)°), which allows for the exocyclic substituent
groups to exist closely enough to allow intramolecular N4-H---O2’ hydrogen bonding
(2.929(8) A). While such interactions are considered stabilising, this is the first example
of such an interaction to be confirmed crystallographically, and this is only possible
with the reduction of the N-Ag-N angle. The bent confirmation in-turn leads to a
widening across the second set of exocyclic substituents (N4-02, 5.712(8) A); the large
distance allows for the capture of a single water motif. The positioning of the solvent
motif essentially bridges the gap, providing a H-bonding partner (N4-H---OHz, 1.94(6)
A) (02.-H-OH, 2.98(10) A) to the forming an eight-membered macrocycle.
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The proximity between the metal-ion and water molecule (Ag*---OHz, 2.577(5) A),
possibly infers the existence of the Ag*-OH2 coordination. The coordination between
the metal-ion and solvent motif in this fashion will be discussed later in this chapter
with analysis of the Cambridge Crystallographic Data Centre (CCDC) database,
comparing 2 and 3 against similar structures bearing solvent ligands adjacent to a N-

Ag-N coordination.
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Figure 2.5 The complex cation transoid-[Ag'(N3-cytosine)2-H20]*[NQOg3], 2; a.) The
molecular structure with atomic assignments and b.) hydrogen bonding interactions

in the solid-state structure.

Packing of the unit cell reveals how the single crystal lattice of 2 is assembled. Four
primary interactions exist; O2--H20 (2.10(11) A), N1%---02’ (2.767(7) A), N%..-NOs
(3.049(8) A) and N4--NOs (2.902(8) A) (Figure 2.6). Interestingly, in this symmetry
generated view, the solvent motif more clearly shows to act as an intermolecular H-
bonding bridge across two neighbouring complexes, N4-H20-O2. This arrangement
allows for a second strong intermolecular hydrogen-bonding between OZ2.-N7”.
Exploring the stacking behaviour down the a-axis shows a distance and offset between
planes (which are again are co-planar) of 3.56438(8) and 1.315(13) A, indicating that
no 1 stacking effects are present akin to complex 1.
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Figure 2.6 A packed view into the crystal structure of 2 looking down the b-axis
showing the intermolecular hydrogen bonding interactions and resultant layers.

Transoid-[Ag'(N3-Cytosine)z]*[PFe]-2H20, 3 (Figure 2.7), was prepared in an agueous
solution of cytosine and silver hexafluorophosphate at a ligand-to-metal-ion ratio of
2:1. The solution was kept at room temperature avoiding exposure to ambient light
where possible. Crystals were encouraged to form in a vapour diffusion set-up with
acetonitrile (MeCN) as the miscible antisolvent; yielding colourless crystals of 3 after
21 days. Unlike the previous example described above the metal-ion occupies a centre
of symmetry and therefore the Ag-N3 bonding lengths are equivalent at 2.166(1) A with
a linear N-Ag-N bond angle of 180°. The complex organises into a transoidal
conformation as a direct consequence. The nucleobase-ligands are not entirely co-
planar, angled at approximately 10° with respect to the coordination plane. Two water
molecules decorate the complex above and below the metal-ion (1.918(6) A) providing
an ideal bridge across the exocyclic N4-donor (N4-H---OH2, 2.945(2) A) and O2-acceptor
(02.-H-OH, 2.749(2) A) of the flanking ligands. The transoid arrangement provides an
ideal arrangement towards the capture of water molecules as seen here. As expected
with a linear confirmation, the distances across the N*-O? sites are too distant

(4.4321(17) A) for hydrogen bonding to realistically occur between these groups.
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Figure 2.7 The complex cation transoid-[Ag'(N3-cytosine)2-2H20]*[PFs], 3; a.) The
molecular structure with atomic assignments and b.) hydrogen bonding interactions

in the solid-state structure.

Packing of the unit cell reveals how the single crystal lattice of 3 is assembled. Four
primary interactions exist; 02--H20 (2.7498(15) A), N4--H20 (2.945(2) A) and two
instances of N...02 (2.8002(16) A) (Figure 2.8). Interestingly, in this symmetry
generated view, the solvent motif more clearly shows to act as an intramolecular H-
bonding bridge across a single complex ion, N4-H20-0O2. Exploring the stacking
behaviour down the a-axis shows a distance and offset between planes (which are
again are co-planar) of 5.7355(1) or 4.2342(11) A, indicating that no 1 stacking effects
are present akin to complex 1 and 2. The PFs anions do not have any clear interactions
with the complex cations, existing between the spaces. The closest possible interaction
is 3.0315(17) A to an exocyclic N4 donor.
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Figure 2.8 A packed view into the crystal structure of 3 looking down the a-axis
showing the intermolecular hydrogen bonding interactions and resultant layers.

The solvent motif observed in complexes 2 and 3 are have been speculated to have a
stabilising role in the metal-mediation of nucleic acids (Figure 2.9). The position and
distances suggest a bridging role across the N4-donor and O2-acceptor of both bent
and linear geometries. However, the location and distances to the metal-ion must be
considered. A comprehensive search through the Cambridge Structural Database
(CSD) using Conquest for Ag-OH2 occurrences reviled an average coordination
distance of 2.462 +0.154 A (n = 618). Including the N-Ag-N coordination with the Ag-
OH:2 query gave an average distance of 2.547 +0.128 A (n = 269). The distances
between the central metal-ion and solvent motif for complexes 2 and 3 are 2.577(5)
and 3.2192(12) A respectively. The long distances in complex 3 suggest a purely

bridging role; showing a weak affinity for the metal-ion.
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Figure 2.9 Comparison of the molecular cation of complex 2 and [Ag'-(N3-1-

methylcytosine)(N’-9-methyladenosine)H20]* highlighting the hydrogen bonding of

the water molecules.

DFT calculations of all possible conformations were performed both constrained and
unconstrained as a method of establishing the relative stabilities of the various
conformations (performed using Gaussian 09 with the B3LYP functional and LanL2DZ
basis-set processed).* In principle, several different conformational arrangements are
possible (ignoring twist-angles across ligands) for this coordination motif, based on
combinations of linear/bent coordination geometries and cisoid/transoid orientations of
the ligands (Figure 2.10). The transoid arrangement is often considered preferential
due to the complementary positioning of the hydrogen bonding donor (N%) and
acceptor sites (O2). However, for linear geometries the distances between those
respective groups is too large, at >4.0 A, for any interactions to be considered.
Interestingly, to date for the several examples that currently exist of this coordination

motif, it is the cisoid confirmation that has been generally observed.

* The DFT calculations did not include explicit water molecules as shown in complexes 2 and 3.
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Figure 2.10 An illustration of the five possible confirmations of bis-[Ag'-(N3-

Cytosine)z]* in the solid state; Bent vs. Linear and cisoid vs. transoid.

Calculations of the transoid-bent (Trent) geometry were obtained from an unconstrained
relaxation (energy minimisation) of the C-Ag'-C complex and was found to possess the
lowest structural energy. This minimised geometry is due to the stabilising O2---H-N4
intramolecular hydrogen-bonding event (Figure 2.11). Constraining the N-Ag-N model
geometry to a linear (180°) angle, preventing those groups from having any significant
interactions, therefore reduces the overall stability of the complex. The relative stability
sequence with the permutations, cisoid (C)/transoid (T) vs. bent/linear is; Toent > Tiinear
> Ciinear > Choent. Interestingly, only examples of Ciinear have been crystallographically
characterised to date.
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a)

Figure 2.11 Two views of the complex cation of 1, highlighting the bent and twisted

cisoidal conformation of the cytosine ligands.

Figure 2.12 shows how the inter-plane twist angle, 6, between cytosine ligands effects
the energy of the complex. As often assumed, the transoidal conformation, Tiinear (B =
0°), is most stable. A steady destabilisation is observed as 6 increases from 0 - 180°.

In contrast, Ciinear is indicated as the least stable, (6 = 180°).

0
-10=-
3
£ -20
= H
O
< 30 B, &
g w T
40 {\PJ/
CT,
50

1 I
180 -120 -60 0 60 120 180
0 (deg.)

Figure 2.12 Calculated change in energy (AE, KJ mol?) against dihedral angle, 6,
between the ligands for [Ag'-bis-(N3-cytosine)]* with a linear N-Ag-N coordination
(180°) and set bond lengths of 2.175 A. Transoidal conformation corresponds to 8 =

0° and cisoidal as +180°.

73



With the flanking cytosine ligands constrained to be co-planar, the relative stabilities
for the four possible conformations shown in Scheme 2.2 is: Toent > Tiinear > Clinear >
Coent. For the bent cisoid (Coent) arrangement, two distinct types can be produced
depending the N-Ag-N bond angle. If they are brought closer, by a change in the N-
Ag-N angle, the O2 (Cpent-00) or N* (Cphent-nn) Sites can H-bond. Figure 2.13 shows that
compressing this angle towards the exocyclic amino groups has a more rapidly
destabilizing effect than bringing the oxygen sites together. To date, for
crystallographically characterized small molecule complexes the range of N-Ag-N
angles ranges 148 - 177° in [Ag'(N3-1MeC)2],*® 164 - 173° in [Ag'(N3-1HexC)2],%? and
169 - 177° in [Ag'(N3-cytidine)2]** though in these examples the ligands are significantly

twisted with respect to one another.

<180° >180°
NH, H,N NH, —, H.N
72 /L:\" Nm /i \N/Aér-__iN/ \
HN—¢ Ag—
— g O}l.,NH H&o O%H
0
= -50
[o]
£
2
W -100
<
150—— .
140 160 180 200 220

N-Ag®)-N Angle (°)

Figure 2.13 Change in energy (AE, KJ mol?) for the cis-[Ag'-(cytosine)2]* complex as
a function of N-Ag*-N bond angle. Angles >180° are Cpent-oo type while angles <180°
are Coent-nn. Ag*-N bond lengths were fixed at 2.175 A and dihedral angle between

ligands is equal to 0°; i.e. co-planar ligands.
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Two-coordinate N-Ag-N systems; however common, are not exclusively confined to
linear geometries (>170°). A comprehensive study of the Cambridge Crystallography
Structural Database (CCSD) using ConQuest (Version 2.0.0) coupled with the analysis
features of Mercury (Version 4.0.0) yielded approximately one-hundred examples

found at the time of writing with N-Ag-N angles between 140 - 160°.

Fourier transform infrared (FTIR) spectroscopy studies have previously been used to
assess the binding properties between Ag' and R/DNA of various types.134546 Despite
several experimental reports assessing m-R/DNA structures, reports of simple Ag'-
cytosine are rather scarce, however, several comprehensive studies exist assigning
vibrations of the nucleobase cytosine and its tautomers.*’-4° The lack of experimental
literature is likely due to the limited effect of a single exocyclic bound heavy atom motif
on the molecular vibrations, bending and stretching of the ligand (See appendix for

table of assigned FTIR peaks).

Cytosine (4-amino-2(1H)-pyrimidinone or 4-amino-2-hydroxypyrimidine)
predominantly exists as the amino-oxo or -keto tautomer, however five other minor
tautomeric species exist (Figure 2.14).59-53 These structures have been studied both
experimentally and computationally by DFT methods measuring the vibrations
associated with FTIR. The findings of this investigation offering a viable comparison
for assignments of complexes 1-3. Interestingly, of these five minor tautomers studied
the enol is the only species with a greater stability than the keto when isolated in the

solid state; making it highly prevalent in the study of cytosine tautomerism.
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Figure 2.14 The six tautomers of cytosine; a.) keto, b.) enol, c.) imino-keto and d.)

3H-0x0.50-53

To validate DFT results which showed an energetic preference towards a transoidal
conformation in solution, a prepared aqueous solution of [Ag-(cytosine)z] was rapidly
freeze-dried and analysed by PXRD techniques. The act of rapidly freeze drying the
material removes its ability organise into an aligned lattice. Figure 2.15 shows the
experimental pattern acquired using this technique vs. the calculated pattern for the
lowest energy state calculated, represented by the single crystal of 2. The two patterns
when overlapped shared many similar Bragg peaks indicative of a global transoidal
complex ion conformation. These results demonstrate that the most likely conformation
of the [Ag'-(cytosine)z] complex in solution is transoidal, in agreement with calculated
in Figure 2.12. However, the conformation has been shown to subsequently alter

depending its crystallisation environment.
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Figure 2.15 PXRD patterns acquired for [Ag'-(Cytosine)2] prepared by freeze-drying
techniques vs. a calculated pattern of trans-[Ag'-(cytosine)z]-H20-NOs from the single
crystal data gained for 2.

A satisfactory interpretation of the FTIR data for complexes 1 - 3 were made possible
by computational and experimental studies of cytosine and cytidine (Figure 2.16).47~
49,54 Smalll differences in the FTIR spectra around 1600 cm™ for all three complexes
were most notable, and were associated with the O2 carbonyl of the cytosine ligand.
The characteristic signals relating to the N and N“ positions were also slightly altered
when compared to their parent ligand. A shift to lower wavenumbers and peak
broadening is indicative of H-bonding interactions. However, direct evidence attributed
to the newly formed N3-Ag' coordination could not be easily linked to a new or existing
characteristic vibrational difference. Similarities found within the solid states for

complexes 1 - 3 versus cytosine was found to cause ambiguity.

1



% Transmission (stacked)

T
N
)
®
Wavenumber (cm'1)

Figure 2.16 Stacked experimental FTIR spectra of cytosine, complexes 1 — 3 and

silver nitrate.
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To illustrate the differences in the intramolecular binding of cytosine within the solid-
state (without a coordinating metal-ion) The Cambridge Crystallographic Database
(CCDC) was interrogated. Eleven structures were identified as polymorphs of the
natural nucleobase cytosine, eight of which were hydrates; two representative
examples are shown below (Figure 2.17). The intermolecular hydrogen bonding within
all polymorphs were alike; N1-N3, O2-N4 and O2-H20-N* present in the hydrate. The
loss of only the N1-N32 interaction would be expected compared against complexes 1 —
3. However, many of the intermolecular interactions useful in IR characterisation are

indistinguishable spectroscopically when compared to complexes 1 — 3.

Figure 2.17 Packing diagrams displaying the hydrogen bonding interactions in the
solid-state for a.) cytosine (CYTSIN) and b.) cytosine-monohydrate (CYTOSM).

Electrospray-lonisation-Mass Spectrometry (ESI-MS) was used as a qualitative
technique to confirm the presence of the bis-[Ag'-(N3-Cytosine)z]* complex in aqueous
solution. The expected C-Ag'-C complex was observed as a [M]* ion using ESI-MS
(direct injection, positive ion mode) at 328.9986 m/z (Figure 2.18). Isotope patterns,
splitting and masses aligned well with the theoretical values calculated for a 1:2 Ag'-
cytosine complex derived from the crystal structures; Calc. CsHioAgNeO2, [M],
328.9916 m/z (monoisotopic mass). Peak separation of 1.0 m/z suggests a species
bearing a plus one charge, which was achieved by the metal ion without the loss of a
proton. Silver possess two unique stable isotopes, °7Ag (328.9986 m/z) and 1%°Ag
(330.9939 m/z) with 1°’Ag being slightly more abundant (51.839%). The calculated
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mass (CsH10AgNesO2; Calc. 328.99 m/z) and isotope pattern matched those of the

experimental spectra in both positive and negative-ion modes.
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Figure 2.18 ESI-MS (positive ion mode) of an aqueous solution of [Ag'-(cytosine)z]*
(CsH10AgN6O2, [M]calc.: 328.9916 m/z). The two naturally stable isotopes of silver
(1°7Ag and 1%°Ag) can be observed at 328.9986 and 330.9939 m/z.

Spectroscopic UV-Vis data was analysed for cytosineaq and Ag'-cytosineaq) at the
expected 2:1 metal-to-ligand ratio. No changes were observed in either position or
intensity of the absorption band (Figure 2.19). This is due to the main chromophore,
cytosine, largely remaining unchanged when coordinated through the Lewis base N3-
donor to Ag* or Lewis acid. Furthermore, the selection rule with forbidden d-d
transitions would also help explain the observations. The formation of a peak around
400 nm was expectedly observed following chemical reduction of Ag* to its elemental
AgC state. This was achieved by the addition of sodium borohydride (NaBH4*) causing
a rather dramatic and instantaneous formation of silver-nanoparticles (AgNPs) seen

as a black precipitated.
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Figure 2.19 UV-vis data of the parent ligand cytosine (red-line) and following the

addition of silver nitrate at a ligand-to-metal ratio of 2:1.

To further interrogate the structure and binding modes isothermal titration calorimetry
(ITC) was used as a method of thermal quantification of bonding events in solution.
The amount of heat liberated (exothermic (-)) or absorbed (endothermic (+)) as the
reaction proceeds can be quantified as coordination events. The heat changes are
typically very small, sub-millionths of a degree, but are universal and can be detected.
The number of coordination events can be thermally quantified using a known titrant
concentration. This method of analysis assumes that the only interaction occurs
between Ag* and cytosine at the expected N3 site. The heat of solvation, dilution effects
and drift are accounted for during prior control experiments. Once the titration is
complete the raw data showing individual injection peaks are converted into a wiseman
plot for examination.>® An appropriate binding model is chosen, and the isotherm is
fitted to give binding enthalpies (AH), association constant (Ka) and stoichiometry (n).
For simple chemical systems, as we have shown here, these values can be readily
calculated from the plot. The binding enthalpy, AH, is typically the difference in energy
between the major peak and baseline, association constant, Ka, is the steady gradient
from that peak and stoichiometry, n, is the molar ratio position at the mid-point along

that slope.
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A concentrated solution of AgQNOs (5.0 mM) was titrated against cytosine (0.1 mM) held
at 25°C gave a clear sigmodal isotherm (Figure 2.20). The negative peaks indicate an
exothermic reaction, releasing -2.74 KJ mol* (-655.5 cal/mol) of energy (AH). The total

number of available sites or molar ratio gave n = 0.5, in agreement with a 2:1 reaction

ligand-to-metal stoichiometry observed in the single crystal.

a.)

10.00

0.004

ACp (ucal/sec)

-10.004

-20.00 - +———+——rr S S S —
0 1000 2000 3000 4000

Time (sec.)

b.)

2x102

.......................................................................... b e e e
e o 0 o'
e *

-2%102-

-4x102+

AH (cal mol'1)

-6x102{ |

-8x10 2+4+—r-—r—r-r—rT-r-rr-rr-r-r-rrrr--r-
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Molar Ratio

Figure 2.20 a.) Isothermal titration calorimetry (ITC) data recorded by titrating Ag*
ions against cytosine (40-injections with time intervals of 120 seconds per injection
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shown as the change in heat capacity, ACp). b.) Integrated peaks as a Wiseman plot

presenting binding isotherms (AH) vs. molar ratio.$

Ligand Transformation Experiment

In an exercise to establish the reversibility of the N3-Ag bond a simple ligand

transformation experiment was carried out. Sodium or potassium chloride was added

to an aqueous solution bearing [Ag'-(Cytosine)2]*-NOs. By offering a more labile anion

to the silver-ion we expected to see ligand exchange (Scheme 2.3). The colourless

solutions showed a rapid and spontaneous formation of AgCI as a white precipitate at

room temperature. This solid was subsequently filtered off and confirmed to be AgClI

via FTIR spectroscopy (see supporting information). The facile precipitation of AgCl

allowed me to conclude that the Ag-cytosine complexation reaction was reversible.
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Scheme 2.3 Ligand transformation experiment, exchanging cytosine for chloride

anions.

§ ITC data only accounted for dilution effects (i.e. volume change) as a background (water-into-water).
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Mechanical Synthesis of [Ag'-(N3-Cytosine)2]

Mechanical synthesis or mechanosynthesis methods has been around since the early
fourteenth century, primarily used for increasing the effectiveness of gunpowder when
finely ground down.*® More commonly today employed in the fabrication of super-
alloys or nanocrystalline materials. The mechanical milling process provides a way of
mixing or combining solids, usually in powder form, down to an atomic level while

remaining in a solid state.>6-58

The common laboratory-based approach involves the use of high energy ball milling
process which has since established itself as a viable solid-state dry-synthesis
processing route. Initially, this method was developed for the mixture of new alloy
composites in a homogenous state.>-60 More recently, mechano-methods have found
their way into synthetic®® and nanomaterial chemistry®®. This approach to synthesis is
defined as “a method in which the reaction outcome is determined by the use of

mechanical constraints to direct reactive molecules to specific molecular sites”.

Herein we describe the mechanosynthesis of C-Ag'-C bis-complex in the absence of
solvent. The milled material was subsequently analysed by FTIR and PXRD
techniques. Cytosine (2 equiv.) and silver nitrate (1 equiv.) were placed within a high-
energy ball-mill (14 Hz) for a total of five hours. At each one-hour interval samples (ca.

10 mg) were taken for real-time analysis.

The spectroscopic data collected at one-hour time intervals showed an evolution of the
material as it underwent mechanical milling. The changes of the spectra after five-
hours are similar to those observed for complexes 1-3. Small differences in the peak
position around 1600 cm-! were most notable, associated with the O2 carbonyl! of the

cytosine ligand. The characteristic signals relating to the N and N4 positions were also
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slightly changed when compared to their parent ligand over time. A shift to lower
wavenumbers and peak broadening is indicative of changes occurring of the H-
bonding interactions. This is most noticeable broadening can be seen of peaks at

higher wavelengths, between 3000 — 3500 cm™.
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The powder x-ray diffraction (PXRD) data collected for material following five-hours of
milling can be seen in Figure 2.22. The experimental patterns collected after five hours
of milling were unsurprisingly amorphous in nature and lacked clarity. Nevertheless,
four major Bragg peaks were identified at 7.42, 11.04, 13.64 and 28.08° that showed
good fit against the calculated pattern for compound 2. Moreover, the patterns
analysed of the milled material shared no similar characteristics to either of its starting
regents, cytosine or silver nitrate. This indicated a reaction of the two rather than a
mixture had occurred during the milling process. These results indicate that complex

2 is favoured when not confined within a regular lattice framework as in a single crystal.
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Figure 2.22 PXRD data for (a.) material milled for 5 hours (silver nitrate (1 equiv.) +
cytosine (2 equiv.), Black-line) versus a calculated pattern for 2 (red-line) and (b.)

experimental powder pattern for cytosine (blue-line).
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To further validate this, cytosine was milled for five-hours showing a decrease in peak
intensity and slight increase in background noise compared to the starting pattern (See

supporting information).
2.3. Conclusions

For the first time since it's discovery of the highly selective C-Ag-C metal-mediation
over 70 years ago, we have isolated and structurally characterised a series of simple
silver-cytosine complexes by X-ray diffraction of single crystals. By using a judicious
choice of silver-salts and crystallisation techniques it has been possible to isolate a
series of [Ag-(N3-Cytosine)z]* complexes; displaying several bis-conformations, cis-
/transoid, bent and linear geometry combinations. Predominantly, the cisoid
conformation had been observed in oligonucleotide structures previously, with
essentially linear N-Ag-N coordination geometries. The dramatically different
hydrogen-bonding patterns in these compounds has shown dependence on the
presence of solvent in the transoidal orientation, allowing for macrocyclic solvent
bridge across the exocyclic heteroatom donor N4 and acceptors O2. In their absence
the distance across these two H-bonding partners is too large for intermolecular

interactions to occur.
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Figure 2.23 Three crystallographically characterised C-Ag'-C bis-complexes
displaying both cisoid/transoid, bent/linear geometries. Inset shows the energies of

different isomers calculated by DFT. The N-Ag-N dihedral angle, 6, between the
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ligands of a linear coordination were sampled through a complete rotation of 360°

(Transoid conformation corresponds to 8 = 0°; cisoid to £180°).

Critically, the foundation and understanding we have gained by fully characterising the

most basic natural metal-mediated silver-pyrimidine system is a critical component in

any further chapters discussed in this body of work. It has been shown that the bis-

[(Ag'-(Cytosine)2] complex can exist as either cisoid or transoid in the solid-state. It is

however likely that the more stable transoidal conformation exists in solution, as
demonstrated by DFT and PXRD studies.
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Chapter 3.

“Metallo-DNA"; Ag-Mediated Supramolecular Duplex with Self-

Healing Gelatinous Properties.

This chapter is based upon the following publication:
Liam Mistry, Osama EI-Zubir, Gema Dura, William Clegg, Paul G. Waddell, Thomas

Pope, Werner A. Hofer, Nick G. Wright, Benjamin R. Horrocks and Andrew Houlton,
Chem. Sci., 2019, 10, 3186 — 3195
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3.1. Introduction

“‘Metallo-DNA” has become a highly interesting class of nano-material that offers the
sequence programmability of DNA coupled with many of the interesting properties of
metals.’~” Fundamentally, many of the intermolecular Watson-Crick hydrogen bonds
between base-pairs are replaced by coordination bonds across a metal-ion; resulting
in a contiguous metal core running through the double stranded helix (Scheme 3.1).
This bottom-up approach has proven to be a particularly powerful method of controlled
assembly of metal-ions into regular linear arrays. Both hetero- and homometallic
systems have been previously demonstrated. However, existing examples have often
required modifications of nucleosides to accommodate the range of demands of the

metal for coordination to occur.>6:8.9

Scheme 3.1 An illustration of a DNA duplex (B-form) section, metal-mediated across

every base-pair instance.

Silver-ions are unusual in this regard as they can metal-mediate base-pairs with natural
nucleosides.”1%18 The d'° electronic configuration of Ag' allows for a range of
coordination numbers and geometries, however a tendency exists to form low-
coordination linear systems.1® As a result, the use of silver-chemistry with DNA-based
structures is particularly promising for the development of nanomaterials, e.g.
nanowires,?>2* quantum confined metal clusters or particles®>32 and plasmonic
materials332* as molecular systems. By far the most common occurrence of Ag* metal-
mediation happens across a C-C mispair, C-Ag-C (C: cytidine), however other purine-

pyrimidine combinations are possible (Scheme 3.2).1218.23.35> A M-DNA examples have
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recently been resolved by single crystal X-ray diffraction'218; the most interesting of
which is a dodecamer (d(GGACTCPB'GATCC)) bearing silver-ion coordination’s at
every base-pair site; generating an infinite chain of Ag'-ions running down the c-axis
(100) of the crystal structure.?® Analogous arrays of have recently been observed in
the solid state featuring a modified nucleobase [Ag'-(N3-alkyl-cytosine)z]*.26-37 Metallo-
DNA systems bearing continuous metal-ion arrays have often considered as
molecular/nano-wires.?>3839 However, studies into their electrical properties are

sparse.37:40-43

NH,  HoN o) 0
HO 7 ¢ "N—nag—nN"c OH HO ;/T N—Ag—N T\; OH

S QU SRy
HO@ ’ ° \///O/iOH HO@ > ° \éoﬁOH
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NH,  HoN
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Scheme 3.2 Examples of crystallographically characterised silver-mediated base-

pair with natural nucleosides identified in M-DNA12.18,23.35

Herein, we report the metal-mediated natural nucleoside coordination complex [Ag'-
(N3-cytidine)2]*, 1, that self-assembles into a metallo-DNA analogue in both the solid
and gel states. Complex 1 offers a comparable model M-DNA duplex bearing the
nucleobase and ribose moieties. This allows for the physico-chemical properties of
such systems to be investigated. During this investigation we addressed the “nano-
wire” attributes and reductive behaviour for these types of systems. Furthermore, we
demonstrate for the first time a self-assembled metallo-array which exhibits a self-
healing “thixotropic” property in the gel form. These features can be rationalised by the
reversibility of the inter-complex hydrogen- and argentophilic-interactions in the

supramolecular structure.

While our work was under-review a study by Galindo et al. released with an

examination of the electrical properties and cold-H plasma reduction of the modified-
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nucleobase complex [Ag'-(N3-methylcytosine)2]* appeared.®” The work conducted by

both groups are complementary.

3.2. Results & Discussion

Synthesis and Characterisation of a “Metallo-DNA” Model, [Ag'-(N3-
cytidine)z]-[NOs], 1.

An aqueous reaction between silver nitrate and cytidine at a ligand to metal-ion ratio
of 2:1 yielded [Ag'-(N3-cytidine)2]-[NOs], 1, a solid white powder. Upon recrystallisation
within a vapour diffusion set-up (using a water/acetonitrile solvent system) allowed for
the spontaneous growth of colourless needle-shaped crystals. Single X-ray diffraction
analysis revealed the structure to have a chiral P32 space group encompassing five
crystallographically unique C-Ag'-C species along a linear array accounting for the
large unit cell (a = b = 30.382(7) A; ¢ = 14.976(3) A)) (Figure 3.1).

The complex assembles into a right-handed supramolecular double-helix through a
combination of argentophilic and complementary intermolecular hydrogen bonding
interactions. The contiguous array extends continuously throughout the crystal in-line
with identical neighbours. This results in a near linear continuous silver-ion core down
the c-axis with Ag---Ag---Ag distance of between 2.982(2) — 3.055(2) A, close to the
metallic radius of 2.88 A. The deviations from the mean straight-line are 0.162 — 0.273
A with angles ranging from 162.34(7) — 170.63(6)°. The two cytidine ligands bound
across each silver-ion are significantly twisted with an inter-planar dihedral angle
ranging from 71.2(5) — 74.9(5)°, adopting a slightly cisoid arrangement. It is easy to

imagine such a unit cell was achieved through stacking of individual C-Ag'-C units.

For each unit of the duplex two-pairs of complementary N4-H---O2 intermolecular
hydrogen bonding exist with each neighbour, explaining the inter-planar twist. These
H-bonding interactions have distances ranging from 2.870(18) to 3.020(17) A.
Similarities in these intermolecular interactions can be observed when compared to
the previously discussed M-DNA structure [Ag'11-(dodecamer)z2] by Kondo et al. and
[Ag'-(N3-hexycytosine)2] by Terrén & Frontera. However, for 1 the argentophilic
interactions appear stronger indicated by shorter Ag*---Ag* distances of 2.982(2) —
3.055(2) A, close to that of the metallic radius (2.88 A). For a direct comparison the

intermetallic distances for [Ag'11-(dodecamer)z2] and [Ag'-(N3-hexycytosine).] are 3.2 —
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3.4 and 3.2 A respectively. Interestingly, a recently reported [Ag'-(1-Me-cytosine)2]*
complex by Galindo et al. featured equally short Ag*---Ag* distances of 2.902 —
3.088(2) A. This shows that the ribose moiety of 1 does not hinder sterically the inter-

complex interactions.

The diameter of the duplex was measured across the 5’-OH sugar groups of individual
complex ions, with widths very similar to that of biological DNA at 17.5(1) A. The ribose

sugars favour a 2’exo-‘N’-twist confirmation at each instance in the solid state.

Figure 3.1 X-Ray crystallographically identified the single-crystal as a continuous
linear array of silver-ions in a right-handed supramolecular double-helix of [Ag'-(N3-
cytidine)z], 1, a metallo-DNA model. View a) side-on, b) top-down and c) a single C-

Ag-C complex showing a slightly favoured cisoidal conformation. *Ribose group’s

omitted for clarity.
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3.3. Self-healing metallo-gel formation Study

By replacing solvent from water to methanol in the synthesis of 1, a sample spanning
colourless gel was observed to form overnight yielding 1meon. Analysis via Fourier-
transform infrared spectroscopy (FTIR) and electrospray-ionisation mass spectrometry
(ESI-MS) confirmed the formation of the expected two-coordinate [Ag'-(cytidine):]*

complex (Figures 3.2 — 3.4).

Peak broadening was observed in the IR for both 1 and 1meon across the spectral range
400 — 4000 cm* when compared to their parent complex IR’s (Figure 3.2 and 3.3).
Subtle decreases in the wavenumber of the peak observed around 1600 cm™;
characteristic of changes of the C2 carbonyl. A shift to lower wavenumbers and peak
broadening is indicative of H-bonding interactions. The spectroscopic differences were
generally found to be consistent with the newly formed associations seen within the
crystal structures for 1. Additional computational studies would further help assign

spectral features.
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Figure 3.2 FTIR data (range: 400 — 4000 cm™) stacked for cytidine, AQNO3 versus

compounds 1 and 1wmeoH.
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Figure 3.3 FTIR data shown above across the range of 400 — 2000 cm! for cytidine,

AgNOs versus compounds 1 and 1meoH .

Electrospray-lonisation-Mass Spectrometry (ESI-MS) was used as a qualitative
technique to confirm the presence of the bis-[Ag'-(N3-Cytidne)2]* complex in aqueous
solution. The expected Cyt-Ag'-Cyt complex was observed as a [M+2L]* ion (M: metal,
L: ligand) using ESI-MS (direct injection, positive ion mode) at 593.1029 m/z (Figure
3.4). Isotope patterns, splitting and masses aligned well with the theoretical values
calculated for a 1:2 Ag-Cytidine complex derived from the crystal structures; Calc.
CisH26AgNeO10, [M+2L]*, 593.0761 m/z (monoisotopic mass). Peak separation of 1.0
m/z suggests a species bearing a plus one charge, which was achieved by the metal
ion without the loss of a proton. Silver possess two unique stable isotopes, 197Ag
(328.9986 m/z) and 19°Ag (330.9939 m/z) with 19’Ag being slightly more abundant
(51.839%). The calculated mass and isotope pattern matched those of the

experimental spectra in both positive and negative-ion modes.
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Figure 3.4 Electrospray-ion Mass-Spectrometry (ESI-MS) data measured for 1
collected in high resolution positive-ion mode. Both major isotopes for silver are
clearly observed °7Ag & 1°Ag at 593.1029 and 595.1042 m/z.

Akin to chapter 2, we further interrogate the structure and binding modes observed in
the solid states using Isothermal titration calorimetry (ITC) was used as a method of
thermal quantification of bonding interactions. The amount of heat liberated
(exothermic (-)) or absorbed (endothermic (+)) as the reaction proceeds can be
quantified as coordination events. The number of thermally quantified coordination
events can be used to identify a binding mode. This analysis assumes the only
interaction between the silver ion and cytidine ligand occur at the expected N3. The
heat of solvation or dilution effects are easily accounted during prior control
experiments.

A concentrated solution of AQNO3 (5.0 mM) was titrated against cytidine (0.1 mM) held
at 25°C gave a clear sigmodal isotherm (Figure 3.5). The negative peaks indicate an
exothermic reaction, releasing -12790 cal/mol of energy (AH). The total number of
available sites or molar ratio gave n = 0.5, in agreement with a 2:1 reaction ligand-to-

metal stoichiometry observed in the single crystal.
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Figure 3.5 a.) Isothermal titration calorimetry (ITC) data recorded by titrating Ag* ions
against cytidine (40-injections with time intervals of 120 seconds per injection). b.)

Integrated peaks as a Wiseman plot presenting binding isotherms vs. molar ratio.

Imaging of 1meon Xerogel sample by scanning electron microscopy (SEM) revealed
one-dimensional fibres with lengths of many microns; consistent with the extended

supramolecular structure of 1 (Figure 3.6). The fibres are highly entangled forming a
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porous network capable of trapping solvent. Surface images show bundles of fibres

much larger in diameter then those in the interior.

Figure 3.6 SEM images of [Ag'-(cytidine)z] xerogel; a.) image into the bulk showing a
highly entangled polymer matrix; b.) a surface image showing bundling of the fibres

on the xerogel surface.

Tapping-mode atomic force microscopy (AFM) shows the regularity in fibre dimensions
when drop-cast onto silicon at the prepared concentration of 4.0 mg/ml (Figure 3.7).
Interestingly, the fibres show no tendency to coil and remain linear across the surface.
The regularity of these fibres indicates a hierarchical assembly process. Image
analysis showed these fibres to be approximately 6.3 + 0.45 nm in diameter. With the
assumption that the fibres consist of an identical structure to 1, twelve individual helices

would be required to match those dimensions (Figure 3.7b inset).

Figure 3.7 AFM images of the xerogel deposited onto a silicon wafer. Wide-scan a.)

and zoomed image b.) of AFM height images illustrating the uniform nature of the
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fibres. (inset) A space filled molecular model of a bundle composed of twelve 2D

fibres with a matching height of 6.3 nm like those in the AFM images.

Circular dichroic (CD) spectroscopy is used to routinely observed the conformational
properties of helical structures like DNA. Differences in the absorption of left- and right-
handed circularly polarised light by chiral molecules is termed CD. Differences are
described as ellipticity, © and has units of degrees (°).** A more common method of
using CD for characterisation is the use of molar extinction coefficients, [M-tcm]

(equation 1 below).44
Ae = g — &g (1)

CD offers several advantages over alternative spectroscopic (UV, FTIR) or absolute
methods (X-ray, NMR) of characterisation. CD is now considered cheap, quick and
can easily distinguish between different conformational isomerisation’s at low
concentrations.*44> For these reasons and more, CD is absolutely essential for any
characterisation of DNA or similar biopolymers.

Consistent with the microscopy, the gel, 1meon, displays remarkably enhanced chiroptic
absorption properties compared to the parent nucleoside (Figure 3.8). The newly
observed negative CD profile is diagnostic of a helical arrangement of the Ag-mediated
cytidine base-pair sequence!®46-48 a structural analogue of 1. Alternatively, the data

could display the “cotton effect” which infers a change to the stereostructure.*%:%°
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Figure 3.8 Circular dichroism data for cytidine (dotted-line) vs. metallogel (solid-line)

at matched concentrations of 4.0 mg/ml.
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Further confirmation of the isostructural nature was obtained using XRD techniques
and pattern analysis. Upon removal of solvent from gel 1meon via freeze-drying or
simply allowed to evaporate in air, the XRD pattern for the resulting xerogel displayed
significantly sharper features. This is an indication that the xerogel has a greater
degree of crystallinity and order (Figure 3.9) when compared to the gel-state. The
major peak at 20 = 6.43° corresponds to a distance of 13.7 A. If a microcrystalline
powder of 1 is also freeze-dried a similar reflection is observed. We interpreted this as

a slight-shrinkage of the original fibre upon loss of the solvent.

1meon Xerogel - Freeze dried
—— 1 microcrystalline powder - Freeze dried
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Figure 3.9 PXRD data for the xerogel 1meon (black-line) and 1 powder (blue-line)

acquired via freeze-drying techniques.

The gel 1meon displayed broad features typical of polymeric materials (Figure 3.10).
This was expected given the gels fibrous nature of the observed structures via AFM
and SEM. Nonetheless, the data was analysed by fitting to a sum of Gaussian function
in a similar way to the Rietveld method. Analysis via this method shows a relatively
narrow peak close to 20 = 5.94° (14.8 A) which can be interpreted as a broadened

[001] reflection, consistent with the c-axis of the unit cell of the crystal. This data
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suggests that the structures of 1 and 1meon are essentially identical, the crystal

structure of 1 with the axis of the fibres lying along the c-axis of the crystal lattice.
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Figure 3.10 XRD data for the gel 1meon with fit shown in blue.

3.4. Thixotropic metallo-DNA Gel Formation

A rheological assessment using oscillatory sweep tests confirmed 1meon to behave as
expected for a gel, and not a viscous liquid (Figure 3.11). The storage modulus value
(G)) was larger than the loss modulus (G”); the stiffness of the gel was measure to be
1.3 kPa. Frequency dependent oscillatory measurements demonstrated that the G’
was dominant across the range of frequencies tested (0.1 — 100 rad/s) showing the
elastic nature of the gel. Additionally, G’ was virtually independent of frequency,
indicative of a persistent gelatinous network. The linear viscoelastic region (LVE) of
the gel, where G’ is independent of the applied strain, was evaluated using oscillatory
strain testing and was found to be approximately 1% of strain. Within this LVE region,
the structure of the network is not disrupted and therefore remains intact throughout
the deformation applied. The transition from gel to liquid where G’ = G” was observed
at 10% strain. This suggests that the structure is easily disrupted consistent with other

supramolecular silver gels.>!

The organogel 1meon possess a highly interesting property of being thixotropic, i.e. the
recovery of its gelatinous form after a period of rest. The gel collapses into a sol state

upon the application of slight shear forces (e.g. slow vial inversion, minimal vibration),
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however, after a period of approximately 20 minutes 1lwmeon reassembles its gel
network. This was indicated by a simple vial inversion test (Figure 3.11a). The
viscosity of the gel was studies as a function of shear rate and showed a shear-thinning
behaviour. The viscosity was reduced by three-orders of magnitude as the shear rate
increased; characteristic of many supramolecular gels. furthermore, the forward and
reverse scans did not overlap, suggesting that the network is disrupted by the applied
shear and cannot recover instantaneously. The gel reduced its stiffness from G’ = 1.3
kPa to ~6 Pa post-deformation. The recovery of the material was approximately 60%
of the initial G’ values (760 Pa) after standing for 48 hours confirming the self-healing

properties and re-assembly of the gel’s network.
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Figure 3.11 a) Optical images of the material through application or removal of
shear. Inversion test showing the thixotropic nature of 1meon ((1) gel, (2) sol and (3)
healed gel). b) illustrative scheme representing the stiffness of the gel over a

thixotropic cycle.

The addition of 1.0 M urea to 1meon led to the rapid collapse of the gel network, resulting
in the sample reverting back to a solution state. This and the “self-healing” nature of
1veon can be easily understood based on the reversibility of the intermolecular
interactions observed in the supramolecular structure of 1. This behaviour is entirely
consistent with that of the intermolecular hydrogen bonding playing a major role in the

construction of the gel super-structure and fibres.
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3.5. Electrical conductivity measurements and band structure calculations on

a continuous M-DNA model system

The electrical properties of M-DNA systems have been actively pursued following
reports by Lee et al. (M = Co?*, Ni?* or Zn?*).38.3° Despite conflicting evidence for such
systems,®>->> M-DNA remains an attractive route towards molecular or nano-wire
fabrication. These assumptions apply primarily on the linearity of closely held metallic
arrays.”> The tendency for monovalent Ag* to participation in metallophilic
interactions®® makes such systems ever more intriguing. Unfortunately, studies on the
electrical properties of Ag'-DNA systems are few.4%-*3 Only the most recent publication
by Galindo et al. is of materials that have been crystallographically identified.3’

Compound 1 is a particularly useful and well-defined M-DNA model structure with
many of the traits expected for a molecular wire. These features allowed us to address
the electrical properties and molecular wire credentials. Furthermore, our abilities to
grow high quality single crystals of 1 allowed for the electrical measurements on
orientated samples, i.e. end-to-end, in the direction of the metal-array along the
crystallographic c-axis (Figure 3.12). In this orientation any charge passed through the
single crystal would allow the flow to pass along the metallic central array. Single
crystals of 1 were tested using an electrical-probe-station, with the probe needles in
direct contact with the crystal. Due to the brittle nature of the crystals of 1, the needles

were contacting either directly or via Ga-In eutectic pads.
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Figure 3.12 (Top) |-V curves of the 1meon Xerogel (red) and single crystals of 1

(blue). (bottom) Optical microscope images of a single crystal of 1 connected to
probe station tips (b) directly or through (d) Ga—In eutectic along the crystallographic

c-axis.

I-V sweeps over a +2 V range displayed only background levels of current (<1 pA),
indicative of a very effective insulator material (measured only at room-temperature,
294 k). Similar results were found to exist for the xerogel of 1meon. The evidence
collected herein is in agreement with conductivity measurements and the electrostatic
force microscopy (EFM) measurements of Galindo et al. on microcrystals of [Ag'-
(methylcytosine)2]*; with similarly short Ag---Ag distances.? It is worth re-stating that
the Ag--Ag distances in the crystal structure of 1 are within <5% of the metallic
distance; which are shorter than those found in Ag'-modified oligonucleotides?® and

other similar systems.36
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To examine the charge mobility further, Electrostatic force microscopy (EFM) was
used. This technique provides a highly sensitive probe to measure the polarisation of
individual fibres which can be seen as a height image (Figure 3.12a) similar to
standard AFM techniques (Figure 3.13b). To gain access to individual fibres the
standard 4.0 mg/ml solution with methanol by a factor of twenty, then drop-cast onto
Si(100)/200 nm SiO2 wafer, then kept in a methanol-saturated closed system to allow
for self-healing. After several hours, the sample was removed and allowed to air-dry to
form the xerogel, 1xe. Control experiments confirmed that the fibres observed under
AFM and EFM were not derived from solvent impurities.

AFM height images and the corresponding EFM phase images for single and
aggregated fibres can be seen. An obvious effect of the dilution is the shortening and
thinning of the fibres indicating that the assembly process is concentration dependent.
The single fibres are now typically less than 500 nm in length and around 2 nm in
height, similar to the diameter of an individual duplex. Analysis of the phase shift image
(Figure 3.13b) shows a small positive value of ~0.7° across an individual fibre (Figure
3.13b & 3.13d, blue-line), indicating a non-conductive region. Further evidence of non-
conductance in agreement with the results obtained with the single crystals of 1 and
cAFM and EFM experiments by Galindo et al.?’
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Figure 3.13 AFM height image (tapping mode) of 1meon (20 times diluted); (a) EFM
phase image, (c) line profiles corresponding to the green and orange lines in the
AFM height image. (d) line profiles corresponding to the blue and red lines in the

EFM phase image (b). The EFM image has been captured at applied DC bias +10 V

and a lift height of 30 nm.

It is worthwhile to state that the STM measurements on a single molecule Ag'-poly-dC
structures*® showed evidence of tunnelling currents, which are not in contradiction with
the absence of conductivity; as seen in 1 and 1lxe. The STM measurements
demonstrate tunnelling over nm-scales of distance, however, given the exponential
variations of such currents with interelectrode separation, it's expected that at the
100 nm scales probed by SCM the conductivity is negligible and more so for the single
crystal I-V measurements on the mesoscale. In general, the linear variation of
resistance with electrode separation in a conductive material is a distinct phenomenon
from the exponential decay of tunnelling rates in STM or break-junction experiments.

Clearly insulating materials may show significant tip currents at shorter distances.
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The electrical behaviour observed is consistent with the calculated local density of
state, for the ground state systems of a single chain of 1* containing five molecules in
the unit cell (1* - [Ag'-(N3-(N1-methylcytosine))2]). By plotting the ground-state
projected density of state on the central silver ions and the surrounding organic
structures the band-gap was measured at the Fermi energy of 2.502 eV (495.54 nm)
(Figure 3.14). However, it is commonly known that DFT often underestimates
depictions of the electron-electron interactions and therefore the band-gap.>-°
Therefore, we can view the value calculated as a lower boundary and state with a high
level of assurance that the structure would not be expected to conduct in the ground-
state. Furthermore, the band-gap value can go some-way in explaining why the solid
material is colourless.

If a surplus of electrons was introduced into this system, for example by chemical
reduction, the LUMO states of the molecule would become occupied. This would shift
the Fermi energy into the LUMO region. A plot of the Local Density of States (LDOS)
for the energy window of 1.9 — 2.9 eV relative to the Fermi level, encompassing the
first band of LUMO states (Figure 3.14a, dark-blue band). The electron density is
heavily located on the surrounding organic structure, not the central Ag* array;
suggesting that even in the reduced case the structure would not be a metal-based
conductor. However, that the material is not stable under those conditions and readily
transforms into nanocomposites containing both luminescent silver-clusters and larger

aggregate particles
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Figure 3.14 (a) Projected density of states (PDOS) for the Ag* array structure. The
density on the central Ag atoms (red) and on the surrounding organic structure (blue)
are plotted. (b) Local density of states (LDOS) for an energy window of 1.9 - 2.9 eV
relative to the Fermi energy (shaded grey in figure (a)).

While the xerogel 1xe is not electrically conductive, the EFM data indicated that certain
parts of the sample, where fibres had aggregated together, enhanced charge mobility
was observed to occur. This can be seen in the EFM images as darker regions which
correspond to negative phase shifts. These areas vary quadratically with the applied
voltage between +10 V. It should be noted that negative phase shifts cannot be
assigned to purely polarisable structures and the parabolic bias voltage dependence
also rules out electrostatic or trapped charge effects, which give linear dependences.
Such negative phase shifts are evidence of structures that allow charge transfer away
from the immediate tip area. The AFM also reveals the presence of small particles,
likely arising from photoreduction of the silver-ions (Figure 3.15). These particles can
be observed to be embedded within the fibres. In parts of the sample, these can be
quite monodisperse (ca. 14 nm total height), and somewhat regularly spaced along
individual fibres (Figure 3.15d). In most cases those particles are sufficiently separated
so that they do not contact. They therefore only show positive phase shifts in EFM as
they provide a route for the charge to flow away from the tip during the contact with the
surface of the material. Regions where the fibres aggregate are seen to aggregate
show clustering of nanocomposites, i.e. NPs and NCs. This explains the charge-
mobility “hot-spots” observed by EFM. These findings are also consistent with those

observed using cAFM of [Ag'-(methylcytosine)2]* reduced using cold H-plasma.?’
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400 nm

Figure 3.15 AFM height images for a 20x diluted samples of 1meon Xerogel. Large
imaging area (a), zoomed-in (b) showing Ag-particles embedded in the gel fibres.
Zoomed-in area (c) shows the location of the blue-line-profile, and (d) a red-line-
profile corresponding to (d). The line profile (d) shows a single fibre shows
nanoparticles protruding from along it's back by ~7.6 nm with an estimated overall

size of ~14 nm diameter.

3.6. Photoreduction of an Ag'-Mediated Base-Pair arrays and Subsequent

Luminescent Cluster Formation.

The nanocomposites (AgP-particles and clusters) observed led us to investigate the
reduction behaviour of the material further, particularly in light of its relevance to the
formation of DNA-templated luminescent silver clusters. Reports by Dickson et al.?6:2”
have explored and identified similar materials as optical materials?®%° in bio-sensing
applications.?> The highly-ordered continuous argentophilic arrays such as 1 and
similar materials®’ offer interesting systems for investigating reactivity and can provide
an insight into the nature of the resulting products. The Ag*-cytosine interaction is a

key feature in the synthesis of luminescent silver-clusters.2831:48,61-64

It was found early in the investigation that even freshly-prepared 1meon showed

emission (Aem = 395 nm, Aex = 330 nm), suggesting that the material is relatively

photosensitive. Upon UV irradiation (Aex = 300 nm) the gel undergoes a colourless-to-
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red change with corresponding increasing in emission intensity with exposure time up
to 1 hour (Figure 3.16). The results are consistent with silver(l)-ion reduction with the
formation of quantum-confined silver-clusters. The emission indicates that those
clusters are sufficiently small, in the order of the Fermi wavelength (~0.5 nm for Ag,
<30 atoms), for a band-gap to form. Exposures past one-hour yielded no further
increases in emission intensity and, in fact a slight loss of intensity was observed. This
is consistent with the formation of larger, non-emissive plasmonic nanoparticles
followed by the appearance of an absorption band at ~398 nm. The emission persisted
unchanged for >1 month suggesting the clusters are stabilised within their chemical

environment.
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Figure 3.16 Fluorescence data showing the increasing emission intensity of the gel
1veon, each sample faced increased exposure times to UV-light (Aem: 395 nm, Aex:
330 nm).

TEM images comparing fresh versus exposed 1wmeon illustrates this transformation
towards photo-emissive materials (Figure 3.17). Within thinner areas of the fresh-gel
several features can be observed that can be ascribed to the onset of cluster/particle
formation. This is consistent with the AFM studies which show particles embedded
within the gel-fibres. Particles size analysis of these images gave a range of between
1 - 4 nm; too large to be emissive, however, much smaller than the particles observed
after exposure to UV-light. This effect is observed in figure 3.17b, whereby the

formation of electron dense particles coincident with the fibre axis giving a
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heterogeneous appearance. This compares to the homogeneous nature of the fibres

before exposure as expected for the regularly spaced array of silver-ions in 1.

Figure 3.17 TEM bright field (TEM-BF) images of 1meon before and after exposure to
UV-light. (a) Uniform fibres in agreement with that observed for the gel showing
regular metallo-arrays and (b) after photoreduction showing the formation of electron-

dense nano-patrticles/clusters.

High resolution scanning of an individual particle shows the expected crystal lattice
fringes consistent with that of silver metal, with typical spacing of 0.25 +0.02 nm
(Figure 3.18).

Figure 3.18 High-resolution TEM (HR-TEM) image of a dark spot identified as a
silver particle (dia. 4.3 nm). Its lattice fringe spacing was measured at 0.25 + 0.02 nm
corresponding to the interplanar distance of (111) for Ag.
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3.7. Conclusions

Throughout this chapter we have demonstrated that a simple metal-mediated base-
pair [Ag'-(N3-cytidine)z2] 1aq, formed by the coordination between Ag' and cytidine
spontaneously assembles into a supramolecular double-helix. Driven by a plethora of
complementary reversible interactions this material showed a remarkable self-healing
ability when in the gel form. These results highlight the favourability of these building
blocks to adopt structures akin to natural DNA with our example being analogous to
that of metallo-DNA. This allows for a comparable insight into this class of material,
moreover it's viability as a molecular conducting wire. With some of the shortest
reported Ag---Ag distances (close to the metallic radii of 2.88 A) electrical conductivity
was measure using a range of highly sensitive techniques. The material demonstrated
insulating properties experimentally, explained using computational theory. A filled
valence band and sizable band gap goes further to support experimental findings.
Reduction of the Ag-ions would in theory enhance the electrical conductivity, however

such ventures readily produced AgP particles as expected.
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Chapter 4.

Metallo-DNA: Left- vs. Right-Handed Helical Rotation in the Solid-

State for Ag-Mediated Supramolecular Duplexes.
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4.1. Introduction

Left- and right-handed helical structures have long been observed in numerous
polymeric repeating structures in both synthetic'-2 and biological settings*°. The screw
axis gives rise to detectable optically activate complexes when measured using
circularly polarised light (CD), due to chirality of the supramolecular structure (Scheme
4.1).%36 Detectable optical activity implies that one rotation or screw sense prevails. If

two helical senses exist or can interconvert then optical activity is not observed.

Left-handed

Anti-parallel

Right-handed

Parallel

Scheme 4.1 Helical sense diagram; left (anti-clockwise) vs. right-hand (clockwise)

and anti-parallel vs. parallel strand direction.

DNA in particular has been well characterised in both clockwise (right-handed, A- and
B-DNA) and anticlockwise (left-handed, Z-DNA) conformations.”'2 The covalent
structure of DNA polynucleotide sequences is persistent between all DNA-types;
however, the base sequence is variable and therefore dictates the helical handedness
produced. The transition observed between B- and Z-DNA is based on electrostatic
interactions and has subsequently become one of the best characterised
conformational changes in double stranded DNA. The transition of B-form to Z-form
DNA is termed “denaturation”. This involves the breaking of two sets of interactions

integral to duplex stability; base-pair hydrogen-bonding and base stacking interactions.
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The reverse process is called renaturation or annealing. These processes are essential

for many biological processes.

A-, B- and Z-forms of DNA are now well understood spectroscopically (Figure 4.1).
Their component nucleotide units have limited chirality and are only weakly observed
using CD with low signal intensity.'® Chirality within these nucleic units originates at a
single site, the C1’' of the sugar. Formation of a double helix generates significant
spectra changes owed to supramolecular chirality of the structure. All variations of B-
type DNA (with canonical base-pairs) have common global spectroscopic CD features.
These are characterised by a positive long wavelength peak or band at 260 - 280 nm
and a negative band around 245 nm.*314 The positions and amplitudes of these peaks
can differ tremendously due to the sequence specific conformational properties
intrinsic to DNA. A-type DNA is similar to RNA spectroscopically, and is common for
G, Crich DNA. The spectra are commonly characterised by a dominant positive band
at 260 nm and a negative band at 210 nm.1314 Both of these DNA types represent
right-handed double helices. Z-type DNA represents a left-handed helix which can be
seen as a near inversion of the CD spectra common for right-handed B-DNA.'3 A
negative band at 290 nm followed by a positive band at 260 nm and a strong negative

band at approximately 205 nm are characteristic.1314
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Figure 4.1 a) lllustrations of A-, B- and Z-DNA types. b) Typical CD spectrum for A-
(red), B- (blue) and Z-DNA (black).4

Kondo et al. have been at the forefront of metallo-DNA (M-DNA) structural

characterisation, publishing several examples of metal-mediated duplexes across a
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range of traditional and newly observed base-pair partners. A right-handed (clockwise,
antiparallel) DNA double helix was structurally characterised from a single crystal
following insertion of Hg" across T:T and T:G base-pairs of d(TTTGC) (NDB: 6IUE)
(Figure 4.2a).1> A second example used a dodecamer d(GGACT(®'C)GACTCC) (B'C
= 5-bromo-2’-deoxycytosine), to produce an uninterrupted one-dimensional Ag' array
across C:.C, G:G, CG and T:T base-pairs (NDB: 51X7) (Figure 4.2b); again, the helical
rotation was right-handed.’® A single example exists of m-RNA, involving the
metalation of r(GGACU[P'C]JGACUCC) by Ag' to produce an A-form duplex with a right-
handed double-helix (NDB: 5AY2) (Figure 4.2c).” The M-DNA examples described
offer alternative base-pair interactions and would produce unique spectroscopic
characteristics. At the time of writing, all crystallographically characterised examples
of M-DNA described have a right-handed (clockwise) anti-parallel double helix.
Insertion of Ag' or Hg'" ions have little effect on the base-pairing distances over the
canonical Watson-Crick interactions. The reduced size of pyrimidines when compared
to purines allows for a gap between bases of 4.4 A; large enough for a single Ag' and

Hg'" ion to coordinate within the core of helix.18-20

Figure 4.2 Crystal structures of a) Hg"-DNA helical wire, b) Ag'-DNA dodecamer
(d(GGACT(B'C)GACTCC)) with an uninterrupted silver array and c) Ag'-RNA duplex
(r(GGACU[P'C]JGACUCC)), each demonstrating metal-mediated right-handed

(clockwise) antiparallel double-helices.
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Terron and Frontera recently published a crystallographically characterised structure
of a pseudo M-DNA system analogous to that of the DNA systems previously
discussed.?® They describe a metal-mediated double helix generated from the
assembly of the complex formed by Ag' ions and N1-hexylcytosine as ligands, C*-Ag'-
C*, [Ag'-(N3-(N)-hexylcytosine)z]-[SbFs]-[MeOH] (CCDC code: YASGIL) (Figure 4.3).
The bis-complex ions assemble in-line to form a 1D polymeric double helix stabilised
through intermolecular base-base hydrogen bonding (N4-H---O2), hydrophobic and
argentophilic interactions. Interestingly, both left- and right-handed senses are
observed as a racemic mixture in the solid-state. Unfortunately, no spectroscopic data

was published alongside the crystal structure.

Right-handed
(clockwise)

Left-handed
(anti-clockwise)

Figure 4.3 Single crystal X-ray structures of [Ag'-(N3-(N1)-hexylcytosine)2] from the
Frontera group displaying both helical senses; left and right-handed duplexes. N1-

Hexyl chains, methanol and SbFs counter anions removed for clarity.?!

Herein, we describe the preparation, characterisation (Part 1) and crystallisation
phenomena observed via AFM (Part 1l) for [Ag'(N3-2'deoxycytidine)2][NOs]. The
structure is analogous to that of [Ag'(N3-cytidine)2][NOs] discussed previously in
chapter 3, yet a subtle change in the sugar, the loss of an -OH group at the O? position

(Scheme 4.2), gives the opposing left-handed (anticlockwise) helix.
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\N3

Scheme 4.2 2’-Deoxycytidine (alpha) with atomic numbering. The base is
represented in red and deoxyribose in blue.

4.2. Results & Discussion

Synthesis and characterisation of [Ag'-(N3-2’deoxycytidine)2][NO3], 1 — An
aqueous reaction between 2’-deoxycytidine (DCyt., Scheme 4.2) and AgNOs in a 2:1
stoichiometric ratio yielded [Ag'-(N3-2'deoxycytidine)2][NO3], 1, as a white powder in a
guantitative yield. Recrystallisation from water/acetonitrile gave colourless needle-
shaped crystals with acicular habit. Initial analysis of the crystalline material was
performed using FTIR and MS.

FTIR was measured for 1 and its parent ligand, 2’deoxycytidine (Figure 4.4), in the
solid-state. The two spectra share many common features, with changes occurring
within regions associated with amino (3000 — 3600 cm™ and ~1500 cm™t) and carbonyl
(~1600 cm™) groups. Furthermore, 1 demonstrated peak broadening generally
associated with hydrogen bonding. These spectroscopic differences between the
parent nucleoside and complex ion are consistent with those observed in chapter 3 for
[Ag'-(N3-cytidine)2]. It is therefore likely that 1 is analogous [Ag'-(N3-cytidine)z], forming

a duplex structure in the solid-state.
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Figure 4.4 FTIR data collected for 2’-deoxycytidine (black-line) and [Ag'-(N3-2'-
deoxycytidine)z], 1 (red-line)

The intermolecular hydrogen bonding between neighbouring N4 and O2? exocyclic
heteroatoms necessary for duplex formation were further analysed (Figure 4.5). At
longer wavelengths significant shifts were observed for vas(NH2) 3381 — 3329 cm
and vs(NH2) 3109 — 3192 cm vibrations and at lower wavelengths v(CO) is
decreased, 1657 — 1647 cm. Additionally, the B(scNH2) at 1476 cm broadens and
shifts to a lower wavenumber.?82% All changes observed (i.e. shifts to lower frequencies
and peak broadening) in the FTIR were consistent with the observed H-bonding

interactions found for [Ag'-(N3-cytidine)2] suggesting a similar structure.30-31
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Figure 4.5 Analysis of FTIR spectra for 2’-deoxycytidine (black-line) and [Ag'-(N3-2’-
deoxycytidine)2], 1 (red-line)

The expected bis-complex, [Ag'-(DCyt)2]*, was observed using ESI-MS (direct
injection, positive ion mode) at 561.4462 m/z (Figure 4.6). Isotope patterns, splitting
and masses aligned well with the theoretical values calculated for the expected bis-
complex (C*-Ag*-C*) derived from the crystal structure (C* - DCyt); Calc.
C1sH26AgN6sOs, [M]*, 561.0900 m/z. Peak separation of 1.0 m/z suggests species
bearing a plus one charge state. The +1 charge of the silver ion was sufficient for
detection in positive ion mode demonstrating no proton loss needed to occur during
ionisation. The isotope pattern was characteristic of a species bearing a single silver
ion (197Ag 51.839%, 199Ag 48.161%)

per mass detected.
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Figure 4.6 ESI-MS (positive ion mode) for an aqueous solution of 2’-deoxycytidine
and silver nitrate at a 2:1 ratio within the range of 0 — 1000 m/z (inset, 560 — 568

m/z).

Curiously, a peak was detected at 788.10 m/z. The detected mass had low intensity,
representing approximately 3% of the total metal-mediated mass by way of peak
intensity (Figure 4.7). The isotope pattern, again, was indicative of a species bearing
a single silver ion with a plus-one charge represented by a splitting of 1.0 m/z. The
peaks detected aligned well with the theoretical values calculated for a complex
bearing three DCyt ligands around a single Ag*; [Ag*-(DCyt)s]*, Calc. (C27H39AgN9O12,
[M]*) 788.1764 m/z. Searching the Cambridge Crystallographic Database Centre
(CCDC) using ConQuest® (Version 2.0.5) for examples of tris-(Ag*-(N)3) crystal
structures returned 1706 hits, confirming the feasibility of a 3:1, tris-[Ag'-(N3-DCyt)3]*,

binding motif as observed in MS.
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Figure 4.7 ESI-MS (positive ion mode) for an aqueous solution of 2’-deoxycytidine
and silver nitrate at a 2:1 ratio within the range of 783 — 797 m/z. Inset (i) a 3:1

ligand-to-metal coordination complex.

X-ray diffraction of a single crystal revealed a N3 metal-mediated bis-complexes C*-
Ag'-C* (C*: 2’-deoxycytidine) reflecting the 2:1 stoichiometry of the reagents (Figure
4.8). Ag-N3 bond lengths have a narrow range between 2.15 and 2.17 A. The N-Ag-N
angle is ~165°, similar to analogous silver-pyrimidine complexes that have been
previously discussed in Chapters 2 and 3. The DCyt pyrimidine rings of each metal
complex are twisted significantly from co-planarity with a mean planar twist angle
between bases of 67.5°. An angle of <90° shows a preference towards a cisoidal
conformation. Despite a slight preference towards a cisoid orientation the bases are
near perpendicular allowing for intermolecular hydrogen bonding interactions across
the exocyclic N*-donor and O2-acceptor sites between adjacent neighbouring ligands
in the linear chain-like assembly (heteroatom distances 2.9 A; N4-02A (2.922(11) A),
0O2-N4B (2.826(12) A) and O2B-N4A (2.937(12) A). These intermolecular bonding
interactions lead to a 1D left-handed (anti-clockwise) double-helix composed of
stacked N3 metal-mediated C*-Ag'-C* (C*: 2’-deoxycytidine) complexes (Figure 4.8).
The assembly is held in-line by a combination of ligand-to-ligand intermolecular
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exocyclic N4--O? hydrogen bonding and argentophilic interactions leading to a
continuous array of silver ions thought the core of a left-handed double-helix.

The unit cell (a=b =16.931(5) A, ¢ = 53.194(13) A) is defined by a P6122 hexagonal
space group with a remarkably linear contiguous argentophilic (Ag*---Ag*) down the
helical c-axis (100). The repeating unit cell consists of two silver ions and three cytosine
ligands. The helical pitch is approximately 36.5° between the silver mediated DCyt
complexes, with a complete rotation every ten units; akin to natural DNA. The chain of
Ag* ions is almost linear, with deviations of approximately 7.5° over ten complex ions,
from the mean straight line which is parallel to the trigonal c-axis, and with Ag---Ag---Ag
angles of 135.61(9)°. The Ag*---Ag* distances are short at 2.955(2) and 3.0553 (11) A.
The diameter of the duplex is approximately 16.7 A, as measured across 5’-OH groups
on individual complex ions, which is similar to that of natural DNA. For each “strand”
of the duplex, there is a polar arrangement of nucleosides which directs the formation
of these complementary N*-O? interactions between neighbouring complexes.
Individual complexes form two pairs of N4-H--O2 hydrogen bonding interactions.
Essentially an identical pattern of intercomplex base-pair interactions is seen for [Ag'-
(N3-cytidine)2][NOs] in chapter 3.
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Figure 4.8 Single crystal X-ray structure of [Ag'-(N3-2'Deoxycytidine):]; (a) Details
and labelling of the two unique repeating silver ions, (b) Top-down (100) view of the
1D chain showing an anti-clockwise (left-handed) helical rotation; (i) An illustration of

an anti-clockwise logarithmic spiral, (c) Side-on view showing the contiguous 1D

argentophilic array within the helix. Sugar groups omitted in (b) and (c) for clarity

A view along the c-axis or [100] direction of the packed lattice reveals channels or
voids, as shown in Figure 4.9. These voids are approximately 5.0 A in diameter and
likely occupied by solvent and nitrate counter ions. Accurate modelling of these
molecules within the voids was not possible due to disorder. The duplex core structure
occupied by silver ions was notably absent of any solvent or counter ions. Such porous
materials have been previously identified to have useful applications as host lattice

materials.?> Compounds or materials small enough can be embedded or stored within
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the voids until changes in the surrounding lattice grant their release. Such materials

have also been investigated as methods of filtration as ultra-thin porous membranes.?3-
27

17.6 A
(Ag*-Ag?)

16.9 A (Ag*-Ag*)

Figure 4.9 Top-down view (c-axis, [100]) into a packed crystal lattice showing voids

or channels (filled yellow) between four 1D chains.

Akin to naturally occurring A- and B-form DNA, 10 silver-mediated cytosine base-pairs
give one complete rotation of the helix with increments of ~36.5° between each
complex-ion base-pair. As mentioned, the duplex rotation of 1 is left-handed (anti-
clockwise). However, the most common forms of DNA and its ribose counterpart [Ag'-
(cytidine)z] the helical rotation observed is right-handed (clockwise). Directly
comparing the crystal structures of [Ag'-(N3-cytidine):] (clockwise, right-hand) and [Ag'-
(N3-2’-deoxycytidine)2]  (anticlockwise, left-hand), 1, show nearly identical
compositions in terms of metal-ligand geometries and bonding distances. Ag-N
average distances are 2.161 and 2.102 A, N-Ag-N average angles are 163° and 171°,
average base-to-base plane twist angles are 71.7° and 73.0°, rotation per complex ion
is 36.5° and 35.1° respectively for [Ag'-(DCyt)2] and [Ag'-(Cyt)2]. However, a notable
difference can be seen in the pucker-type conformations of the sugar groups.
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Figure 4.10 An illustration of the five sugar pucker types found in DNA.

There are five main ribose pucker types found in DNA (Figure 4.10).5°:3233 The sugar
group’s pucker is known to have a significant influence on overall structure and helicity
of the double helix.>%32-3% A- B and Z- form DNA are identical in terms of their
component nucleotide units, however these all differ in their ribose conformations. For
example, the S-twist type pucker is common to A- and B-form of DNA (right-handed),
extend their nucleobase pairs towards the centre of the helix equally.®3 This allows for
a centred interaction between the double strands of the helix. Z-DNA (left-handed)
possess N-twist puckered sugars in addition to S-twist, leading to an imbalanced or
non-centred base-pair interaction as demonstrated in Figure 4.11.2 This leads to a

zigzag structure to which Z-DNA gets its name.
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Figure 4.11 An illustration to show the effects on duplex structure of N-twist sugar

pucker type conformations versus S-twist.

Analysis of [Ag'-(N3-2'deoxycytidine)2]* shows sugar pucker conformations with two
instances of S-twist-3’exo and one N-Twist-3-endo pucker-type. In comparison to its
ribose counterpart [Ag'-(N3-cytidine)z2], which displayed predominantly the N-twist-
2’exo; although Instances of the S-Twist-2’endo and S-Twist-3’exo also exist.
Unfortunately, no clear trend in the preference of pucker type could be directly
associated with the left- or right-handed helical rotation for [Ag'-(N3-2’'deoxycytidine)z]
or [Ag'-(N3-cytidine)2] respectfully. Without the phosphate backbone any changes in
the pucker type has no clear effects on the helix structure. It is more likely that the
pucker types adopted and observed within the solid state for [Ag'-(Cyt)2] and [Ag'-

(DCyt)2] are configured for electrostatic and solvent interactions in the solid-state.

Analysis of any further interactions from the deoxyribose sugar groups for 1 revealed
hydrogen bonding between adjacent O5’ hydroxyl functional groups (Figure 4.12). The
sugars orientate themselves in pairs to have the smallest O%.--O% distances (2.725(9)
A). No additional interactions could be observed due to disorder of the solvent within

these voids.
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2.725(9) A — O

Figure 4.12 Analysis of the deoxyribose intermolecular interactions.

Ultra-violate (UV) light is commonly used as a method of analysis for nucleic acids.
Concentration and purity can be determined by absorption and optical density (OD) at
260 and 280 nm. Changes in the nucleobase conjugation or helix can also be
investigated by UV-vis or melting-point studies. However, the UV absorption (Amax) for
2’-deoxycytidine was measured at 271 nm and remained unchanged following the
addition of silver ions (AgNOs3) at the expected 2:1 stoichiometry (Figure 4.13). A lack
of change in the UV was consistent with silver-N3-cytosine complexation as
fundamentally the conjugation in the nucleobases was not altered following
coordination to the metal ion at the N3 position.
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Figure 4.13 UV-Vis absorption data for aqueous solutions of 2’-deoxycytidine
(dotted-line) and [Ag'-(DCyt)2], 1 (solid-line).

To assess whether the self-assembly of the helical structure could be observed in
solution circular dichroism (CD) was used to identify spectroscopic differences in the

optical activities between [Ag'-(Cyt)2] and [Ag'-(DCyt)2], 1, respectively.

The CD for both species were spectroscopically similar; both having two dominant
negative bands which is consistent with the formation of a metal-mediated helical
assembly in solution.3>3 The aqueous solution of [Ag'-(Cyt)2] possessed three
negative peaks at 200, 217 and 283 nm. The deoxy analogue, 1, has two major
negative peaks at 245 and 287 nm. Both helical assemblies showed significant
transformations when compared to their parent ligands. The large negative bands at
higher wavelengths (283 and 287 nm) for both [Ag'-(N3-Cyt)2] and [Ag'-(N3-DCyt)2] are
remarkably similar in magnitude and position to each other. Furthermore, they are
similar to the negative peak at 290 nm characteristic of Z-DNA. At lower wavelengths
[Ag'-(N3-Cyt)2] appears to share similar characteristics with the CD profile of A-DNA
(peak at 210 nm), and [Ag'-(N3-DCyt)2] with B-DNA (peak at 245 nm).
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Figure 4.14 [Ag'-(N3-cytidine)2] versus [Ag'-(N3-2’deoxycytidine)z] (Sugar groups
removed for clarity), a) Molecular structures highlighting the right and left-handed
nature of each 1D polymer and b) CD spectra of the silver complexes (black) vs.

ligands (red) in aqueous solutions.
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4.3. Part Il: Crystal Growth of Ag'-Mediated Supramolecular

Duplexes, as Observed using Atomic Force Microscopy.

Crystallisation is essential to many natural and synthetic processes on this planet. The
spontaneous assembly and isolation of a single species from a supersaturated solution
can yield unique materials with tailored physical properties. However, observing the
formation of crystals as they nucleate is no easy task. It is common to only observe
crystals once they have assembled to macroscopic dimensions.®’ It is clear from the
literature that the fundamentals to crystal growth and nucleation are poorly understood
with no widely supported consensus or description. The methods involved in

successful crystallisation is often considered more of an art than science.

At the earliest stages of crystallisation, referred to as nucleation, a metastable phase
whereby the rate, size and purity of crystals produced is determined.3® The nuclei is
defined as the minimum amount of a new phase which is able to exist independently.3®
Since the 1930s, researchers have been developing more advanced theories and
models of how nucleation occurs. A common approach to investigating nucleation
involves observing small “crystallites” or cluster, typically <100 nm (often referred to as
an “embryo”). There exists a “critical nucleus”, a point where a crystallite reaches a
delicate tipping point, this is due to their extremely high surface area to volume ratio.
This equilibrium point is often thought as a stage bearing between 20 - 50 molecules®’
or 100 — 1000 atoms®8, which is unstable enough to readily re-dissolving back into
solution. If, however, the crystallite persists, nucleation and therefore crystal growth
can occurs.®” The organisation of molecules prior to nucleation is considered the rate-
determining step.3® The growth stages thereafter is diffusion limited as particles are
assimilated at the surface of the nuclei onto the crystal lattice.

Classical nucleation theory (CNT) of a crystallite and nucleation assumes a spherical
model, however more recent studies using apoferritin (a protein with slow
crystallisation characteristics) describe a sheet like theory with planar layers.2° A third
theory describes the possibility that the critical nucleus in not crystalline at all, more a
pseudo-liquid aggregation of molecules with a high degree of disorder, with crystallinity

only appearing in later stages of growth.3”
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The CNT were described over 90 years ago and is widely used today for its analytical
simplicity for ionic supersaturated solutions. Several alternative theories exist including

Lothe & Pound (LPT) theory and Reiss nucleation theory (RNT), which impose fewer
or changed assumptions to CNT.4°

The thermodynamic explanation for crystal formation was developed my Josiah Willard
Gibbs at the end of the 19" century.®® The free energy change required for nucleation
(AG) is the total free energy for the phase transformation (AGv) and the free energy
change for the formation of a surface (AGs).3 The first term therefore describes the
spontaneous deposition from a supersaturated solution, as the solid state has a greater
stability than the liquid, AGv becomes negative, lowering the Gibbs free energy of the
system. In opposition, the introduction of a new interface increases the free energy
proportionally to the surface area of the crystal surface.®® Therefore, the ability for
crystal growth depends on the competition between AGv (growth) and AGs
(dissolution).®® There exists a critical point (rc) at which the size of the nuclei causes

the total free energy to decrease resulting in an overall negative free energy, therefore
growth of the entity becomes energetically favourable.384!

Surface Free Energy

v

Free energy (AG)

Volume Free Energy \
AG

v

Figure 4.15 A free energy diagram of nucleation.38

A kinetic theory involves a steady-state rate of nucleation (J), which is proportional to

the number and rate of nuclei formed in a given volume. More specifically the kinetic
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factor describes the incorporation of molecules to the critical nucleus, therefore

depends on molecular mobility; hence, temperature plays a significant role.

J=Aexp (_ AGcrit/kT)

The theory can be expressed as an Arrhenius rate equation, where k is the Boltzmann
constant and A is the pre-exponential factor (10° cm s; however, is difficult to
measure). There are significant assumptions imposed to simplify the description, these
are: The nuclei are spherical droplets, stable surface tension values critical for
existence in both phases, growth of nuclei occurs one monomer/molecule at a time
ignoring any destructive collision between nuclei, the nucleation rate is time
independent and the nuclei are incompressible. The rigidity of these assumptions has
the potential to oversimplify models, therefore cannot account for binary nucleation
occurrences. Nor can it account for nuclei collisions which have been shown to play a
significant role using computational studies.

One of the most common approaches to observing crystallites is by atomic force
microscopy (AFM) due to the soft means of acquiring surface detail at nanometre
resolution.3® Proteins are often used in these studies due to their relatively slow
assembly processes when compared to ionic solids. However, observing these
processes remains difficult as crystallites are extremely small, freely move throughout

the available solution, existing only for short periods.®

4.4. Results and Discussion (Part-Il)

Due to the structural similarities between [Ag'-(DCyt)2] and [Ag'-(Cyt)2], AFM imaging
techniques were used to search for individual fibres or strands akin to those analysed
in chapter 3. A concentrated aqueous solution of [Ag'-(N3-2’-deoxycytidine)2] was
prepared and drop-cast onto a silicon wafer. However, nothing was immediately
identified as being fibrous. Methanol was added to the dry sample area and allowed to
slowly evaporate in a sealed environment for 16 hours. The subsequent images
showed the formation of large nm sized crystals uniformly distributed across the
sample area. Imagining within the voids between crystals revealed individual coiled

fibres many pym in length with a height of 10 nm.
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Figure 4.16 Optical microscope and AFM images of [Ag'-(N3-2'deoxycytidine)2]. (a)
An optical microscope image of [Ag'-(N3-2'deoxycytidine)2] drop-cast onto a silicon
wafer. Large-scan (b) and a zoom area (c) of AFM height images of bis-(Ag'-
2’deoxycytidine) fibres, showing the fibres packing together to create a flat structure
on a silicon surface. (d) An AFM height images of the face of a crystal (black box in
image (a)). (e) 3D AFM height image of a small crystal and fibres on and around the
edge of the crystal. (f) AFM image of helical fibres that anneal together close to
crystal structure in the image (e) and (h) a corresponding line section showing the
height of a single fibre. (g) A zoom in area of AFM image on the top of the face of the
crystal in the image (e), and (i) a corresponding line section showing the height of the
fibres on the top of the crystal face. (j) 2D and 3D AFM height images showing the

annealing helical structures of molecular chains.

The coils show a right-handed (clockwise) screw twist. Interestingly, the meeting of two

individual coils resulted in a merger with no observable change in height as seen in
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Figure 4.16 (j). Imaging closer to a crystal showed a much higher coil/fibre density.
Furthermore, the coils had closely arranged themselves in a common direction neatly
in line with a uniform height of 10 nm. Regions that overlapped gave a step height
difference of 10 nm. Images taken from the topside of the nearest crystal showed again
aligned fibres in a common direction of the long axis of the crystal. Step height on top

of the crystal was 5 nm.

Figure 4.17 best illustrates how the structures observed by AFM could fit to a crystal
lattice with linear 1D arrays. Using the dimensions of a single 1D silver array in the
crystalline state a series of steps were conceptualised to explain the transformations
and structures observed in Figure 4.16. A single 1D duplex or strand has a diameter
of 1.7 nm (16.7 A) from solid-state and a single coiled fibre has a height of 10 nm.
Assuming the coil is not flattened against the surface and holds a 3D screw
conformation along a rigid axis the true diameter of the fibre would be approximately 5
nm. A coil bearing seven 1D duplexes distributed to fit a cylindrical spacing would have

a height of 4.7 nm.

Tertiary Quaternary

SR, P

Primary Secondary

Figure 4.17 An illustration of the proposed mechanism of crystal formation inferred
from AFM height images: a.) The primary C-Ag'-C molecular structure, b.) the
secondary helical array, c.) A coiled tertiary structure observed under AFM and i.)
shows a bundle of seven helices with a calculated diameter of 4.7 nm; d.) Strand

cross-over with a linear direction with a step difference between the two directions of
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approximately 5 nm, e.) Strand realignment towards in the c-axis as observed in the
single crystal. Inset f.) shows i.) a top-down view of two neighbouring tertiary coils
showing alignment of upper and lower surfaces (dotted lines), ii.) diagonal view and
iii.) side-on view showing the aligned upper (red) and lower (blue) sections
(separated by a dotted line).

Stage-one, upon addition of metal-ions to DCyt a bis-complex ion, [Ag'-(N3-DCyt)2], is
spontaneously formed which stacks inline to produce the duplex as observed in CD.
This stage represents the transition from a primary (discrete complex ion) to secondary
structure (single duplex). Stage two, 1D duplexed strands assemble in groups or
bundles of approximately seven strands to produce a thicker fibre or tertiary structure
with a height of 4.7 nm which coils. The coiling could be a result of gained torsion
during the drying process or strands braiding along the fibre. The coils are observed
to have uniform heights of around 10 nm. The third stage involves the transition from
a tertiary or coiled structure, to linear structures representative of the crystal. This
required a significant transformation. The simplest way this could be achieved involves
a rearrangement of the intermolecular interactions (i.e. hydrogen-bonds, argentophilic,
and hydrophobic interactions). The upper and lower turns of a coil merge in-line with
its neighbours to generate linear strands. The fourth and final stage, involves the
realignment of the now perpendicular upper and lower arrays assemblies or layers.

This is likely occurred as strands embed into the highly organised bulk crystal.

4.5. Conclusions

It has been demonstrated that [Ag'-(N3-DCyt)2] spontaneously forms upon coordination
between Ag* ions and 2’deoxycytidine. A remarkable self-assembly process occurs to
form a supramolecular double helix in solution. The results highlight the tendency of
these bis-complex ion building blocks to stack into structures similar to their
corresponding biopolymers (i.e. DNA) with assemblies closely matching those of M-
DNA. The left-handed helix sense found within the solid-state was compared against
its right-handed (clockwise) ribose counterpart, [Ag'-(N3-Cyt)2]. Analysis of the binding
interactions and geometries found in the solid-state for both structures were highly
similar. Furthermore, the sugar pucker conformations were investigated, but not found

to directly influence the helical sense of the helix. It is more likely that packing or
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hydrophilic interactions in the solid-state play a more important role in the outcome of

the helix rotation.

We have identified several solid-state structures using AFM of [Ag'-(N3-DCyt)2] at
various stages of crystallisation. The transformation from a 1D coil (height of 10 nm)
to bulk crystalline material with a regular lattice of linear 1D supramolecular double
helices was observed. It is proposed that a significant rearrangement occurs to align
upper and lower sections of neighbouring coils. This involves a denaturation process
where the intermolecular hydrogen, argentophilic and hydrophobic interactions are
broken. Realignment yields a packing of linear 1D strands representative of the crystal
structure. These images have captured a remarkable insight into the mechanism
involved for polymeric crystal growth.
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Chapter 5.

Accessing One-Dimensional Argentophilic Arrays base on N-Ag'-O

bond formation: Single Crystal to Molecular-Sheet Transformation.
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5.1. Introduction

As demonstrated in previous chapters, Ag'-N bond formation is well recognised as a basis
for metal mediation with DNA and many one-dimensional (1D) coordination polymers. The
d*? electronic configuration of Ag' allows for a range of coordination numbers and geometries,
however a tendency exists to form low-coordination linear systems. Many studies exist
towards the production of 1D materials with closely held contiguous Ag' arrays. Layered or
2D materials in particular have seen enormous interest as they have potential applications in
electronics, displays, sensors and thin-film membrane technologies.~” However, the nature
of typical M-DNA, with low coordination arrangements tend to limit their conformations to 1D
systems. It has been shown that 2- or 3D metal-organic frameworks with layered lattice
constructions can undergo solvent based exfoliation yielding single molecular sheets.
Research into this area have demonstrated both “bottom-up”®1? and “top-down”13-18
exfoliation techniques. While these materials have shown catalytic,'® reversible anion
binding?® and luminescent?® properties, reports demonstrating their credentials towards

single molecular sheets are few.?!

Recently, the discovery of a unique 3D coordination polymer composed of Ag* ions and
cytidine-5’-monophosphate (CMP)?? possess a framework capable of providing access of 1-
or 2D materials through top-down exfoliation techniques.” The structure was identified as one
of only two known examples where the metal ion coordinates at both N- and O- sites (Figure
5.1).2223 The structure retains the remarkably close Ag*--Ag* interactions of ~3.0 A
characteristic of traditional Ag-DNA systems. The 3D coordination network is held together
by a third O interstrand coordination from neighbouring phosphodiester groups, linking each
1D chain in the crystal lattice. At the time of writing the structure had been discovered

independently by our group prior to publication.

* At the time of publication, we had independently characterised identical compounds; {[Ag'-N3,02-
CMP]-H20} and {[Ag'-N3,02-CMP]-MeOH}.
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Figure 5.1 Examples of known N,O-coordinately bound Ag'-Cyt. systems, (a.) Ag'-1-
methylcytosine and (b.) Ag'-Cytidine-5’-monophosphate.??23

Herein, we report the synthesis and structural characterisation of two analogous 3D
coordination polymer bearing different solvent motifs, 1, {{Ag'-N3,02-CMP]-H20} and 2, {[Ag'-
N3,02-CMP]-MeOH}. These illustrate a unique N, O binding mode and network topology. In
addition, we demonstrate for 1, that the material is susceptible to liquid-phase exfoliation

affording 2D molecular sheets.
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5.2. Results & Discussion

4
NH,

| \NS
Swo,

OH OH
3 2

Figure 5.2 Cytidine-5'-monophosphate (CMP) with atomic numbering. The base is

represented in red, ribose in blue and phosphodiester in purple.

Synthesis and Characterisation of 1, {{[Ag'-N3,02,07-Cytidine-5’-monophosphate]-H20}
- The aqueous reaction between AgNOs and cytidine-5’-monophosphate (CMP)
(Figure 5.2) in a 1:1 stoichiometric ratio yielded [Ag-O”,0%,N3-CMP]-H20, 1, as a white
powder in a quantitative yield. Recrystallization from water gave colourless needle-
shaped crystals with acicular habit. X-ray diffraction analysis revealed 1 to be a 3D
coordination network with a chiral orthorhombic space group of P212:12:1 with
continuous argentophilic (Ag*-Ag*) interactions down the [100] direction. The Ag*---Ag*
distance is 2.9590(5) A with an angle of 108.33(3)°; resulting in an oscillating “zig-zag”
arrangement down the axis (Figure 5.3). Each Ag* ion is coordinately bound to three
heteroatom donors; O2 and N3 of flanking cytosine bases and an adjacent O7-
phosphodiester, with bond lengths of 2.233(4), 2.221(5) and 2.509(5) A respectively.
The O2-Ag*-N3 is remarkably linear with an angle of 176.09(17)°. Looking down the
[001] axis the bases are arranged coplanar to each other down the RHS and LHS of
the chain, with centroid distance of 4.79775(12) A and plane shift of 3.298(12) A. There
exists a plane twist angle of 89.5(4)° between the RHS and LHS nucleobase planes.
The Ag*-O7 interaction links four additional 1D neighbouring arrays forming a 3D
coordination network. The ribose sugar group exists in a ‘N’-twist 3’-endo configuration.
Additional hydrogen bonding interactions are observed between N4-O7' (2.851(7) A)
and O3-H20 (2.773(7) A). Solvent occupy voids between adjacent 1D chains bridging
through the O% of the ribose (2.773(7) and 2.902(7) A). The width of the 1D structure
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extends from O” RHS to O” LHS is 20.403(8) A, similar to the diameter of natural
double-stranded DNA (~20 A).

@) " 20.403(8) A R (b.)
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Figure 5.3 Single crystal X-ray structure of complex 1; (a.) Details of the 1D chain
running down the [100] direction with a 1:1 stoichiometry, (b.) Side-on sectional view
showing the 1D “zig-zag” contiguous chain and (c.) Side-on view showing the right-

angle base twist RHS to LHS of the silver core.

Synthesis and Characterisation of 2, {[Ag'-N3,02,07-Cytidine-5'-
monophosphate]-MeOH}. Single crystals were isolated in methanol from a reaction of
CMP and AgNOs at 2:1 metal:ligand stoichiometry. CMP does not readily dissolve in
methanol, therefore an excess was used under reflux conditions to achieve a 1:1
complexation. 2 slowly dropped out of solution as colourless needle-shaped crystals
with acicular habit. Analysed by single crystal X-ray diffraction found 2 to be a
solvomorph of 1, adopting a 3D network structure based on N3, O2, O coordination
(2.204(3), 2.197(3) and 2.527(4) A respectively) with a chiral orthorhombic space
group of P212:121. The Ag*--Ag* distances are slightly longer at 3.1398(5) A with a
tighter angle of 95.631(19)°. Further subtle differences in the unit cell can be explained
by the accommodation of the larger solvent MeOH motif; larger voids exist as a result
(Figure 5.4).
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Figure 5.4 Single crystal X-ray structure of complex 2; (a.) Details of the 1D chain
running down the [100] direction with a 1:1 stoichiometry, (b.) Side-on sectional view
showing the 1D “zig-zag” contiguous chain and (c.) Side-on view showing the right-

angle base twist RHS to LHS of the silver core.

The void spaces that exist between four interconnected silver arrays differ between
complexes 1 & 2. Measurements across C°-C° and C®-C?¥ give cross-sectional areas
of 64.09 A2 and 81.12 A2 for 1 and 2 respectively (Figure 5.5). The larger channels in
the lattice of 2 are to accommodate the larger methanol solvent molecules versus H20
in 1.
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Figure 5.5 Top down packed view of complexes (a.) 1 & (b.) 2 showing the solvent

occupied channels that exist in the 3D lattice.
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Crystalline material of complexes 1 and 2 were studied spectroscopically using FTIR.
Complexes 1 & 2 both showed shifts in their IR character (Figure 5.6). The shift of a
strong signal at 1650 to 1600-1630 cm™* show changes at the correct wavelength to be
associated with the C2 carbonyl. This vibrational shift corresponds to the formation of
the C=0--Ag' interaction observed in the crystal. The formation of a peak in both
spectra at 1485 cm™ is indicative of a CH2 bending vibration. A shift to lower
wavenumbers and peak broadening is indicative of H-bonding interactions. The N*-O”
interaction could be associated with these changes. The spectroscopic differences
were generally found to be consistent with the newly formed associations seen within

the crystal structures for 1 and 2.

~——_— -
Cmp \|l N f \VAVNV’N\\
L\ \ B
‘l ,J’ ) ‘y"‘\ :‘\ A oL
\/ VAR AR 1\
\/ HURTIN! :l},’lm V
YR Py iy
U YRS NS
I‘Il 1] ‘-
AR
1 - %
| 3
L 2
2
o
| S
@
o
2 L 3
Q
2000 1600 1200 800

Wavenumber (cm-1)

Figure 5.6 FTIR spectra (%transmission mode) of complexes 1 and 2 versus CMP

over the range of 2000 -800 cm™.
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Figure 5.7 UV-vis of complex 1 (Blue line) vs. starting reagents.

Ultra-violate (UV) light is commonly used as a method of analysis for nucleic acids and
is used as a method of monitoring structural changes in solution. Previously discussed
silver mediated complexes within this thesis showed little or no changes following
metal mediation due to their preference towards N2 coordination. Complexes 1 and 2
have demonstrated a unique coordination now involving the carbonyl at the C2 position
in the solid state. The UV-vis of an aqueous solution of 1 showed a blue-shifted Amax
absorption by 3.5 nm when compared to the starting ligand CMP (Figure 5.7, Amax: 280
nm). The UV-vis data collected for 2 was found to be identical to that found for 1. Such
spectroscopic change would be expected if the electron density of the ligand was
altered following coordination with the metal ion. The lone pair of the oxygen interacts
with the silver-ion; being part of a conjugated aromatic system, the chromophore is
subsequently altered. A change in the UV absorption to a shorter wavelength
corresponds to a greater change in energy from the HOMO to LUMO states. This
implies a greater energy 1 to T7* transition indicating a less conjugated chromophore.
Changes are therefore consistent with the coordination observed in the crystal

structure indicating that the N2,02 binding motif exists in solution.



Equitation 5.1 Planck’s equation; A - wavelength (nm), v — frequency, E — energy, h

— universal constant (6.63 x10-3* J), ¢ —speed of light (3 x108 m/s).

Qualitative ESI-MS was collected for 1aq to further interrogating the unique N,O
coordination bonding modes observed in the crystal structure. The expected Ag-CMP
complex, [Ag-CMP]*, was observed using ESI-MS (direct injection, positive ion mode)
at 430.0007 m/z (Figure 5.8). Isotope patterns, splitting and masses aligned well with
the theoretical values calculated for a 1:1 Ag-CMP complex derived from the crystal
structure; Calc. CoH14AgN3OsP, [M]*, 429.9569 m/z (monoisotopic mass). Peak
separation of 1.0 m/z suggests a species bearing a plus one charge, which was
achieved by the metal ion without the loss of a proton. The isotope pattern was
characteristic of a species bearing a single silver ion (1°’Ag 51.839%, 1%9Ag 48.161%)

per mass detected.

©

4000

3500

3000

430.0007T———

432.0025

2500
2000

1500+

431.0188

1000

REA

4295 4300 4305 4310 4315 4320 4325 433.0 4335 4340 4345 4350 4355
m/z

433.0027

E 434.0199

—~

Figure 5.8 ESI-MS (positive ion mode) of 1 (black line) and calculated (red line) for
[Ag-CMP]* ([M]*, CoH14AgN30sP).

Additional structural data was collected using powder X-ray diffraction (PXRD).

Patterns were obtained from crystalline material for complexes 1 & 2 (Figure 5.9).

Patterns for 1 & 2 were found to be nearly identical, showing major Bragg peaks that

match closely at low angles (7.3, 9.7, 11.1, 14.8, 15.6 and 22.3°). Calculated patterns
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predicted from their corresponding X-ray structures match closely to the experimental
datasets for both complexes. A preferred orientation was necessary to allow for a close
calculated pattern match (h:0, k:0, I:1, March-Dollase: 0.45).
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Figure 5.9 PXRD patterns for material corresponding to complexes a) 1 (blue-line)
and b) 2 (red-line) showing experimental data over calculated (black-line) patterns
from crystal data (h:0, k:0, I:1, March-Dollase: 0.45).

Compound 1 is another useful example of a structurally well-defined model of an

argentophilic M-DNA array, allowing the electrical properties and molecular-wire

credentials to be assessed. A single crystal of 1 was mounted onto an electrical probe

station (Figure 5.10). The probe needles contacted the crystal through Ga-In eutectic

pads at either end of the crystal along the crystallographic long c-axis. This orientation
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allows the flow of electrons to pass down the argentophilic “zig-zag” Ag'-chains. I-V
sweeps over a £2.0 V range gave only background levels of current (<1.0 pA). This
indicates the material is not electrically conducting, but rather a highly effective
insulator. It is worth stating that the Ag---Ag distances of 1 are <5% of the metallic
distance. A very similar outcome was concluded on for [Ag'-(Cytidine)z] in Chapter 3.
It would be a fair to state that such systems are not well-suited as nanowires despite

the ongoing efforts of some in the scientific community who use such nomenclature
without due cause.
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Figure 5.10 I-V curves of the crystal Ag-CMP, 1 (red-line). Inset (i), an optical

microscope image of the probe station tips connected across a crystal of 1 through

tow pads of Ga-In eutectic.

5.3. Mechanical Exfoliation of [Ag'-N30?-CMP][NOg3]-H-0, 1.

Solvent based exfoliation methods have become enormously successful as a method
achieving top-down access to molecular scale materials. This process involves the
sonication of crystalline material in suspended in solvent to allow cleavage between

weak molecular bonds or interactions through sheering and vibrational forces.

Crystals of 1 were prepared and dried using acetone. The crystalline material was
suspended in approximately 1.5 mL of toluene and sonicated at 40 kHz at room

temperature. Samples were removed every 10 minutes (stopping after one-hour) by
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glass-pipette (1.0 yL) and drop-cast onto prepared (cleaned by O2-plasma) Si- or mica

wafers drying and subsequent analysis by AFM (tapping mode) (Figure 5.11).

(b) 10 minutes 20 minutes 30 minutes

Height 2.0 ym Height 3.0 ym Height 2.0 um Height 2.0 ym

Figure 5.11 AFM images (tapping mode) captured following mechanical exfoliation of
a single crystal of 1 in toluene; a) clean-surface, b) 10-, ¢) 20- and d) 30-minutes of
sonication at 40 kHz at room temperature. (e) A single 2D flake with an even height

of 3.0 nm can be was found (inset (i) 3D view of the single flake).

Following sonication for up to 60 minutes (10-minute sample intervals) the crystal
remained visible at the base of the vessel. Images were taken of drop-cast samples
every ten minutes until flakes became visible at 30 minutes. 2D flakes with um? (<4
um?) dimensions were readily seen evenly deposited across the surface. Sonication
past 30 minutes showed 2D flakes of diminished dimensions. Up to one-hour of
sonication the solution remained clear with no indication of the Tyndall effect (also
known as Willis-Tyndall scattering); no large particulates could be seen as a
suspension. The suspended solution remained free of sediment for approximately five-

days.
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Figure 5.12 AFM height analysis of 1 following mechanical exfoliation using
sonication for 30 minutes in toluene, yielding regular 2D flakes with the cross-section

analysis showing a height of 3.0 nm.

Using the crystal structure of 1, we attempted to correlate the AFM heights observed
in Figure 5.12. The 2D flakes observed by AFM had uniform heights of 3.0 nm, which
were backed up by numerous exfoliation repeats. The flake height correlates well with
that of two connected CMP-(Ag)-CMP units that terminate at the weaker
phosphodiester (O7) coordination as shown in Figure 5.14. A double stacked
molecular sheet or bilayer, as showing in Figure 5.14 and Figure 5.15, would therefore
be a fitting composition and orientation capable of achieving the uniform heights
observed. Interestingly, the bilayer molecular sheets retain their continuous silver
arrays in this orientation, running parallel to the surface or lengthways along the long

flake axis.
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Figure 5.13 Packing of 1 versus the crystal habit, represented in blue. a.) Side-on
view into the b-axis showing the unbroken silver-ion “zig-zag” chain running adjacent
to the long crystal axis and b.) top-down view into the crystal lattice showing the
bisects (black-lines) between Ag-O7’; yielding layers with heights consistent with the
observed 2D sheets after 30 minutes of mechanical exfoliation.

3.0nm

Figure 5.14 A side-on view into the packed crystal structure of complex 1 identified
as being the correct height and orientation of a 2D molecular sheet following 30

minutes exfoliation.
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Figure 5.15 A packed crystal view down the a-axis of 1, with diagonal lines

illustrating the distances between layer-centres.

PXRD was used to ascertain the orientation of the molecular bilayer 2D sheets when
drop-cast or deposited onto a flat surface. Five successive drop-cast layers were
needed to achieve sufficient layers for detectable X-ray reflections (Figure 5.16).
Three intense peaks were identified at 7.4, 14.8 and 22.3° corresponding to the (011),
(022) and (033) h,k,| planes. Analysis of the peaks versus calculated patterns
simulated using the single crystal data suggests that exfoliation occurs with a highly
preferred orientation (March-Dollase parameter: 0.10), corresponding to the (011)
plane in the crystal structure of 1 (Figure 5.17). Superimposing a (011) plane through
the crystal structure confirmed that the integrity of the arrays of silver ions are therefore
preserved following exfoliation. By confirming the orientation through PXRD and height
by AFM, it is therefore reasonable to state that sheering forces generated by sonication
was able to exfoliate molecular sheet from a single crystal by breaking the predicated
O”-Ag bonds.
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Figure 5.16 Powder X-ray diffraction data for 1: (a) experimental bulk; (b) Drop-cast

2D sheets (exfoliated for 30 minutes); c) calculated pattern for a preferred [011]

orientation with a March-Dollase parameter of 0.10.

Figure 5.17 Looking a.) down and b.) along the a-axis of 1, showing the [011] plane

superimposed as a red 2D sheet through the centre.
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5.4. Conclusions

In summary, we have prepared new examples of 2D coordination framework materials
based on N-Ag-O bond formation with cytidine-5’-monphosphate. We have
demonstrated the ability to prepare and crystallographically characterise two
solvomorphs of [Ag'-N3,02-CMP] as 3D coordination polymers. We have demonstrated
that large 2D flakes of molecular sheets can be obtained using solvent-exfoliation
techniques despite the relatively labile Ag-N,O coordination bonds. The heights
measure by AFM correspond to a double layer or bilayer. PXRD demonstrated that
the flakes held a [011] preferred orientation, confirming cleavage likely occurred at the
Ag-O7 position, retaining their contiguous silver arrays which run parallel to the surface
along the long axis of the flakes. Deposition occurring as neutral layers onto an oxide
substrate. These results demonstrate the suitability of Ag-based coordination polymers

compounds as precursors for molecular layer material applications.
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Chapter 6.

Ag'-Oligonucleotide systems: Controlled Metal-ion Capture within a

Hairpin.
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6.1. Introduction

DNA based bottom-up techniques have been demonstrated to be a versatile and highly
effective methods of accessing stabilised metallic clusters or particles. AgNCs
stabilised within R/DNA have been described previously in the literature; with sizes
ranging from 10 - 24 atoms.! By tuning the design and sequence of the DNA-scaffold,
the cluster sizes and shape can be tailored to produce fluorescent colours ranging from
blue to near infrared (380 - 780 nm).! DNA stabilised AgNCs, exhibit excellent
brightness and photostability and are considered promising types of emitters for
various applications, including, nanophotonic elements for electronics?, chemical or
biological sensors/probes?° with additional antimicrobial properties® (with low toxicity

to humans).

The use of more complex secondary structures of DNA, i.e. Hairpins, have the potential
for a greater degree of control and uniformity to particle size. Hairpin structures can be
formed by sequences with inverted repeats (IRs) or palindromes and can exist in both
ss- and ds-DNA forms.” Their function within a cell are plentiful, covering a range of
roles including, transcription, repair, rolling-circle replication (RCR), bacterial
conjugation, natural transformation, protein recognition and infection by some viruses.’
Their structure is composed of a stem and loop region, the latter typically employing
the conical Watson-Crick method of base-pairing, while the loop does not (Figure 6.1).
The non-binding loop region facilitates the folding into a hairpin structure, allowing for

the stem to form a duplex.
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Figure 6.1 A generalised representation of a Hairpin Structure; comprising of both
“loop” and “stem” regions. The stem allows for Watson-Crick type complementary
base-pairing while the loop does not and therefore act as a natural hinge which
allows for the folding into a loop. Inset shows the H-bonding between (i) Adenine-
Thymine (A-T) and (ii) Guanine-Cytosine (G-C) that is observed in the stem.

The use of DNA hairpin systems as a bottom up technique towards assembly of silver
nanoclusters (Ag-NCs) and site specific C-Ag'-C binding motif has been explored
previously by a number of groups.®-12 A general approach involves the use of C-rich
looped regions capable of capturing multiple silver ions prior to reduction of Ag' down
to an elemental state (Figure 6.2). Upon reduction, zero valent silver atoms
spontaneously cluster together to form a particle to reduce their high surface energy.
The metallic clusters are stabilised by their confinement and isolation within the hairpin
loop. The stem regions often possess standard Watson-Crick type binding allowing for
hybridisation and loop closure. Some examples include additional functionality into the

duplexing stem regions.3.4
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Figure 6.2 An illustration of a looped based route involving Ag'-DNA hairpin-type

systems bearing C-rich loops, towards the formation of emissive silver-nanocluster.?

An alternative approach towards hairpin formation was explored by Ono et al., who
used a hairpin design concept composing C-rich stem regions (Ag' binding region) and
T-rich loop (Linker) (Figure 6.3).1° Oligonucleotide folding into a Hairpin conformation
was confirmed by the quenching of a terminal 3’-(6-Fluorescein) unit as it approaches
the terminal 5’-Dabcyl upon addition of silver(l) ions. Fluorescence intensity decreased
as a function of silver(l) concentration, acting as an effective metal ion sensor.
Interestingly, the loop region (made up of four thymine units) functioned as intended
with no evidence given of any competing interactions away from the intended CN3-Ag'-

CN3 coordination.
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Figure 6.3 Emission based evidence of hairpin formation upon stem C-Ag'-C metal-
mediation by Ono et al.*® Inset, quenching of the fluorescein emission following the

addition of silver(l) ions implying hairpin formation.

6.2. Aims and Objectives

This chapter explores the concept and design of hairpin type structures capable of
capturing precise numbers of silver(l) ions based on the well-established CN3-Ag'-CN3
(C: Cytosine) coordination (Figure 6.4), analogues to the previously discussed M-DNA
systems. The development of an M-DNA hairpin-based route towards the bottom-up
formation of nanoclusters with extremely precise particle size distributions with atomic
resolution. Designer oligonucleotides (bearing C-rich stem regions) will be assessed
for their silver(l) ion capture credentials. Optimisations of both the loop and stem

regions are explored as part of the development process during this study.

T A range of analytical techniques were used to determine the success of metal-binding instances and
conformation, these include; electrospray-ionisation mass-spectroscopy (ESI-MS) (including ion
mobility separation (IMS)), circular dichroism (CD) and Isothermal titration calorimetry (ITC).
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Figure 6.4 A generalised representation of our metallised Hairpin concept, with
mismatched C-C stems allowing for metal-mediation with silver(l) in exchange of

natural Watson-Crick type duplexing. Inset (i) CN3-Ag'-CN3 coordination.

6.3. Results and Discussion

The first stage of investigation was focused towards loop optimisation; how many units
are required to give an acceptable hinge with sufficient flexibility to form a loop?
Previous studies by Marzilli et al. used the well-established mercury-thymine
coordination (T-Hg"-T) demonstrated that hairpin formation was possible with a
minimum loop length of two thymine units under the right conditions (Figure 6.5).16
The study involved the use of a central homo-T region that either duplexed or formed
a hairpin structure across the Hg' ions. The resulting conformation was found to heavily
depend on stoichiometry (metal:ligand) or sequence composition (T2, T3 or T4).
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Figure 6.5 lllustrations of Marzilli's Mercury (Hg'") mediated T-rich oligonucleotides
following metal coordination, allowing for either duplexed species (T2 and T3) or

Hairpin formation (T4).

Over the last couple of years, the range of silver(l) ion coordination partners within M-
DNA systems has rapidly expanded beyond the mismatched C-C pair; which has
become synonymous with silver-DNA interactions.1’-2° In addition to this, metal-
mediation across N'G-GN7, N/G.CN3 and NST-TN3 pairs have now been
crystallographically observed.?'?? For this reason, we initially chose to forgo the use of
routinely used natural oligonucleosides units (A, T, C and G) within the loop region,
exchanging them for a non-coordinating abasic (a) linker (Figure 6.6). The lack of a
base subunit has potential to offer greater loop flexibility when compared to existing
hairpin examples. Such systems, therefore, are subtly different in construction and
application to those existing in the literature.810.23.24
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Figure 6.6 Natural deoxyribose nucleotide purines (A & G) and pyrimidines (C & T).

Inset (i) abasic (a) deoxyribose nucleotide.

The following stage of investigation explores higher Ag* capacity systems. This is
achieved by increasing the length of the homo-C stem regions (Figure 6.7). The
increase in C-C mispairings offers additional N3C-Ag*-CN3 coordination sites per

oligonucleotide.

The third and final stage of investigation revisits the loop in attempts to standardise the
design towards an all-natural construction. Exchange of the abasic loop units for
routinely available base units (A, T, C and G) which offer similar non-competing

properties; at a much lower cost.
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Figure 6.7 Hairpin development steps with a focus on loop (step-1) and stem (step-
2) optimisation upon silver(l) coordination across the mismatched C-C pairing (C-Ag'-
C). The third and final step-3 investigates the exchange and subsequent

simplification of the loop; replacing the modified abasic units with thymine.

6.4. Step-1, A-basic Loop Optimisation towards Ag-Hairpin Formation.

Four short oligonucleotide species were designed and purchased as a commercially
available product from ATD-Bio; CaC (3!C1), CaaC (*?C1), CaaaC (*3C1) and CaaaaC
(3*C1), (a: abasic). The phosphoramidite techniqgue was used for the synthesis all
oligonucleotides acquired. The exclusion of the nucleobase, “abasic”, from the loop
decreases the number of variables or competition from alternative metal-binding sites
whilst also increasing loop-flexibility. The backbone therefore consists of only a
phosphodiester linker and deoxyribose sugar (See Figure 6.8 below). All four systems
possess identical 3’ and 5’ terminal cytosine base units, giving each system two N3

donors, ideal for the capture or coordination of a single silver(l) ion (C-Ag'-C).*

* The method of naming follows “0°P-¥PeCag-capacity from here on (Type: an: abasic, Ta: Thymine (n: number
of units in the loop)).
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Figure 6.8 A molecular diagram representing 3'C1 (CaC), the shortest oligonucleotide

designed for loop optimisation.

It was critical at this early stage of investigation to recognise the conformational
limitations of hairpin-type-structures; i.e. a loop too short would encounter significant
steric restraints. Such constraints towards hairpin formation could lead to the formation
of alternative, undesirable, binding modes; single-site coordination, dimers and
polymers (Figure 6.9). A loop too long and flexible would be costly and therefore
inefficient. Furthermore, such dynamic systems could face folding issues. Therefore,

an optimised structure is desirable towards the development of a viable bottom up

protocol.
a) o b) c) d)
+
‘ C----Ag----C .
(X )n X5 ‘ ‘ X Ag
| . . X X \ /
Cc---Ag C---Ag---C | . c c )
C----Ag----C
Single Coordination Hairpin Loop Dimer Coordination Polymer

Figure 6.9 Four possible assembly types for Ag'-oligonucleotide systems utilising the
N3-Ag'-N3 coordination motif: a) single coordination b) hairpin loop, ¢) dimer and d)

coordination polymer.

Prior to any experimental work a computational study was made possible by looking

at the behaviour of these short abasic systems. Computational modelling (classical
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molecular minimisation techniques) described herein were performed by the

Bronowska group (Joao Victor De Souza Cunha) at Newcastle university. All four of

the designed sequences (3'Ci, #2Cs, 3C1 and 2*C1) were modelled as macrocyclic

systems bound across a single Ag' ion by the N3-donors of each terminal cytosine (3’

and 5’) (Figure 6.10).
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Figure 6.10 Four modelled macrocyclic systems coordinated by silver(l) across the

N3-donor sites of the 3’ and 5’ terminal cytosine ligands of the modified abasic

oligonucleotides; a) 2C1 b) #2C1 ¢) 23C1 and d) 2C1, analogous to the loop regions of

a hairpin system.

The computational models were based on closed loop systems with linear (180°) Ag-

N3 bonds with distances of 2.2 A. The geometries for all calculations are proportioned



on a solved crystal structures of a Trans-[Ag'-N3-cytosine)2]-[PFe] explored in Chapter
2. The models represented an approximation for a single C-Ag'-C complex within a
hairpin without further crystallographic information available. Using ConQuest to
search The Cambridge Crystallographic Database Centre (CCDC) for Ag-N bonding
distances returned 6469 hits with an average distance of 2.263 A (search range: 1.8 —
2.8 A). The database search results validated the Ag-N2 lengths chosen for these

calculations.

Using the parameters outlined, values for an energy minimum was calculated for each
silver(l) mediated oligo macrocycle ([Ag'-2'Ci], [Ag'-2?C1], [Ag'-23C1] and [Ag'-2*C1))
(Figure 6.11). Of the four systems, #2C1 and 23C1 displayed significantly (~21%) lower
minimisation energy compared to 3'C1 and 2*Ci1. Based on these results, an optimal
loop design for a hairpin system would require two or three abasic units (3?C1 >23Cy>>
a4Cy1>31Cy).

-17000+
-18000+
-19000+
-20000+

-21000+

Energy Minimum

-22000+

-23000 T T T T
0 1 2 3 4 5

Number of units in the Loop (*"C,)

Figure 6.11 Classical molecular minimisation calculations for a series of closed
silver(l)-mediated Hairpin systems as loop length varies from one-to-four abasic units
(1 - [Ag'-31C1], 2 - [Ag'-??C1], 3 - [Ag'-23C1] and 4 - [Ag'-2*C1]).
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6.5. Computational Methods

In order to study the dynamics effects of differing loop lengths of &C1 and ""C1, a series
of complexes were simulated. Loops containing one-to-six thymine basis and one-to-
six abasic units were constructed in UCSF Chimera.?® Structural hydrogens were
added. To avoid the local energy trapping for the models, a series of sequential
minimization procedures were made for the starting models: First, 5000 cycles of
steepest decent minimization procedures with a 0.02 nm step size were made,
followed by 1000 conjugated gradient minimization procedures with a 0.01 nm step
size. The following protein parametrisation was performed using the Gromacs
2016.03%° suite with AMBERFF99SB-ILDN?’ force field for standard residues and
GAFF for non-standard residues using AM1BCC charges. The systems were relaxed
with a short equilibrium MD production run. A 1.00 nm cubic box was centred on the
structure and the system is solvated with TIP3P waters. Sodium and chloride ions were
added to a concentration of 0.1 M resulting in systems with more than seven hundred
thousand atoms. Bonds were constrained using the LINCS algorithm.?® The
electrostatic interactions were calculated using particle-mesh Ewald method, with a
non-bonded cut-off set at 0.10 nm. All structures were minimised via the steepest
descent algorithm for 20,000 steps of 0.02 nm, and minimisations were stopped when
the maximum force fell below 1000 kJ/mol/nm using the Verlet cut-off scheme.?® After
minimisation, temperature equilibration was performed for 100 ps with a time step of
2fs with position restraints applied to the backbone using an NVT. The temperature
coupling was set between the protein and the non-protein entities by using a
Berendsen thermostat,3® with a time constant of 0.10 psec, and the temperature set to
reach 300K with the pressure coupling off. Sequentially, a pressure NPT equilibration
was performed followed by 100ps of an NVT equilibration, the following 100 ps of NPT
equilibration, and a production run of 100 ns. Temperature was set constant at 300K
by using a modified Berendsen thermostat (1 = 0.1 ps).3° Pressure was kept constant
at 1.00 bar by Parinello-Rahman isotropic coupling (1 = 2.00 ps) to a pressure bath.3!

All analysis was made using Gromacs toolset.

6.6. Experimental Data

Experimental measurements and validation against the computational studies were

initially performed using electrospray-ionisation mass-spectrometry (ESI-MS). This
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technique was chosen for the observation of metal-binding instances for its well-known
soft ionisation qualities for thermally labile large molecules achieving minimum
fragmentation. Control experiments of the stock oligonucleotides were conducted,
checking each species for purity and expected mass prior to the addition of silver ions.
All four oligonucleotides showed highly intense species corresponding to their intended
structures. Additional lower intensity peaks were identified to include Na*ions, typically
The four

oligonucleotide species 3!'C1, 22C1, 3Cy1 and #C1 (0.1 mmol, 10 pL) were individually

found in buffers used during oligonucleotide synthesis. modified
added to 10 pL of silver nitrate (AgNOs, 0.1 mmol) achieving a 1:1 (oligo:metal) or 2:1
(cytosine:metal) ratio. Following the addition of metal ions, the formation of new peaks
was readily observed (Figure 6.12 and Table 6.). Isotope patterns, splitting and
masses aligned well with the theoretical values calculated for each sequence bound
to a single silver(l) ion (Figure 6.13, and Appendices). Peak separation of 1.0 and
0.5 m/z suggests species bearing a -1 and -2 charge states, indicating the loss of two

and three protons respectively, countering the +1 charge of the silver ion.

Charge (2) : m/-1 m/-2

# Sample Exp (calc.) m/z Exp (calc.) m/z

1 alC, 695.1480 (695.1485) 347.0703 (347.0706)
2 Ag-1C, 801.0516 (801.0457) 401.6883 (400.0192)
3 2C, 875.1661 (875.1672) 437.0795 (437.0800)
4 Ag-*C, 981.0619 (981.0645) 489.9308 (490.0286)
5 BC, 1055.1833 (1055.1860)  527.0893 (527.0894)
6 Ag-*C, 1161.0782 (1161.0832) 580.0104 (580.0380)
7 a4C,y 1235.1468 (1235.2047)  617.0968 (617.0987)
8 Ag-¥C, 1341.0357 (1342.1098) 670.0448 (670.5513)
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Table 6.1 ESI-MS monoisotopic mass peak data for oligonucleotides: 21C1, 32Cy, 23C1
and 34C, following the addition of silver(l) ions versus theoretical values for -1 and -2

charge (z) states.
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Figure 6.12 ESI-MS spectra (range: 300 — 1500 m/z) for oligonucleotides following
the addition of silver(l) ions at a 1:1 ratio: (a) 3'Cu, (b) 2°Cy, (c) 2*C1and (d) *Cx.
Species identified as silver-bound (red-circle) and unbound oligomers (clear-circle) at

1- and 2- charge states (z).
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Figure 6.13 ESI-MS (negative ion mode) peak analysis for oligonucleotides (black)
(a) 3'Cx1, (b) #Cy, (c) 2*C1 and (d) #*C:1 following the addition of silver ions at a 1:1 ratio
(Oligo:Ag*). Overlaid theoretical isotope patterns (red) represent a [Ag*-Oligo]
species at matching charge states (z) of -1 (a) or -2 (b - c).

The MS data thus far confirms interactions between a silver(l) ion and oligonucleotides
in a 1:1 stoichiometry, however it cannot identify the method of interaction i.e. single
coordination, hairpin, dimer or coordination polymer (see Figure 6.9). Each of these
systems possess a one-to-one stoichiometry. No new peaks were observed following
the addition of excess of silver, at a 2:1 ratio, however intensities of peaks identified
as the metallated species increased relative to the parent oligonucleotide. To this end
we incorporated the use of ion-mobility spectrometry (IMS) coupled to MS as a method
of identifying larger species such as dimers or coordination polymers, which might
have otherwise been concealed. IMS is a method used to separate and characterise

ionised molecules in the gas phase based on their ability to move through a carrier
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buffer gas. Larger molecules, e.g. dimers can be effectively separated from hairpins or
single site coordination species based on their size from monomeric species.®? This
additional separation stage allows for the isolation and detection of species that would
normally overlap. For example, a doubly charged dimer (mass 200 a.u.) would have
peaks appear overlapped with those of a smaller monomer (mass 100 a.u.) with a
single charge due to their mass(m)-to-charge(z) ratios being equivalent. IMS data
collected for 3C1, 2C1, 23C1 and #4C: following the addition of silver(l) ions revealed that
the dominant population were not of the dimer. Less than 1% of the global species
were observed to be dimers and there was no evidence of polymerisation (i.e. greater
than 1:1).

[Ag-2C4](2-) [2Ag-#2C,](4-)

a
) C,8H42AgNO40P; ) CsHgaAGN1,040Ps
S 30000 S ]
] 3500
25000 30005
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Figure 6.14 IMS-MS data for 2?C1 following the addition of silver(l) ions at a ratio of
1:1; Observed species a) a single silver(l) coupled with a single oligomer (>99%) and

b) trace amounts of a macrocyclic dimer (<1%).

While these results indicate the 1:1 nature of the complex, they do not provide an
insight into the structure or metal binding sites. However, circular dichroism (CD)
spectroscopy is widely employed as a key method of studying the various structures
of DNA (A-, B- and Z-DNA) in solution.23 The experimental ultraviolet (UV) spectra are
often similar between DNA types due to their intramolecular electronic excitations

within the nucleic acid bases.®? Yet, their CD spectra can differ significantly, even when
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composed of identical nucleotides. The profile of the CD spectrum is therefore
characteristic of helical types or structural differences which directly affect overall
chirality.

Unfortunately, circular dichroism (CD) measurements of the short oligonucleotides
(31Cy, 22C1, 23C1 and 2*C1) showed little change following the addition of silver(l) ions;
peaks observed at 220(-) and 270(+) nm remain largely unchanged when compared
to oligomers (Figure 6.15). This is likely due to relatively short oligo sequence; which
lack the continuous stacking of orientated bases required for observable changes in

CD.

T T T T T T T T
200 250 300 350 200 250 300 350

CD (mdeg)

T T T T T T T T T T
200 250 300 350 200 250 300 350
A (nm) A (nm)

Figure 6.15 CD data for oligonucleotides (a) 'C1, (b) 2Cz, (c) 2*C1and (d) #*C1) with

(red-line) and without (black-line) silver(l) ions.

Gwinn and Swasey conducted comparable CD experiments on a series of homo-C
oligonucleotides (C2, Cs, Cs and Cz0) following the addition of silver ions.3* They
observed a marked change in CD character, with newly formed peaks at 290(+), 270(-
), 246(+) and 220-225(-) nm (Figure 6.16). These changes have been associated with

duplex formation achieved through metal-mediation across (N3)C-C(N3) sites of two

193



independent oligomer strands. Lopez-Acevedo et al., again, achieved similar results
both computationally and experimentally when investigating Ag*-(N3)-bridged cytosine
(C2) sequenced oligonucleotides.3 Both studies present CD data which is remarkably
different in profile to that of DNA (B, Z or A). 3435
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Figure 6.16 Reproduced CD spectra of homo-C short oligonucleotides conducted by
(a) Gwinn and Swasey?* and (b) Lopez-Acevedo®® following the addition of silver ions

into oligonucleotide sequences.

It is thought that the changes observed in the literature upon metalation occur only for
oligonucleotide sequences possessing a minimum of two consecutive nucleobase
subunits (2mer). When the bases are bonded an additional source of chirality emerges
from a helical stacking of bases, mainly observed in duplexes.® The abasic loop
characteristics of our systems clearly lack the consecutive base units required for such
an effect. Therefore, the lack of change observed in CD profile is not evidence to the

contrary.

Some conclusions can be drawn at this stage, we can state with confidence that silver-
oligonucleotide interactions occur in solution spontaneously in the expected 1:1 ratio
regardless of loop length. Each oligonucleotide (31C1, #2C1, 23C1 and 2*C1) examined
showed masses and isotope patterns consistent with metal-coordination, [Ag'-2"C1]
using ESI-MS. Furthermore, IMS showed little evidence for dimers or oligomer
products, leaving two plausible conformations of the global species observed; single
site coordination or hairpin. No further structural details could be achieved at this stage
from CD.
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Both 22Cn and 23Cn loop designs were judged to offer viable frameworks for stem
extension. Based on the both the experimental and theoretical data obtained it was
decided that hairpins bearing a 2Cn loop design would be explored further into stage-
2.

6.7. Stage 2 — Stem Expansion

The following stage of investigation involves stem extension, increasing the capacity
for metal ion loading and therefore numbers of C-Ag'-C coordination sites. This was
achieved by lengthening the stem regions by increasing the number of cytosine units
either side of the central, non-binding, loop. Three oligonucleotides were designed
based on the 2Cn model previously analysed; 22C2 (CCaaCC), #°C4 (CCCCaaCCCC)
and 2Cs (CCCCCCaaCCCCCC). Each species was titrated against silver(l) ions, in
attempts to sequentially fill coordination sites up to their intended capacity and
analysed by ESI-MS and CD. Excess conditions were further tested against each

oligonucleotide (10:1).

The shortest system, 22Co, initially displayed a very low binding affinity by mass
spectroscopy following the titration of up to two equivalents of Ag*. The existence of a
very low intensity signals (<10%, [Agn-2°Cz]) were observed for Ag*-Oligo when
compared to the bare oligonucleotide parent. Upon addition of an excess of Ag* ions
(10 equiv.) peaks correlating to oligonucleotides with both one and two bound Ag* ions
were clearly observed at 779 m/z, [Ag-22C2]> and 832 m/z, [Ag2-2?C2]? (Figure 6.17).
The ratio of oligo, Ag-oligo and Agz-oligo (1.0:0.4:0.5) showed that just <50% of the
oligonucleotide bound to the silver(l) ions. As mentioned earlier, a quantitative analysis
post ionisation may not represent the true solution state of these systems. It is possible
that the electrospray ionisation process could be stripping or reducing the captured

silver(l) ions prior to detection.
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Figure 6.17 Negative ion mode ESI-MS (range 650 — 900 m/z) following the addition
of excess Ag* (10 equiv.) to the extended hairpin #2C: (a: abasic site). Identified
peaks; i) #2C2 (726.1270 m/z, [M-2H]?%), ii) Ag-22C2 (779.0803 m/z, [M-3H]%) and iii)
Ag2-2?C2 (832.0180 m/z, [M-4H]?%). Calculated values: 726.1263 m/z (2-)
(Ca6H65N12032P5), 779.0750 m/z (2-) (CasHeaAgN12032Ps) and 832.0180 m/z (2-)
(CasH63AQg2N12032Ps).

CD measurements of #2C2 change significantly upon addition of silver(l) ions at a 2:1
ratio of metal to oligo. Peaks common to oligonucleotides (277(+), 220(-) and 204(+)
nm) saw significantly change following metal ion addition (Figure 6.18). Peaks newly
formed at 288(+), 266(-), 213(-) and 197(+) nm are observed. The newly formed bands
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change CD profile to match those of the literature for similar Ag-DNA metal-mediated

systems, suggesting the N3-Ag'-N3 binding mode is present.343°

CD Signal (mdeg)

200 250 300 350

Wavelength (nm)

Figure 6.18 CD data for 2?C2 before (black-line) and after (red-line) the addition of
silver(l) ions at a 1:2 ratio (Oligo:Ag'), meeting the designed metal-ion capture

capacity.

MS and CD analysis of the higher capacity systems, #°C4 and 22Cs were similarly
titrated against silver(l) ions. Metal ion binding was apparent in MS as the expected
peaks were clearly visible relating to [Agn-2?C«] (Figure 6.19). Again, low Ag'-binding
affinities were observed at sub-saturation stoichiometries of the C-C stem sites (ratios-
2:1, 4:1 and 6:1 (metal:oligomer)). Upon addition of an excess Ag* ions (10 equiv.)
the filled Ag-bound oligonucleotides are readily observed for all three cases (3°Cz, 2C4
and 22Ce).

CD profiles for 32C2, #2C4 and #?Cs all showed changes associated with metal-mediation
akin to those in the literature for similar Ag-DNA systems.343537.38 peaks at 288(+),
266(-), 213(-) and 197(+) nm are observed upon addition of silver(l) at the 2:1, 4:1 and
6:1 ratio’s for 22C2, 3C4 and #2Ce respectively (Figure 6.19).

MS data showed a distribution of peaks within a given charge state (z), which were

identified containing one-to-four bound silver for 2C4, and one, three, four and five for

32Cs. The inability for 22Ce to achieve a filled state bearing six silver ions was puzzling.
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Perhaps higher capacity systems encounter a previously unseen energetic barrier,
reducing their abilities to fill to their designed maximum capacity, even under excess

metal ion conditions.
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Figure 6.19 (i) Circular Dichroism (at 25°C, y = MDeg) at a) 2:1, b) 4:1 and c) 6:1
metal to oligomer ratios (2:1 base-to-metal ratio). (ii)) ESI-MS (negative ion mode)
data for all three-oligonucleotide designed for stem optimisation; a) 2Cz, b) #2C4 and
c) #2Ce following the addition of excess Ag' ions (10 equiv.).

It was interesting to observe that upon elongation of the oligomer stem regions (Cz, C4
and Ce) the CD profile changed significantly (Figure 6.20). The CD transformations
observed were remarkably similar to those achieved in the literature following
coordination with silver, although the amplitude is much greater. Peaks at 290(+),
270(-) and 225(+) grow-in with an increased signal intensity as the oligonucleotide
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systems increases in length. A significant change in the amplitude around the split CD
curve. This has the effect of shifting the exciton splitting value from 250 nm (32C2) to
275 nm (32C4 and #2Ce). Such a dramatic shift in the profile of the CD is thought to be
indicative of metal-mediation and is consistent with the changes observed for similar

systems in the literature.
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Figure 6.20 Circular dichroism data for 2Cn hairpin oligonucleotide series (n: 1, 2, 4

and 6); a) before and b) after the addition of excess silver(l) ions (10 equiv.).

It is interesting to note here that natural DNA strands which are cytosine rich tend to
spontaneously generate duplexes or dimers (also known as an i-motif). The
mismatched C-C pair connect through a hemi-protonated C* (Figure 6.21).3° These
cytosine dimers have a characteristic CD spectrum with a dominant positive band at
290 nm. However, such systems are known to have intrinsically slow kinetics and
require slightly acidic conditions (pH<6.5).4° This effect could explain the phenomena
seen in Figure 6.20. All experimental measurements conducted in this study were

carried out in nanopure-deionised-water; however, the pH was not monitored.
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Figure 6.21 Hemiprotonated C-C* pair promoted by slightly acidic pH (pKa
...4_541)_39,40

To further interrogate the structure and binding modes observed in both MS and CD,
Isothermal titration calorimetry (ITC) was used as a method of thermal quantification
of bonding interactions between the oligonucleotides and introduced metal ions. The
amount of heat liberated (exothermic (-)) or absorbed (endothermic (+)) as the reaction
proceeds can be quantified as coordination events. The number of thermally quantified
coordination events can be used to identify a binding mode (Figure 6.22). This analysis
assumes the only interaction between the silver ion and oligo occur at the expected N3
position along the C-rich stem.

8 coordination events per oligo 4 coordination events per oligo

© =
[Ag-N3-=2C,] [Agi-N3-22C,]
Hairpin Structure Single Site Coordination

Figure 6.22 An illustration of the two theoretically possible binding modes, hairpin
(LHS) vs. single site interaction (RHS), highlighting the number of possible

coordination events per oligonucleotide sequence.
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A concentrated solution of AgNOs (5.0 mM) was titrated against 2°C4 (0.1 mM) held at
25°C gave a clear sigmodal isotherm (Figure 6.23). The negative peaks indicate an
exothermic reaction, releasing -14.3 kcal/mol of energy.*? Using ITC data from chapter
2 as a reference; a simple silver-cytosine (nucleobase) interaction (C-Ag*-C) released
-5.1 Kcal/mol of energy. We observed approximately a threefold difference in energy

(AH) for the metalation of 2C4. The molar ratio (n) was calculated at 1.45 and binding
constant (Ka) was 7006 M.
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Figure 6.23 Isothermal titration calorimetry (ITC) (a) raw isotherm data and (b) A
integrated Wiseman plot for the hairpin sequence 22C4 (0.1 mM) following the
injection of silver(l) ions (AgNQO3, 5.0 mM, 25°C).

The 22C4 system has shown characteristics which make it a suitable model at this stage
of investigation to help identify the most likely binding mode; Hairpin vs. single site. By
collaborating the results from MS and ITC we can make such a deduction.

ESI-MS for #2C4 displayed strong interactions with silver(l) ions with up to four bound
per oligo as intended. The most abundant M-oligo species was [Ag's-??Ca] with 35%
(59% metal ion loading). Species identifiable as coordination-polymers (single site,
Figure 6.22) were not observed in MS and IMS studies previously only showed only
trace amounts of dimerization. However, individual single site and hairpin
conformations are both still possible from the available MS data.

To further evaluate the method of binding ITC was used. ITC was able to thermally
guantify binding events. If the molar ratio value deduced by ITC was eight or less, it

would indicate hairpin formation; two coordination sites per silver ion, with a maximum

201




of four silver ions per oligo. If this value was greater, it would likely indicate single site
coordination. Using the simplest system, [Ag'-(cytosine)z] (-5.1 kcal/mol) as a reference
the addition of silver ions to 2°Ca released -14.3 kcal/mol (Figure 6.23), approximately
three times greater. This is consistent with the MS data which demonstrated a % filled
species as most abundant. If a single site binding mode had occurred, the species
detected in MS would have six bound silver ions per oligo, which would be clearly
characterized in the isotope splitting patterns. This was not observed; therefore, a

hairpin-type structure is the most likely outcome for [Ag'n-22C4] species.

The weaknesses in this method of analysis lie in a single site interaction model used.
For instances of cooperativity or multiple binding sites, means a single-site models are
not particularly accurate. Therefore, molar ratio (n) and binding constants (Ka) are not
considered. However, the overall energy released from the system (AH) remains
accurate regardless of the mathematical model used.

In conclusion to this second stage of investigation exploring the extension of homo-C
stem regions and therefore increasing the number of C-Ag-C sites, we have
demonstrated the ability of silver(l) ions to coordinate to a series oligonucleotide (3°Cz,
22C4 and 22Cs) by spectroscopic (CD) and physical techniques (ESI-MS, ITC). We were
able to determine the binding characteristics within higher silver ion capacity
oligonucleotide systems. Furthermore, we are finally able to infer a preference towards
hairpin type conformations over a single site coordination motif. This was achieved by
ITC, a thermal quantification technique. Thus far, we have established a suitable loop
length (two or greater) and have proven that metal-mediation can occur with homo-C

stem regions likely forming the desired hairpin type structures.

At present these designer oligomer sequences are not cost efficient due to the modified
abasic loop units, therefore, more common nucleotide alternative units will be

considered hereafter.

6.8. Stage 3 — Exchanging abasic for thymine loop units

The third stage of the investigation focuses on replacement of the modified abasic units
within in loop for a standardised DNA base. This is achieved by exchanging the abasic
(a) units for thymine (T) (Figure 6.24). At the time of investigation, thymine was known

to have limited interactions with silver(l) ions.*344 By making this exchange we aim to
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retain a flexible non-binding loop region using more economic building blocks.
Furthermore, we hope to address concerns found during the second stage of our
investigation, whereby loops of just two-units were potentially hindering the saturation
of metal ions. This was observed by the incomplete filling of the mismatched stem C-C
sites in the MS. The characteristics and properties of two- and three T-looped ("™°Cn

and T3Cn) systems were evaluated and compared against their abasic counterparts.

To begin, we re-evaluated loop performance akin to stage-1, exchanging abasic units
with thymine (Figure 6.24). Oligonucleotides C-(T)n-C (T: Thymine, n = 1 — 4) ("'Cz1
(CTC), ™?C1(CTTC), *C1(CTTTC) and ™C1 (CTTTTC)) were designed.

H

O AT UF
O O
OH

HO o. O o. O
/P\ O/P\O

o O
5, 3!

Sequence: CTC

Figure 6.24 A diagram representing the shortest T-loop oligonucleotide, ™*C1 (CTC).

Analogous to the short abasic oligonucleotides explored in stage 1, a series of
computational calculations were conducted, again, using classical molecular
minimisation techniques performed by the Bronowska group (Joao Victor De Souza
Cunha) at Newcastle university. The inclusion of the T nucleoside units into the loop
region introduces additional bulk and is therefore likely, to be a less flexible or have
encumbered system towards the folding into a hairpin complex. The computational

studies described below, investigate such effects.
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Figure 6.25 a) Energy minimisation results for a series of silver(l) coordinated short
T-loop hairpin-systems ("'C1, ™C1, "3C1 and ™C1) using classical molecular
minimisation techniques. b) lllustrations of the lowest energy confirmations possible
for each silver-mediated T-looped system.

The T-loop hairpin models represent four macrocyclic systems bound across a single
silver ion at the terminal 3’ and 5’ N3-cytosine bases. The designed loops have one-to-
four thymine units. These structures were classically minimised in water in an identical
fashion to those in stage 1 (180° angles of restraint across the N3-Ag'-N3* and
distances of 2.2 A between the N3-donors and the central coordinating Ag'-ion). The
data received and displayed in Figure 6.25, represent the energy profiles for Ag*-
mediated T-loop hairpins, which clearly favours loops dimensions of greater than one
base unit ("2C1 > T3C1 > TC1> TC1). 2Cy, ™C1 and ™C1 loops are all remarkably similar
and have the highest average energetic gain (-450 kJ/mol) compared to T*C: following

coordination of the Ag'-ion.

The shortest model, ™C1 clearly displays non-coplanar coordinating cytosine bases
due to the accommodation of a linear (180°) N3-Ag*-N2 geometry. Interestingly, the
T1C1 loop demonstrated a third coordination through the O2 acceptor of the thymine
(distance: 2.3 A). Thymine has the potential to establish metal binding at 02, N3 and

04 sites, but generally the exocyclic O donors are favoured. However, these produce
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compounds with relatively low thermodynamic stability.** Nevertheless, an interesting

phenomenon that is unseen in any of the longer oligo macrocycles.

Its positive to note that the hairpins formed by longer loop regions have greater
preference towards a chelate configuration, likely due to their reduced internal strain.
This was also observed within abasic loop calculation. Interestingly, the two longest T-
loops (C1 and T#C1) allow for the formation of stabilizing n-n stacking interactions
between both T---T and C---T ring systems. This effect is somewhat offset by the
increased flexibility of longer systems; therefore, the stabilizing effect does not lead to
any significant gains energetically over a ">C: hairpin. From these simulations, it was
concluded that the use of ™Cn and ™Cn were both good candidates for further
experimental study. Energetically they both have similar characteristics, however,
concerns from stage 2 lead us to lean towards longer looped systems. Due to the lower
costs associated with T-looped short oligonucleotides, we opted to experimentally
characterise all four oligonucleotides: ™C1, ™C1, ™Cz1and TCau.

Experimental MS and CD were conducted following the computational simulations of
short T-loop oligonucleotides ("'C1, ™>C1, ™*C1and ™C1), with a designed capacity of a
single silver(l) ion across the terminal C-C base units (3’ and 5’) forming a metal-
mediated macrocycle akin to stage 1.

ESI-MS data collected confirmed the presence and isotope patterns predicted for
oligonucleotides ™C1, ™C1, ™C1and TC: solutions with charge states (z) of -1, -2 and
-3 being most abundant. Following the addition of silver(l) ions at a 1:1 (metal:oligomer)
ratio, new peaks were observed with m/z values and isotope patterns expected for the
addition of a single silver(l) ion per oligonucleotide (Ag-"C1, Ag-"T?C1, Ag-"*C1and Ag-
T4C1) (Table 6.2 and Figure 6.26).
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m/-1

Exp (calc.) m/z
m/-2

# Sample
1 Cy
2 Ag-TCy
3 T2C,
4 Ag-"?Cy
5 3C,
6 Ag-TC,
7 TIC,
8 Ag-TC,

819.1757 (818.5784)

925.0674 (925.0730)

1123.2208 (1123.2218)

1230.0981 (1230.1269)

409.0821 (408.7855)
462.0374 (462.0329)
561.1089 (561.1072)

614.0522 (614.5598)

713.1301 (713.13083)

766.5810 (766.5828)

865.2001 (863.6415)

475.0981 (475.0844)

510.7200 (510.7195)

576.4510 (575.4253)

612.0689 (611.0603)

Table 6.2 ESI-MS monoisotopic mass peak data for oligonucleotides: ™C1, ™>C1, 3 C1
and ™C, following the addition of silver(l) ions versus theoretical values for -1, -2 and

-3 charge (z) states (See Appendix for full spectra).
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Figure 6.26 ESI-MS spectra (range: 300 — 1500 m/z) for oligonucleotides: (a) ™Cu,
(b) ™Cx, (c) ™*C1and (d) T“Cx1, following the addition of silver(l) ions at a 1:1 ratio.
Species identified as silver-bound (red-circle) and unbound oligomers (clear-circle) at

1-, 2- and 3- charge states (z).

CD spectra for ™'C1, TC1, 3C1and ™C1 showed the expected peaks common to ss-
DNA at 278(+), 237(-), 213(-) and 193(+) nm (Figure 6.27). Following the addition of
silver(l) (1:1 ratio) several changes occur in the CD profiles for all oligonucleotides. A
red shift can be seen as the exciton splitting point appears at a longer wavelength. This
effect differs between each silver-bound oligomer; 255 — 276 (T'C1), 260 — 272 (T2C1)
and 263 — 266 nm ("3C1 and ™C1). These shifts become lesser as oligomer length
increases. The shortest two oligomer ™' C1 and TC: displayed several new peaks that
can be seen at : 265(-), 282(+) and 214(+), 252(-), 281(+) nm respectfully. It is unclear
why TC1 and ™C1 did not experience similar changes. Speculation as to why this is

the case could lead one to assume the existence of alternative binding modes
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exclusive to extremely short oligomers, i.e. dimers, coordination polymers or T-Ag-T

interactions.
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Figure 6.27 CD data for short T-looped oligonucleotides a) ™C1, b) TC1, ¢) ™C1 and
d) TC1 before (black) and after (red) the addition of silver(l) ions at a 1:1

(metal:oligomer) ratio.

Having evaluated a series of viable thymine-loop oligonucleotide designs, the
investigation moved onto extending the C-rich stem region of T2Cn and "3Cn systems
(where n =2, 4 or 6). Increasing the length of the C-rich stem regions will increase the
capacity for silver ion capture, akin to stage 2. Two sets of oligonucleotides were

acquired, T2Ca, T2Ca, T2Cs and T3Cp, T3Ca, T3Ce.

CD spectra for T2C2, ™C4 and TCs were as expected for ss-DNA, showing peaks at
198(+), 212(-), 249(-) and 281(+) nm (Figure 6.28). Following the addition of silver(l)
ions (at 2:1, 4.1 and 6:1 (metal:oligomer) ratios respectively) their CD profiles changed
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significantly, peaks appeared at 196(+), 214(-), 242(+), 266(-) and 290(+) nm,

matching those in literature for similar duplexed M-DNA type system.

Confirmation of Ag* binding to ™Cz, "?C4 and "Ce was observed in the MS data. Upon
titration of silver nitrate (up to an excess of 10 equiv.), the formation of peaks
associated with metal-oligonucleotide complexation could clearly be seen. Isotope
patterns revealed the binding of metal ions up to each oligomer’s designed Ag*
capacity. "°C2 was observed to bind one (602 m/z, 7%) and two (637 m/z, 91%) silver(l)
ions with a -3 charge (z). ">C4 was observed to bind one (740 m/z, 3%), two (767 m/z,
10%), three (793 m/z, 46%) and four (820 m/z, 39%) silver(l) ions identified with a -4
charge (z). °Cs was observed to bind three (865 m/z, 3%), four (887 m/z, 24%), five
(908 m/z, 57%) and six (929 m/z, 16%) silver(l) ions identified with a -5 charge (2).
Encouragingly, very little of the bare oligonucleotides remained visible in the MS
spectra following the addition of metal ions; a notable improvement over analogous

abasic systems explored in stage 2.

For the longest two oligomer systems, T2Csand "Cs, a distribution of populated states
can be seen. The most populous species are three and five bound Ag* for ™>C4 and
T2Ce respectively. This behaviour is indicative of cooperativity and will further be

discussed later in this chapter.
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Figure 6.28 (i) CD (at 25°C, y = MDeg) at a) 2:1, b) 4:1 and c) 6:1 metal to oligomer
ratios. (ii) ESI-MS (negative ion mode) data for three ™°Cn oligonucleotides (n: 2, 4
and 6); a) T?C2, b) ™C4 and c) ™Cs following the addition of excess Ag' ions (10:1

metal to oligomer ratio).

CD spectra for T3C2, T3 C4 and ™Cs were again as expected for ss-DNA, showing bands
at 223(+), 261(-) and 277(+) nm (Figure 6.29). Following the addition of silver(l) ions
(at 2:1, 4:1 and 6:1 (metal:oligo) ratios respectively) the CD profiles changed
significantly for [Agn-"3C2], [Agn-"3C4] and [Agn-"3Ce]; matching those in the literature
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for duplexed M-DNA system. Peaks appear at 197(+), 216(-), 242(+), 262(-) and 286(+)

nm with a red shift of between 6 - 18 nm in the exciton splitting.

Confirmation of Ag* binding to ™Cz, ™3C4 and "™Ces was again observed in the MS data
(Figure 6.29). Upon titration of silver nitrate (up to an excess of 10 equiv.), the
formation of peaks associated with metal-oligonucleotide complexation could clearly
be seen. Isotope patterns revealed the binding of metal ions up to each oligomer’s
designed Ag* capacity. "3C2 was observed to bind one (703 m/z, 21%) and two (738
m/z, 29%) silver(l) ions identified with a -3 charge (z). "3C4 was observed to bind one
(653 m/z, 2%), two (674 m/z, 18%), three (695 m/z, 69%) and four (716 m/z, 9%)
silver(l) ions identified with a -5 charge (z). ™Cs was observed to bind three (772 m/z,
2%), four (790 m/z, 9%), five (807 m/z, 52%) and six (825 m/z, 37%) silver(l) ions
identified with a -6 charge (z). Akin to the T?Cn systems, very little could be observed

of the stock oligonucleotides in the MS data following the addition of metal ions.
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Figure 6.29 (i) CD (at 25°C, y = MDeg) at a) 2:1, b) 4:1 and c) 6:1 metal to oligomer
ratios. (ii) ESI-MS (negative ion mode) data for three TCn oligonucleotides (n: 2, 4
and 6); a) "C2, b) ™C4 and c) TCs following the addition of excess Ag' ions (10:1

metal to oligomer ratio).

Figure 6.30 below directly compares MS peak intensities of the oligonucleotides 2°Ch,
T2Ch and ™Cn (n = 2, 4 and 6) following metal ion addition (excess-only) in an attempt
to review the characteristics of each oligo type (2?Cn, ™?Cn and T3Cy) side-by-side. All
oligonucleotide systems behave similarly, binding with Ag* ions up to but not exceeding

their designed capacity. Both "Cn and "Cn have demonstrated a general ability to bind
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better with silver ions than the #2Cn type oligonucleotides. At each stem length tested
(n =2, 4 or 6), a significant population of oligonucleotide remained unbound to any Ag*
for abasic (3°Cn) loop species. However, both T>Cn and T3Ch type oligonucleotides
typically achieved >97% metalation with silver(l), with the exception being TCo.
Generally, T>Cn > T3Cy at lower capacities (n = 2 and 4), but reversed, "3Cn > T2C, at
higher capacities (n = 6). It is thought that higher capacity hairpin systems require
greater flexibility in the loop, however, this is speculation based on the limited data

presented here.
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unbound oligonucleotide species.
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Isothermal titration calorimetry of "Cs and ™Ca4 (0.1 mM) titrated against AgNO3 (5.0
mM) held at 25°C gave ideal sigmodal isotherms that were converted into Wiseman
plots for analysis (Figure 6.31 below). Due to the limitations of the single site model
used in the calorimetric analysis, only enthalpy values were considered. Binding
constants (Ka or Kd) cannot be accurately calculated using single site models for
systems, such as these, with multiple binding events. The overall energies (AH) for
both systems were expectedly close at 11.2 kcal/mol for a ™?C4 and 10.3 Kcal/mol for
T3C4. When compared against the simplest system ([Ag(cytosine)z]*, -5.1 kcal/mol) the
exothermic values were 2.2 and 2.0 times greater for °C4 and ™3C4 respectably. The
guantified energy released following silver ions titration is lower than expected or
observed in MS. The cause is unclear, however consistent between both ?Csand ™Ca,
suggesting loop type (T2 vs. T3) is negligible.
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Figure 6.31 Isothermal titration calorimetry (ITC) isotherms (a & ¢) and integrated
Wiseman plots (b & d) for oligonucleotides ™Ca (a - b) and ™Cas (c - d) (0.1 mM)
following the addition of silver(l) ions (5.0 mM, AgNOs).
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Further extending the homo-C stem, and therefore capacity of the T-loop
oligonucleotides to capture twelve silver(l) ions seemed a logical next step. This was
achieved by designing two additional oligonucleotides; ™Ci2 and T™Ci2. These were
compared against a homo-C-oligonucleotide, dCi2, with literature precedent when
titrated against silver(l).*®
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Figure 6.32 (i) Circular Dichroism (at 25°C) at a 12:1 metal to oligomer ratio. (ii) ESI-
MS (negative ion mode) data for a) ™C12 and b) ™C12 before (black) and after (red)

the addition of excess Ag' ions (20 equiv.).

CD and MS (Figure 6.32) were collected for both ™2C12 and TCi2 oligonucleotides,
which were as expected for ss-DNA, showing peaks at 201(+), 264(-) and 286(+) nm.
Following the addition of silver(l) ions (at 12:1 (metal:oligomer) ratio) the CD profiles
changed to match those of dCi2 found in the literature and of those explored previously

in this chapter. Characteristic evidence supporting duplex formation brought about by
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metal-mediation.*®> Peaks appear at 197(+), 214(-), 242(+), 265(-) and 290(+) nm with

a red shift of 5 nm in the exciton splitting for both oligomers.

The MS interpretation and analysis of >C12 and "Ci2 proved challenging. The longer
oligonucleotide systems possessed many higher charge states ([M]** - [M]"), therefore
little peak separation observed, coupled with multiple isotope patterns common to
complex systems with higher numbers of silver(l) ions. For these reasons, identifying
specific Agn-oligo peaks accurately was not feasible for either "2C12 or ™3C12. However,
taking a broader perspective, certain features are informative when compared against
their respective parent oligonucleotides. The formation of new populations with slightly
greater masses than those identified as ss-DNA at a given charge state are seen and
the peaks only grow-in following the addition of silver(l) ions. Using their nearest parent
oligo peak, the newly formed species can be rationalised as the addition of one, two,
three and four bound silver(l) atoms. The lower observed affinity for metal binding was
confirmed at earlier stages of the titration with no observable changes at additions less
than six equivalents of Ag®*. It has been proposed that the differences between the
bound metal ion concentration may be due to weaker adducts that can form at higher
silver concentrations, which can be susceptible to dissociation during desolvation or

ionisation.46

Isothermal titration calorimetry (ITC) was used to thermally quantify bonding
interactions of the T™Ci2 and T3Ci2 hairpin oligonucleotides (0.1 mM) following the
addition of AgNOs3 (5 mM and 0.5 mM) (Figure 6.33). As seen previously, both
isotherms demonstrate negative peaks indicative of an exothermic reaction.*?> Molar
ratios (n) were calculated to be 2.1 for "2C12 and 2.6 for "*C12. Enthalpy changes (AH)
calculated from the peak maximum were -11.3 and -14.7 Kcal/mol, approximately 2.2
and 2.9 times greater than that measured for a single C-Ag*-C (C: cytosine, -5.1
Kcal/mol) formation. Both ITC and MS displayed far lower values than expected for
such systems. However, again for long systems the T3-hairpin systems seems to

possess a slightly greater binding abilities than the T2-hairpin.
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Figure 6.33 Isothermal titration calorimetry (ITC) Raw data isotherm (LHS) and
integrated Wiseman plot (RHS) for the hairpin sequence ™Ci12 (a & b) and ™C12 (¢ &
d) (0.1 mM) following the injection of silver(l) ions (AgNOs, 5 mM and 0.5 mM
respectively) held at 25°C (see appendix for reference data).

As a means of comparison, a dCi2 oligonucleotide sequences was acquired and its
silver(l)-binding credentials tested. Dickson & Petty demonstrated the ability to bind six
silver ions per dCi12 stands and up to 12 within a double-stranded duplex using MS.4’
Successful replication of these results was achieved following the addition of silver
nitrate to dCi2 at both equal equivalence to the number of C sites, and at an excess
(20 equiv.). In both instances the formation of newly formed peaks was observed in
MS (Figure 6.34). Peaks relating to the oligonucleotide dCi2 bound with one-to-seven
silver(l) ions was observed with a -4 charge (z). Species with greater than seven bound
silver-ions exist, however these carried a substantial mass increase. These species
also had isotope patterns and peak separation values expected for that of a duplexed

M-DNA complex (z = -6), successfully replicating the results in the literature.*’
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Figure 6.34 a - d) ESI-MS (negative-ion mode) of dCi2 following the addition of
silver(l) ions (AgNO3). Blue arrows silver bound to ss-DNA and yellow arrows
signifying a duplexed ds-DNA complex. lllustrations (i) and (ii) demonstrate both
metal-mediated ss- and ds-DNA species observed in MS.

ITC of dCi2 (0.1 mM) following the titration of silver nitrate (5.0 mM) gave the expected
negative isotherm profile (exothermic) with a molar ratio of 7.1 Kcal/mol and enthalpy
change (AH) of -5.6 Kcal/mol (Figure 6.35). The molar ratio is in agreement with the
MS data for ss-DNA with a 7:1 metal:ligand ratio observed. The enthalpy change value
is not consistent with the formation of seven C-Ag-C coordinations, neither is it

consistend with the observed MS data.
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Figure 6.35 Isothermal titration calorimetry (ITC) Raw data isotherm (a) and
integrated Wiseman plot (b) for the C-rich oligonucleotide sequence dCi2 (0.1 mM)
following the injection of silver(l) ions (AgNOs, 5.0 mM) held at 25°C.

The phenomenon observed is possibly accounted for by cooperativity effects. Systems
possessing identical or near-identical elements which act dependently on eachother.
The abilities for silver ions to fill identical C-C sites appears dependent on the
occupancy of the oligo. To further investigate this, the MS poisson peak intensity

distribution is analysed.
6.9. Cooperativity (AG) of Ag'-Oligomers

Gibbs energy (G) reflects the balance behind the driving forces of a reaction; AH versus
AS. Some reactions are spontaneous due to the energy they release (AH < 0, which
causes an increase in the entropy of the surroundings) and others are spontaneous
due to the increased disorder of the chemical system (AS > 0). This balance is reflected
in the equation (1) for Gibbs energy changes.

AG® = AH® — TAS° (1)

If AG < 0 (exergonic), the reaction is favourable or spontaneous and if AG > 0
(endergonic) it is unfavourable or not spontaneous. The Gibbs energy change under
standard conditions (1 bar pressure, ideal behaviour and solutes at 1 mol kg™t) is simply

related to the equilibrium constant for the process.

AG® = —RTInK 2)
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Where AG° in equation (2) denotes the standard Gibbs energy change. In this chapter
equation (2) is used to estimate Gibbs energies from the mass spectrometry data by
relating the observed peak intensities to the mole fractions of individual species and

computing the stepwise binding constants from that data.

Calculating a stepwise binding constant (5) for interactions between the designer
hairpin oligos and silver ions. The following equilibrium reaction equations were
considered for a hairpin with a capacity of four; for metal-mediation with silver ions
(*Ca):

ssDNA + Ag* = Ag,DNA
Ag:DNA + Ag* = Ag,DNA
Ag,DNA + Ag™ = Ag;DNA

AgsDNA + Ag* = Ag,DNA

_ [AgrDNA]
br = [Agr—1DNA][Ag*] (3)

Using equation (2) AG°, was calculated for each hairpin loop types investigated (3?Ch,
T2Cn and T3Cy), specifically those designed to capture four and six Ag' ions. The
equilibrium constant g, for the binding of the r'" Ag' ion was calculated using the MS
peak intensity ratios for r and r-1 bound Ag' ions and the remaining free Ag* was
estimated using the total amount of Ag* and subtracting the concentrations of all
observed species from r=0 to r=4 or 6, each appropriately weighted by the number of
bound Ag*.

AG®, = —RTIng, ()

Since r Ag' may occupy several different binding sites on a hairpin with up to n=4 or 6
sites, the binding constants also contain a hidden statistical factor of "C: corresponding
to the number of ways of choosing r binding sites from a total of n (Figure 6.36). The
stepwise binding constants were therefore also corrected for this factor by dividing by

the ratio of the statistical factor for r and r-1:

"Cr _ m-r+1
ncr_1 - r (5)

AG°, values for all species were found to be exergonic and most favourable at the mid-

point of titration (Figure 6.36); when the hairpins are partially filled, showing that the
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spontaneity increases after capture of the first metal ion, indicative of cooperativity.
AG°, then expectedly decreases as further free sites are filled and the systems reaches
saturation. Interestingly, both data sets show comparable profiles with -AG?,
maximums of ~2.5 and ~3.5 for *C4 and *Cs respectively. This analysis of the mass
spectrometry data assumes that the peak intensities are governed by the relative
populations of each binding state at equilibrium and not by kinetic factors or the
efficiency of detection or stability of the ions during electrospray. Support for our
interpretation is given by the observation that the derived Gibbs energies are

essentially independent of the mole ratio of Ag":DNA.
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Figure 6.36 Non-corrected (i) and corrected (ii) Gibbs energy (AG?,. ) profiles
calculated from MS-titration data of Ag* into a) *Ca4 or b) *Ce for “a-basic”, “T2” and
“T3” loop types at 298 K. All species demonstrate cooperativity as spontaneity
increases following the first Ag*-oligo interaction. Spontaneity decreases as oligos

reach their designed saturation.
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In summary, the use of thymine in place of abasic loop units yielded no negative effects
on the silver binding characteristics of the oligonucleotides. The CD for all thymine-
looped oligonucleotides behaved as expected upon metalation, shifting towards that
of duplexed or M-DNA profile. Analysis of the MS data showed ?Cn > T3Cn > 2°C;, at
capturing metal-ions towards a saturated state. Cooperativity was found to play a role

in the mechanisms of coordination by silver(l) across the mismatched C-C stem sites.

6.10. Conclusions

Within this chapter, we have demonstrated the abilities of C-rich ss-DNA
oligonucleotides to capture silver(l) ions. The insertion of a central non-binding region
was designed to allow for the folding into a hairpin. The use of both spectroscopic (CD)
and physical techniques (ESI-MS, IMS and ITC) allowed for characterisation of several
loop and stem compositions. Loop optimisations experiments demonstrated ™Cn >
T3Ch > 22Cy. Exchange of abasic (?2Cn) units for thymine (>Cn and "Cn) was not found
to adversely affect the outcome of metalation. Stem development explored a range of
Ag* capacities (n = 1, 2, 4, 6 and 12) by extending the homo-C regions flanking the
central loop. In each instance, the coordination of silver(l) across C-C sites was
observed. Establishing the formation of a hairpin structure was achieved using multiple
techniques. IMS ruled out dimer formation, MS and ITC eliminated single site
coordination and CD confirmed the formation of a M-DNA duplex. Metalation of higher
capacity oligonucleotide (n > 6) were found to exhibit cooperativity as C-C sites filled.
This was found to have a negative effect on our abilities to fully occupy all possible
coordination sites within the hairpins structure. Extending the capacity of such systems
further could prove to be problematic, as cooperativity would play an ever-increasing
role in the uptake of silver(l) ions. It could be interesting to further investigate the
processes by which hairpins fill or capture metal ions. Could it be that they “zip-
up/down” or are sites occupied randomly? It seems equally likely that they either fill in
sequence, analogous to a zip or randomly with a rearrangement of metal ions

necessary.
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Conclusions and Outlook
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This thesis has served to demonstrate several examples of the silver-pyrimidine
interaction found within M-DNA systems. Furthermore, their credentials as nanoscale
functional materials, or routes towards such endeavours were tested. Excellent
progress has been made over the course of this investigation in understanding the
fundamental interactions that occur between Ag* and the “C”-pyrimidine nucleic acid.
The addition of Ag* to each natural cytosine analogue or oligonucleotide system

explored established coordination at the N3-donor site with few exceptions.

The well-established N2 bis-coordination motif between silver(l) and cytosine was
observed for the first time crystallographically in chapter 2. The structural details of
which were intriguing with three solvomorphs discovered suitable for x-ray diffraction
generated. Conformations of both cisoidal/transoidal and bent/linear were observed. A
bent Cisoidal orientations of the bases was preferred due to the long H-bonding
distances involved between the complementary exocyclic O2-acceptor and N4-donor
groups required for the trans-motif. The importance of solvent bridges capable of
mitigating those distance was remarked. This finding was further demonstrated by DFT

studies which showed stability as Tbent > Tiinear > Ciinear > Cbent.

Chapter 3 demonstrated the same N3-binding motif (cisoidal) existed for cytidine, the
C-nucleoside (ribose), however a stacking behaviour lead to a unique polymeric
material which self-assembled into a relatively soft gel in an alcoholic solvent (MeOH
> EtOH > IPA). The structure was characterised by single X-ray diffraction revealing
an infinite array of closely held silver ions down the central axis of a remarkable right-
handed (clockwise) double helix. The secondary helical structure was the result of
intermolecular H-bonding interactions across the exocyclic O2-acceptor and N4-donor
groups above and below each complex ion. The material generated presented
molecular wire-like features which made it an ideal candidate for conductivity
experiments. Despite having Ag---Ag distances within <5% of the metallic radii, the
material was experimentally shown to be electrically insulating. These finding were
backed up by DFT studies.

The deoxy counterpart was structurally characterised in chapter 4 to be an almost
identical double helix, however for reasons that remain unclear, the left-handed
(anticlockwise) sense prevailed. Details surrounding its crystallisation and nucleation

processes were investigated by AFM. Astonishingly, AFM images showed how 1D
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fibres (3 nm dia.) assembly into larger bundle before organising into a regular lattice in
the solid state. A multi-step crystal growth mechanism was purposed to explain the

phenomena observed.

Two solvates (H20 and MeOH) of the metallated nucleotide complex (Ag-Cmp) were
prepared and structurally characterised by X-ray diffraction methods in chapter 5.
They demonstrated the unique O2-Ag'-N3 binding motif reported by Terrén & Frontera.
Despite close silver-silver distances, the material was again found to be electrically
insulating, further validating the existence of a large band gap for such systems. A
weak Ag-O7” coordination was identified as a possible route or opportunity for top-down
mechanical exfoliation of a crystal down to single molecular layer or sheet. Attempts
to access and isolate single Ag-chains from the crystalline material by mechanical
exfoliation (sonication) proved successful, with regular flakes observed by AFM. PXRD
suggested that the cleavage likely occurred at the Ag-O7’ position resulting in flakes
consisting of a bilayer with Ag'-chains running perpendicular to the substrate in the
[101] direction.

Chapter 6 concluded this investigation by establishing the Ag* binding properties of
short C-rich oligonucleotides. The designed oligo sequences were specifically
designed to capture set quantities of silver ions across the well-established C-Ag-C
binding motif. All sequences were designed with a central non-binding region intended
for the folding into a hairpin-type structure. The use of both spectroscopic (CD) and
physical techniques (ESI-MS, IMS and ITC) for characterisation confirmed Ag*n
capture and hairpin formation. Metalation of higher capacity oligonucleotide (n > 6)
were found to encounter significant cooperativity effects as C-C sites became occupied
with Ag*. Extending the capacity of such systems beyond six sites proved to be
problematic, as cooperativity would play an ever-increasing role in the uptake of Ag*.
Certainly, such systems have shown potential as a route towards controlled ion capture
towards nanocluster formation or heavy metal sensors. The limitations of which have

presented a new challenge for further investigation.

In closing, we have made a number of steps towards using DNA with transition metals
towards the formation of nhanoscale functional materials based on the silver-pyrimidine
interactions described herein. Further increasing our understanding of the highly

specific silver(l)-cytosine relationship, we have explored these structures as a “top-
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down” route to metal-cluster formation. Several articles have been successfully
published on simple nucleobase (Chapter 2) and nucleoside silver mediated (Chapter
3) systems. Itis our hopes that Chapters 4 - 6 will also be readily found in the literature

in the near future.
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Chapter 8. Experimental Detail

8.1. General Methodology

Reagents were used as obtained from Sigma-Aldrich unless otherwise stated.

NANOpure® deionised water (18 MQ cm resistivity) was obtained from a NANOpure®
DlamondTM Life Science ultrapure water system equipped with a DlamondTM RO

Reverse Osmosis System (Barnstead International).

NMR spectra were recorded using Bruker either a 400 or 700 MHz spectrometer at rt.
'H-NMR shifts were referenced to D20 [*H-NMR, & (D20) = 4.80 ppm].

Experimental IR spectra in the solid state were measured with a Shimadzu IRAffinity-
1S spectrometer using LabSolutions RF software. Spectra were recorded over the 400

— 4000 cm range with 50 scans.

UV-Vis measurements (in the range of 190 - 850 nm) were conducted using a Thermo
Scientific™ NanoDrop™ One® Microvolume spectrophotometer. A 1.5 ul sample
droplet was prepared with an auto-ranging pathlength 0.03 — 1.00 mm (wavelength

accuracy + 1 nm).

Microanalyses were carried out by the Elemental Analysis Service in the School of
Human Sciences, London Metropolitan University. Solutions were freeze dried to
remove solvent prior to analysis. The individual C, H, N values did not differ by more

than £0.3 %. The mean C, H, N values are reported.

Emission spectroscopy (in the range of 300 — 800 nm) in a gel or liquid state were
measured using a Shimadzu RF-6000 Spectro Fluorophotometer using a quartz
cuvette (50 ul) with a path length of 1.5 mm. Scan intervals were acquired every 0.5
nm at a scan speed of 600 nm/min, within an emission and excitation bandwidth of 5.0

nm. The system was controlled using LabSolutions RF software.
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Circular dichroism spectra were measured in a high precision quartz SUPRASIL
(Hellma Analytics®) cell with a light path of 0.1 mm. Data was acquired using a JASCO
J-810 spectropolarimeter under nitrogen (5 - 10 ml/min) connected to a PTC-423S

temperature controller maintaining 25°C using a Julabo water bath.

Isothermal Titration Calorimetry was performed using an iTC200 MicroCalTM
instrument connected to a MicroCalTM Incorporated ThermoVac (set at 24.6°C)
running through Malvern instruments MicroCalTM ITC200 software (Version 1.26.4).
Data analysis was performed using Origin 7 SR4 software (version 7.0552(B552).
Samples were held at 25°C (reference power: 6) within the iTC200 sample chamber

with injection volumes of 0.1 L.

High-resolution electrospray ionization mass spectrometry (ESI-MS) studies, samples
were analyzed in ultrapure (type 1) water at concentrations in the order of 100 ng ml?
or over a range of 0.100 - 0.001 mM. Measurements were either made on a Waters
Micromass LCT Premier TOF Mass Spectrometer or a Waters Synapt G2s Mass
Spectrometer and data was processed using the Mmass software (version 5.5.0).

Rheological measurements were performed with a HR-2 Discovery Hybrid Rheometer
(TA Instruments) with a standard steel parallel-plate geometry of 20 mm diameter with
a gap of 1 mm. The strain and the frequency were set to 1% and 1 Hz, respectively.

SEM samples were mounted on an aluminium stub with Achesons Silver Dag and then
dried overnight. Examined using a TESCAN VEGA LMU Scanning Electron
Microscope, housed within EM Research Services, Newcastle University. Digital

images collected with TESCAN supplied software.

Diffraction patterns were generated using a PANalytical X’Pert Pro Multipurpose
Diffractometer (MPD) using a PW1730 Cu Ka radiation source (A = 1.540°A). Solutions

were freeze dried to remove solvent prior to analysis.

Atomic force microscopy (AFM) used a Multimode 8 atomic force microscope with
Nanoscope V controller and a “E” scanner (Bruker, Germany) was used for acquiring
AFM height images. Nanoscope software version 9.1 was used to control the

microscope. The system was operated in a peak force tapping mode in air (ScanAsyst)
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at ultra-low forces minimize damage to the material. An isolation table/acoustic
enclosure (Veeco Inc., Metrology Group) was used to decrease vibrational noise.
Silicon tips on V-shaped silicon nitride cantilevers (ScanAsyst-Air, Bruker) were used
for imaging. The nominal tip radius was approximately 2 nm, resonant frequency 70
kHz, and spring constant k ~0.4 N/m. The AFM height images were analysed with

NanoScope Analysis 1.5 software (Bruker).

8.2. Chapter 2 — Experimental Detail

NH, NH, H,N

~N (_\< h N62
(L/& + AgNO, Water 4 N---Ag----N \
H 0]

it HN— J—NH
o 0

(2 equiv.) (1 equiv.)

Synthesis of Cisoid-[Ag(N3-Cytosine)?][NO3]
Cytosine (100 mg, 0.90 mmol, 2.0 equiv.) was dissolved in water (11.0 ml). To this

solution another solution of AQNOs (76.45 mg, 0.45 mmol, 1.0 equiv.) in water (0.5 ml)
was added slowly in the dark. The mixture was maintained in a close system at room
temperature. After a period of 7 days, colourless crystals appeared. The yield of the
crystals was 81%. *H NMR (700 MHz, Deuterium Oxide) 8 7.51 (d, J = 7.2 Hz, 'H, H%),
5.99 (d, J = 7.0 Hz, H, H®); IR: ¥ = 3318, 3163, 3102, 2947, 2882, 1612, 1523, 1504,
1462, 1323, 1278, 1231, 1150, 1103, 980, 787, 772, 598, 571 and 532 cm!; MS (ESI
— Negative lon): m/z calculated for [CsH12AgNeO2]: 331.01; found: 331.00, MS (ESI —
Positive lon): m/z calculated for [CsHi10AgNsO2]*: 328.9916; found: 328.9986.
Elemental analysis found(calc): C 19.56(19.49); H 2.37(2.45); N 17.03(17.05).

Synthesis of Transoid-[Ag(N3-Cytosine)2][NOs]-H20
Cytosine (100 mg, 0.90 mmol, 2.0 equiv.) was dissolved in water (12.5 ml). To this

solution another aqueous (0.5 ml) solution of AQNOs3 (76.45 mg, 0.45 mmol, 1.0 equiv.)
was added slowly in the dark. The mixture was layered with acetonitrile to generate
solvent diffusion phase boundary within a closed system at room temperature. After a
period of 14 days, colourless crystals appeared. 1H-NMR (700 MHz, Deuterium Oxide)
07.49 (d,J =7.2 Hz, H, H%, 5.97 (d, J = 7.2 Hz, H, H%); IR: ¥ = 3292, 3196, 2951,
2881, 2382, 1589, 1508, 1504, 1448, 1346, 1263, 1211, 1134, 1107, 1005, 964, 837,
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822, 789, 770, 733, 601, 530, 509 cm; MS (ESI — Negative lon): m/z calculated for
[CsH12AgNeO2]: 331.01; found: 331.00. Elemental analysis found(calc): C
23.35(23.43); H 2.85(2.95); N 23.29(23.91).

Synthesis of Transoid-[Ag(N3-Cytosine)2][PFe]-2H20
Cytosine (100 mg, 0.90 mmol, 2.0 equiv.) was dissolved in water (12.5 ml). To this

solution another solution of AgPFs (113.78 mg, 0.45 mmol, 1.0 equiv.) in water (0.5 ml)
was added slowly in the dark. Crystals were grown over a period of 21-days at room
temperature using a thermal vapour diffusion chamber using acetonitrile as an anti-
solvent. *H-NMR (700 MHz, Deuterium Oxide) & 7.51 (d, J = 7.2 Hz, H, H%), 7.71 (d,
J=7.2Hz, H, H%, 7.70 (d, J = 7.2 Hz, 'H, H%), 6.00 (d, J = 7.1 Hz, *H, H®), 5.99 (d, J
=7.1Hz, H, H%), 5.98 (d, J = 7.1 Hz, 'H, H%); IR: ¥ = 3275, 2978, 1612, 1516, 1462,
1377, 1292, 1234, 1080, 995, 775, 768, 602, 579 and 513 cm; MS (ESI — Negative
lon): m/z calculated for [CsH12AgNesO2]-: 331.01; found: 331.02. Elemental analysis
found(calc): C 19.56(19.49); H 2.37(2.45); N 17.03(17.05).

Synthesis of 1-Methylcytosine

Step 1 - A mixture of dry cytosine (1.00 g, 9 mmol), N,N-dimethylformamide dialkyl
(diaralkyl) acetal (5.4 — 9.5 g, 45 - 80 mmol) and dry N,N-dimethylformamide (3 - 20
mL, 0.948 g/mL) was heated at 90 °C to reflux under a nitrogen atmosphere for 24 hr.
The reaction mixture was cooled and evaporated to dryness on a rotary evaporator at
60 °C in vacuo, and an orange solid was obtained and recrystallized from benzene-
Chloroform (Mp: 203 - 204°C).*H NMR (300 MHz, Deuterium Oxide) 6 8.50 (d, J =4.9
Hz, 'H), 7.69 (dd, J = 22.3, 7.0 Hz, 'H), 6.16 (d, J = 7.0 Hz, H), 3.42 (s, °H), 3.23 (s,
3H), 3.08 (s, °H).

Step 2 — The solid obtained was added to concentrated ammonium hydroxide solution
(10 mL) was stirred at room temperature for 17 hr and then heated on a steam bath
for 30 min to drive off excess ammonia. The solution was evaporated to dryness on a
rotary evaporator. The solid residue obtained was recrystallized from MeOH-
Petroleum ether yielding single crystals analysed by X-ray diffraction (Mp: 301 -
302°C). IR: V = 3445, 3345, 3171, 2932, 2901, 2812, 1628, 1624, 1524, 1497, 1493,
1443, 1373, 1342, 1335, 1292, 1261, 1238, 1211, 1157, 1130, 1053, 987, 964, 883,
810, 783, 663, 621, 598, 575, 563, 478, 420 cm™%;
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Isothermal titration Calorimetry

Isothermal Titration Calorimetry was performed using an iTC200 MicroCal™
instrument connected to a MicroCal™ Incorporated ThermoVac (set at 24.6°C) running
through Malvern instruments MicroCal™ ITC200 software (Version 1.26.4). Data
analysis was performed using Origin 7 SR4 software (version 7.0552(B552).

200 pL of a 54.0 mM cytosine solution was held at 25°C (reference power: 6) within
the iTC200 sample chamber. forty 0.1 uL injections of a 5004.0 mM solution of ANOs3

were titrated over a period of 70 minutes.

Ligand Transformation prep.

An aqueous solution of cytosine (100.0 mg, 0.90 mmol, 2 equiv.) and AgNO3 (76.5 mg,
0.45 mmol, 1 equiv.) was prepared in 11.5 mL H20 at rt. A second solution of either
sodium chloride (52.6 mg, 0.90 mmol) or potassium chloride (67.1 mg, 0.90 mmol)

dissolved in 1.15 mL H20 was added dropwise yielding a white precipitate.

Mechanical Synthesis Prep.

Mechanical synthesis was achieved using a Retsch MM 400 high-energy ball-mill using
a frequency of 14 Hz using a solid stainless-steel ball-bearing (13.6 g, 15 mm dia.)
within a hardened steel screw-top cell (25 mL). Samples were subsequently analysed
using FTIR and PXRD.

Cytosine (1.00 g, 9.0 mmol, 2 equiv.) was mixed with AgNOs (0.77g, 4.5 mmol, 1

equiv.) and was milled for a total of 5 hours with (ca. 50 mg) samples taken at one-

hour intervals.

8.3. Chapter 3 — Experimental Detail

NH,
~N i Ribose | ®
f\/g Water NH; O>\g,\'l
N" "0 4 AgNO; S -~ {/ S ©)
HO Reflux N--Ag---N_ » NO,
0 2h, 100 °C N—
Ribose O  HoN

OH OH - -
(2 equiv.) (1 equiv.)
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Synthesis of [Ag-(N3-cytidine)2][NOs], (1)
Cytidine (200.0 mg, 0.88 mmol, 2.0 equiv.) was dissolved in water (4.5 ml). To this

solution, another aqueous solution (0.5 ml) of AQNOs3 (74.7 mg, 0.44 mmol, 1.0 equiv.)
was added slowly. The mixture was heated under reflux (100 °C) for 2 h in the dark.
The solution was filtered while still warm; Long needle-like crystals were grown over a
period of 14-days at room temperature using a thermal vapor diffusion chamber with
acetonitrile as anti-solvent. The yield of crystals was 67%. 'H NMR (400 MHz,
Deuterium Oxide) & 7.91 (d, J = 7.6 Hz, 1H), 6.09 (d, J = 7.5 Hz, 1H), 5.89 (d, J = 3.8
Hz, 1H), 4.33 — 4.25 (m, 1H), 4.19 (t, J = 5.7 Hz, 1H), 4.16 — 4.10 (m, 1H), 3.95 (dd, J
=12.7 Hz, 1H), 3.81 (dd, J = 12.8, 4.2 Hz, 1H); IR: ¥ = 3337, 3208, 2945, 1643, 1606,
1529, 1504, 1330, 1280, 1209, 1101, 1043, 950, 903, 870, 772, 717, 600 and 407 cm"
1. ESI-MS (CisH26AgNeO10) calculated: 593.0800, Experimental: 593.0957 (m/z);
Elemental analysis ([Ag'-(N3-cytidine)2]-NO3-2H20) Calculated: C - 31.23%, H - 4.37%,
N - 14.16%, Experimental: C — 31.79%, H - 4.25%, N - 13.91%.

NH, j .

SN Ribose | ®
(0}

|N/go MeOH / \NH2 >_’\'l ) Rest
HO + AgNOs Reflux <N_<N"A9"_N>\ //\ NO4 30 min
(@] 2h,77°C
Ribose O HoN
OH OH

(2 equiv.) (1 equiv.)

Synthesis of [Ag-(N3-cytidine)2][NOs3], (1meon) gel.

Cytidine (200.0 mg, 0.88 mmol, 2.0 equiv.) was dissolved in methanol (25 ml). To this
solution, another solution of AQNOs3 (74.7 mg, 0.44 mmol, 1.0 equiv.) in methanol (25
ml) was added slowly. The mixture was heated under reflux (77 °C) for 2 h in the dark.
The solution was filtered while still warm, then left to stand at room-temperature where
a sample spanning colourless gel formed over 30 minutes. The corresponding xerogel
was obtained by freeze-drying the gel. IR: v = 3340, 3201, 2943, 1643, 1604, 1528,
1504, 1338, 1280, 1207, 1099, 1049, 995, 948, 902, 867, 771, 717, 597 and 409 cm"
1. ESI-MS (CisH26AgNeO10) calculated: 593.0800, Experimental: 593.0712 (m/z);
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Elemental analysis ([Ag-(N3-cytidine)2]-NOs-2H20) Calculated: C - 31.23%, H - 4.37%,
N - 14.16%, Experimental: C - 31.78%, H - 4.33%, N - 13.84%.

8.4. Chapter 4 — Experimental Detail

Preparation & Characterisation of [Ag'-(N3-2’Deoxycytidine)2][NOs3].

NH, - -

N
ﬁN NH, H,N
HO ( ( 4 OH -
HO N/go + AgNO Water /_%N----Ag—-—-N%\ NO,
3 N \
0 o)
0 rt 5 3
HO OH
OH i ]
(2 equiv.) (1 equiv.)

Preparation of [Ag'-(N3-2’'Deoxycytidine)2][NO3]

2’-Deoxycytidine (100.0 mg, 0.44 mmol, 2.0 equiv.) was dissolved in water (13.0 ml).
To this solution AgNO3 (37.4 mg, 0.22 mmol, 1.0 equiv.) in water (0.5 ml) was added
slowly in the dark. The mixture was placed into a thermal vapour diffusion chamber
with acetonitrile as the counter solvent. After a period of 21 days at room temperature
colourless crystals emerged. Abs Amax (H20): 271 nm; *H-NMR (700 MHz, Deuterium
Oxide (D20)) & 7.74 (dd, J = 7.5, 2.8 Hz, 1H; H%), 6.17 (td, J = 6.7, 2.0 Hz, 1H; H?3),
5.96 (dd, J = 7.6, 3.0 Hz, 1H; H®), 4.33 (ddt, J = 8.3, 6.3, 2.9 Hz, 1H; H'9), 4.01 - 3.91
(m, 1H; H8), 3.74 (ddd, J = 12.5, 3.6, 2.2 Hz, 1H; H?%), 3.65 (ddd, J =12.5, 5.2, 2.1 Hz,
1H; H1%12) 2,33 (ddd, J = 13.3, 6.5, 2.9 Hz, 1H; HS), 2.25 — 2.18 (m, 1H; H); IR: V =
3339, 3198, 3117, 2943, 2679, 1647, 1607, 1531, 1504, 1373, 1350, 1335, 1319, 1281,
1194, 1090, 1055, 995, 966, 951, 918, 870, 827, 806, 773, 758, 716, 673, 621, 598,
534 and 509 cm. ESI-MS (C1sH26AgNeOs, [M]'*) calculated: 561.09, Experimental:
561.1015 (m/z). Elemental analysis ([Ag'-(N3-2’-Deoxycytidine)2]-NO3-H20)
Calculated: C - 33.66%, H — 4.39%, N — 15.26%; Experimental: C - 33.39%, H - 4.33%,
N - 15.54%.

8.5. Chapter 5 — Experimental Detail

Electrical measurements (I-V). Current/voltage curves were recorded on the probe

station (Cascade Microtech with a B1500A parameter analyser, Agilent). All of the
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electrical measurements were carried out under dry nitrogen without light illumination.
For measurements on a single crystal, a crystal of 1 was electrically insulated on glass

slide and the ends of the crystal were connected both directly and to tow pads of Ga-

In eutectic.
— -] +
NH NH
2 2/Ag,
=N Solvent N

L e SPN

AgNOz  * 4 Nige) N“~0.
‘0-P-0— ¢ 0-P-0—7 o
OH OH
OH OH B OH OH ]

(1 equiv.) (1 equiv.)

Preparation of 1, [Ag'-(O?,N3,07-Cytidine-5’-monophosphate)]-H20 —
Cytidine-5’'monophosphate (200.0 mg, 0.62 mmol, 1.0 equiv.) was dissolved in water
(15 mL, 16.3 g/L). To this another solution of AQNO, (105.4 mg, 0.62 mmol, 1.0 equiv.)
in water (1 mL) was added slowly in the dark. The mixture was then heated at reflux
(110 °C) for 2 h and the final solution was filtered out while still warm and left to stand
to crystalize in the dark. 21 days later at rt colourless crystalline material emerged.
Abs. Amax (H20): 274 nm; IR: v = 3553, 3388, 3278, 3140, 2970, 2893, 1666, 1631,
1616, 1526, 1485, 1450, 1404, 1285, 1215, 1165, 1110, 1076, 1033, 975, 910, 871,
795, 760, 708, 597, 524, 480 cm™; ESI-MS (CoHi13AgN3OsP) calculated [M]*%:
429.9569, Experimental: 430.0007 (m/z). Elemental analysis [Ag-N2,02-Cmp]
Calculated: C — 25.14%, H — 3.05%, N —9.77%, Experimental: C —24.22%, H — 3.01%,
N — 9.53%.

Preparation of 2, [Ag'-(O?,N3,0”-Cytidine-5’-monophosphate)]-MeOH -

Cytidine-5’monophosphate (400.0 mg, 0.62 mmol, 2.0 equiv.) was dissolved in
methanol (100 mL) at 60°C. To this solution AgNO,(105.4 mg, 0.62 mmol, 1.0 equiv.)
was added slowly in the dark. The mixture was then heated at reflux (77 °C) for 2 h
and the final solution was filtered while still warm and left to stand to crystalize. 10 days
later colourless crystals emerged while stored in the dark at room temperature. Abs.
Amax (H20): 275 nm; IR: ¥V =3331, 3196, 2945, 1647, 1606, 1531, 1504, 1321, 1280,
1195, 1089, 1057, 995, 951, 773, 597 cm; ESI-MS (CoH13AgN3OsP) calculated
[M+H]*1: 429.9564, Experimental: (m/z) 429.9233; Elemental analysis [Ag-N3,02-Cmp]
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Calculated: C —25.14%, H — 3.05%, N — 9.77%, Experimental: C —24.99%, H — 2.90%,
N — 9.63%.

Preparation of 2D Molecular Sheets by Solvent-Based Mechanical Exfoliation —
A crystalline sample of 1 (ca. 10 mg) was transferred to filter paper. This was washed
with acetone (3 x 10 mL) and allowed to dry in air for 5 minutes. The sample was added
to toluene (1.5 mL) and the mixture was sonicated at 40 kHz using a Langford
Sonomatic 475H for 30 minutes. The solution was pipetted (1-2 uL) onto either mica

or silicon wafer, allowed to dry, then analysed by AFM.

Single-Crystal X-ray Diffraction - Crystal structure data for 1 and 2 were collected at
150.0(2) k on an Xcalibur, Atlas, Gemini ultra-diffractometer equipped with a sealed X-
ray tube (Acuka = 1.541 84 A) and an Oxford Cryosystems CryostreamPlus open-flow
N2 cooling device. Cell refinement, data collection, and data reduction were undertaken
via the software CrysAlisPro.[M Intensities were corrected for absorption analytically
using a multifaceted crystal model created by indexing the faces of the crystal for which
data were collected.?

All structures were solved using XTE! and refined by XL using the Olex??! interface.
Hydrogen atoms were positioned with idealized geometry, with the exception of those
bound to heteroatoms which were located from peaks in the Fourier difference map.
The thermal parameters of the hydrogen atoms were constrained using the riding

model with Uy set at 1.2Ueq for the parent atom.

8.6. Chapter 6 — Experimental Details

Silver nitrate (99.9+%) was used as received from Sigma-Aldrich unless otherwise
stated. Oligonucleotides (ss-DNA) were prepared as instructed by the vendor (ATDBIo
or Eurofins Genomics), typically 1.0 mL of H20 was added to the dehydrated powder
yielding a 0.1 mM (100 pmol/uL) solution (H20 volumes may have varied based on the
synthesis scale). Manufacture for all oligos was achieved using salt-free methods and
HPLC purification. Oligo concentrations were checked by absorbance using molar

absorptivity and masses via ESI-MS (negative ion mode).
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Sample preparation

A 10.0 mM stock solution of silver nitrate (AgNO3, 169.87 g/mol, 170 mg) was prepared
in 100 mL of nanopure H20 at the start of any experiment. This protocol ensures the
lasting potency of silver(l) ions due to the risk of photoreduction via ambient light
sources. The silver(l) solution was typically diluted by a factor of x10 or 100 achieving
a 1.0 or 0.1 mM stock equivalent to the concentration of the prepared oligonucleotide
(0.1 mM or 100 pmol/uL). The two solutions were combined in ratios predetermined to
suite the experiment. Samples were tested immediately after mixing, typically within 5

minutes.
References:

. CrysAlisPro, 1.171.35; Agilent Technologies: 2010.

. Clark, R. C.; Reid, J. S. OLEX2. Acta Crystallogr., Sect. A: Found. Crystallogr. 1995,
A51, 887-897.

. Sheldrick, G. M. A short history of SHELX. Acta Crystallogr., Sect. A: Found.
Crystallogr. 2008, A64, 112-122.

. Sheldrick, G. M. SHELXT - Integrated space-group and crystal- structure
determination. Acta Crystallogr., Sect. A: Found. Adv. 2015, A71, 3-8.

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J.
Appl. Crystallogr. 2009, 42, 339-341.

243



Appendix

Exploring Silver-Pyrimidine Chemistry and the Controlled Assembly of M-DNA Systems

Liam Mistry
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S.1. Chapter 2. Transoid and Cisoid Conformations in
Silver-Mediated Cytosine Base Pairs. Hydrogen-Bonding

Dictates Argentophilic Interactions in the Solid-State.

S.1.1. General Methodology

Computational calculations were performed using Gaussian 09 with the B3LYP functional and LanL2DZ basis set

processed using Newcastle University’s Rocket HPC services (high performance computing).

Method A. Method B. Method C. Method D.

Layered Layered with a buffer

50:50
Buffer

solution
215G
AQq. solution
Method E. Method F. Method G. Method H.
Seperated reagents Flash freezing Vapour diffusion
AgNO3
: s Acetonitrile i
Cytosine 21°C
4°C
Aq. Solution

Method I. Method J.

Flash freezing

AgNO, in
Acetonitrile

DMEF Cytosine
4°C

Figure 1. Crystallization methods attempted: (A) evaporation at room temperature (21°C),
(B) storage at low temperatures (4°C), diffusion by means of a layered approach with (D — F,
I) and without (C and G) a buffer, (H) Vapour diffusion and (J) flash freezing and subsequent
slow warming of the reactant solution. The antisolvent of choice was acetonitrile (MeCN) at a

1:1 ratio.

Table 1. Crystallization outcome, Method (Figure 1) versus Silver(l) salt.
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Methods AgNO3 AgBF,4 AgPF¢

A 0 X X
B X X X
C 0] X X
D X X X
E X X X
F X X X
G X X X
H X X o]
1 X X X
J X X X

O - Single Crystals gained, X - Failed
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S.1.2. Crystallographic Data

Trans-[Ag(l)(N3-cytosine)z][PFe]-2H20, 1

Empirical formula CsH14AgFsNsO4P
Formula weight 511.09
Temperature/K 150.0(2)

Crystal system triclinic

Space group P-1

alA 5.73550(10)

b/A 8.2571(2)

clA 8.64840(10)

al° 88.005(2)

B/ 79.213(2)

e 75.358(2)
Volume/A3 389.239(13)

z 1

Pcacg/cm® 2.180

p/mm-t 1.497

F(000) 252.0

Crystal size/mm?3 0.33 x 0.2 x 0.08
Radiation MoKa (A =0.71073)

20 range for data collection/® 6.956 to 58.5
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Index ranges 7<h<7,-11<sk<11, 11111
Reflections collected 31082

Independent reflections 1852 [Rint = 0.0208, Rsigma = 0.0083]
Data/restraints/parameters  1852/0/136

Goodness-of-fit on F? 1.097

Final R indexes [I>=20 (I)] R1=0.0153, wR2 =0.0411

Final R indexes [all data] R1=0.0156, wR2 = 0.0412

Largest diff. peak/hole / e A 0.54/-0.29

Empirical formula CsH14AgFeNsO4P

Table 2. Crystal data and structural refinement for Trans-[Ag(l)-(N3-cytosine)2][PFe]-2H.0; 1.
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<
9
e 4
1
Trans-[Ag(l)(N3-cytosine)2][NOs]-H20, 2
Empirical formula CsH12AgN706
Formula weight 410.12
Temperature/K 150.0(2)
Crystal system monoclinic
Space group P21
alA 3.56438(8)
b/A 15.5555(3)
clA 11.9263(3)
a/° 90
[ 93.143(2)
v/° 90
Volume/A3 660.27(2)
z 2
Pealcg/cm? 2.063
p/mm-t 12.711
F(000) 408.0
Crystal size/mm? 0.18 x 0.07 x 0.012
Radiation CuKa (A = 1.54184)
20 range for data collection/® 7.424 to 133.688
Index ranges -3<h<4,-18<k<18,-14<1<14
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Reflections collected 9380

Independent reflections 2331 [Rint = 0.0466, Rsigma = 0.0391]
Data/restraints/parameters  2331/16/223

Goodness-of-fit on F? 1.028

Final R indexes [I>=20 (I)] R1=0.0231, wR2 =0.0478

Final R indexes [all data] R1=0.0277, wR2 = 0.0501

Largest diff. peak/hole / e A3 0.44/-0.43

Flack parameter -0.043(6)

Table 3. Crystal data and structural refinement for Trans-[Ag(l)-(N3-cytosine)2][NOs]-H.0; 2.
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Cis-[Ag(I)(N3-cytosine),][NOg], 3

Empirical formula CsH10AgN;Os
Formula weight 392.10
Temperature/K 295.0(2)

Crystal system Monoclinic

Space group P2,/c

alA 13.6114(5)

b/A 7.1848(2)

c/A 12.7288(4)

a/° 90

B/ 101.922(3)

s 90

Volume/A3 1217.97(7)

z 4

Peacg/cm?® 2.138

p/mm-t 13.681

F(000) 776.0

Crystal size/mm?3 0.17 x 0.02 x 0.01
Radiation CuKa (A = 1.54184)

20 range for data collection/° 13.296 to 133.5
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Index ranges -16<h<16,-8<k<6,-15<1<15
Reflections collected 8982

Independent reflections 2167 [Rint = 0.0410, Rsigma = 0.0345]
Data/restraints/parameters  2167/294/316

Goodness-of-fit on F2 1.004

Final R indexes [I>=20 (I)] R:=0.0248, wR, = 0.0522

Final R indexes [all data] R; =0.0398, wR, = 0.0591

Largest diff. peak/hole / e A® 0.24/-0.36

Table 4. Crystal data and structural refinement for cis-[Ag(l)-(N3-cytosine),][NO3]; 3.

All crystal structure data were collected on an Xcalibur, Atlas, Gemini ultra-diffractometer
equipped with an Oxford Cryosystems CryostreamPlus open-flow Nz cooling device. Data for
3 and 2 were collected using copper radiation (Acuke = 1.54184 A) and the intensities corrected
for absorption using a multifaceted crystal model created by indexing the faces of the crystal
for which data were collected.! Data for 1 were collected using molybdenum radiation (Amoks =
0.71073 A) and the intensities corrected for absorption empirically using spherical harmonics.
Data were collected at 150 K except in the case of 3 for which data were collected at 295 K as
crystals of this compound underwent a phase transition at lower temperatures. Cell refinement,

data collection and data reduction were undertaken via the software CrysAlisPro.?

All structures were solved using XT? and refined by XL* using the Olex2 interface®. All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were positioned with
idealised geometry, with the exception of those bound to heteroatoms, the positions of which
were located using peaks in the Fourier difference map. The displacement parameters of the
hydrogen atoms were constrained using a riding model with Uy set to be an appropriate

multiple of the Ueq value of the parent atom.

1. Clark, R. C.; Reid, J. S. The Analytical Calculation of Absorption in Multifaceted Crystals. Acta
Cryst. 1995, A51, 887-897.

2. CrysAlisPro. Rigaku Oxford Diffraction. Tokyo, Japan.

3. Sheldrick, G. M. SHELXT - integrated space-group and crystal-structure determination. Acta
Crystallogr. A: Found Adv. 2015, 71, 3-8 DOI: 10.1107/S2053273314026370.

4, Sheldrick, G. M. A short history of SHELX. Acta Crystallogr. A: Found Adv. 2008, 64, 112-22
DOI: 10.1107/S0108767307043930.

5. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. OLEX2: a

complete structure solution, refinement and analysis program. J. Appl. Cryst. 2009, 42 (2), 339-341 DOI:
10.1107/s0021889808042726.
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S.1.3. Spectroscopic Data

3_
— Cytosine

8 — [Ag-(Cytosine),]*NO,
§ 2
2
o
3
< 17

0_

1 I 1 1 1
200 250 300 350 400
Wavelength (nm)

Figure 2. UV-vis data for agueous solutions of cytosine (black-line) and [Ag-(Cytosine);]
(red-line).

Silver nitrate

po)oe}g uoissiwisuel] %

Cytosine ----—-==="""""\ Saniamana'
\ s {
\ i \
NP \ |
(v \ /7 o~ \ | \
\‘-’/ |I A l’l| ] : I 1, |
1
FA i h ny " T
Vot SN A
Vool Y Lhyon
Wy e 1/ I
Vi ] v/ [
v v Hi LT |
] h
Yy ‘,“‘ i
W
I\I
1 ! 1 ! 1 ! 1 !
R S S S

Wavenumber (cm™)

Figure 3. FTIR data for complexes 1 - 3 (red-, yellow- and black-lines), cytosine (dotted-line)
and silver nitrate (grey-line).
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TanIe 5. FTIR peak assignment for bis-(cytosine)-Ag* complexes 1-3 (Range: 700-4000 cm"

l).

Cytosine CleAg-foytosing):]. 1 i wmzﬁflj’;ﬂ] 2 i w{::jh[l;a'ﬁ] 3 Assignrment
3364 374 3398 vaulMHz)
- 3454 3325
R b 3203 R 3187 wilfMH:]
- 3148 31T
- 313
- 3084 3084
- 2460 2964 2542
2TED 28489 2847 2843 wG-H)
26BS £ 2835 v(C-H)
- 2694 A
- 2567
- 25240
- 2380 2396 2407
% - 2129
1687 1674 1676 1654 H{MH:)
1647 1637 1628 1612 WC2=0}
1608 1591 - W{C5=C8)
- 1557 -
1635 1526 &M-H) in plana
- 1514 1516 1519

Table 6. FTIR peak assignment continued (Range: 400-700 cm'?).
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S.1.4. Mechanical Synthesis — Additional Data
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S.1.5. 1-Methylcytosine Synthesis & Characterisation

OCH,
Me\
OCHs Me. .Me
N
(CH3),NCH(OCHa), gN NH;
(5 molar equiv.) NH,OH
B A
/& DMF (4-5 equiv.) N,&O rt, 17h
90°C, 24h, N, H
Molecular Welght. 125.13
98% Yield
Me Me Me . ® M . Me. .M
G‘N/ e Nl e Me N,Me e Nk e
a b c d
AN ) EN NN NN
Qv Sl | S -
CN q N Z>N Z>N
| ~ e @l e <
N (6] l}l (0] l}l (0] N OH
|
H H H
Me. _Me
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b N Me.
Me . ® Me/\é_\J\ Me-n '\ﬂ*
OH S SN
N
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)\@ I}IJ\OH l\'T/'I ©
Me ¢

Figure 5. Reaction scheme for the synthesis of 1-methylcytosine including detailed reaction

pathway proposal.

Step 1 - A mixture of dry cytosine (1 g, 9 mmol), N,N-dimethylformamide dialkyl (diaralkyl)
acetal (Mw: 119.16; 5.4 — 9.5 g, 45 - 80 mmol), and dry N,N-dimethylformamide (3 - 20 mL
(0.948 g/mL)) was heated at 90°C to reflux under a nitrogen atmosphere for 24h. The reaction
mixture was cooled and evaporated to dryness on a rotary evaporator at 60°C in vacuo, and
the white solid obtained was recrystallized from benzene-Chloroform (Mp: 203-204°C).
Toluene was added to the solution to encourage evaporation. *H NMR (300 MHz, Deuterium
Oxide) 6 8.50 (d, J = 4.9 Hz, 1H), 7.69 (dd, J = 22.3, 7.0 Hz, 1H), 6.16 (d, J = 7.0 Hz, 1H), 3.42

(s, 2H), 3.23 (s, 3H), 3.08 (s, 3H).
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Step 2 - Concentrated ammonium hydroxide solution (10 mL) was added to the product (0.5
mmol) obtained from step 1 and stirred at room temperature for 17h. The solution was then
heated in a steam bath for 30 min to drive off excess ammonia evaporating to dryness, and
the solid residue obtained was recrystallized from MeOH-Petroleum ether (Mp: 301-302°C). A
yellow solid was collected yielding a low 1.8% (180.6 mg). The single X-ray diffraction

techniques of the crystals confirmed the
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3
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=
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Figure 6. FTIR of 1-methylcytosine
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S.2. Chapter 3, “Metallo-DNA”; Ag'-Mediated
Supramolecular Duplex with Self-healing gelatinous

properties.

S.2.1. Synthesis and Crystallographic Data.

NH»
°N I Ribose | @
(NL/KO Water NH; O}_,\'l 5
HO * ANOs  Refiux 4 \N--Ag---N\ ) NOg
0 2 h, 100 °C N—(
Ribose O  HoN
OH OH - N

(2 equiv.) (1 equiv.)

Synthesis of [Ag(N3-cytidine)-][NOs], (1)

Cytidine (200.0 mg, 0.88 mmol, 2.0 equiv.) was dissolved in water (4.5 ml). To this solution,
another aqueous solution (0.5 ml) of AgNOs (74.7 mg, 0.44 mmol, 1.0 equiv.) was added
slowly. The mixture was heated under reflux (100 °C) for 2 h in the dark. The solution was
filtered while still warm; Long needle-like crystals were grown over a period of 14-days at room
temperature using a thermal vapor diffusion chamber with acetonitrile as anti-solvent. The yield
of crystals was 67%. *H NMR (400 MHz, Deuterium Oxide) & 7.91 (d, J = 7.6 Hz, 1H), 6.09 (d,
J = 7.5 Hz, 1H), 5.89 (d, J = 3.8 Hz, 1H), 4.33 — 4.25 (m, 1H), 4.19 (t, J = 5.7 Hz, 1H), 4.16 —
4.10 (m, 1H), 3.95 (dd, J = 12.7 Hz, 1H), 3.81 (dd, J = 12.8, 4.2 Hz, 1H); IR: ¥ = 3337, 3208,
2945, 1643, 1606, 1529, 1504, 1330, 1280, 1209, 1101, 1043, 950, 903, 870, 772, 717, 600
and 407 cm; ESI-MS (C1sH26AgNsO10) calculated: 593.0800, Experimental: 593.0957 (m/z);
Elemental analysis (JAg(N3-cytidine);]-NOs-2H.0) Calculated: C - 31.23%, H - 4.37%, N -
14.16%, Experimental: C — 31.79%, H - 4.25%, N - 13.91%.
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Figure S7. FTIR data of complex 1, over the 400 — 4000 cm™ range.
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Figure S8. ESI-MS data measured for 1 collected in high resolution positive-ion mode.
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S.2.2. X-Ray Crystal Structure Determination for complex 1.

The crystallographic study of 1 was hampered by a number of factors. Available crystals were
too small and weakly diffracting for investigation using standard in-house facilities, even with
enhanced microsource X-ray intensities. The weakness of the diffraction was subsequently
found to be exacerbated by extensive structural disorder and pseudo-symmetry. After
repeated attempts an adequate set of single-crystal diffraction data was obtained at beamline
119 of Diamond Light Source,! providing a reliable unit cell geometry and a clear indication of
the space group (one of an enantiomeric pair), which had been uncertain from earlier attempts,
possibly because of some merohedral twinning.

Standard multiscan corrections were applied for absorption and for incident beam intensity
variations.? The positions of Ag atoms were readily found by a variety of routine direct and
heavy-atom methods. These, however, are arranged in a regular and almost linear chain along
the crystallographic c axis, with 5 Ag atoms in the asymmetric unit. This leads to a dominance
of the diffraction pattern by strong reflections with | = 5n. Use of all available routine methods
for structure solution failed due to the pseudo-symmetry of the helical structure of the polymeric
cation chain, which was subsequently found to display approximate non-crystallographic
fivefold screw axis symmetry; the threefold crystallographic screw axis relate cation chains to
each other. The structure was eventually solved with successive manual selection of possible
ligand atom positions from the multiple images in electron density maps insufficiently phased

by the silver atoms, relying on the recognition of fragments of cytidine rings.

To aid refinement, geometrical similarity restraints were applied to the bond lengths and angles
of the 10 ligands in the asymmetric unit, together with similarity and rigid-bond restraints on
their anisotropic displacement parameters.® H atoms were included in geometrically calculated
positions and refined with a riding model; those on OH groups were allocated to give a
reasonably self-consistent set of positions appropriate for hydrogen bonds where these could
be identified. Reliable positions could not be found for the nitrate counter-anions or solvent
molecules, which occupy large apparent voids between cation polymer chains; these were
treated by the SQUEEZE procedure of PLATON.* Nitrate anions, but not solvent molecules,

are included in the chemical formula and calculated physical properties.

Resonant (‘anomalous’) scattering effects of the silver atoms are significant and provide
confirmation of the absolute configuration of the overall structure, consistent with that known
for the ligand sugar component,® giving a refined value of 0.08(4) for the absolute structure

parameter.
CisH26AgNsO10" NO3~, M = 656.3, trigonal, space group P3;, a = b = 30.382(7), c = 14.976(3)
A, v =11972(6) A%, Z = 15 (Z' = 5), crystal size 0.194 x 0.016 x 0.014 mm?3, T = 100 K,
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A(synchrotron) = 0.6889 A, 93293 reflections measured, 26785 unique (R = 0.0718),
transmission 0.86-0.99; R (F, F>>2c) = 0.0904, Ry, (F?, all data) = 0.2777, goodness-of-fit on
F? = 0.955, for 1576 refined parameters and 4509 restraints, final difference map peaks and
holes between 1.53 and -0.66 e A3,
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Table S1. Crystal
(Cytidine)z]-MeCN-H-0

Identification code

Chemical formula (moiety)
Chemical formula (total)
Formula weight
Temperature

Radiation, wavelength
Crystal system, space group

Unit cell parameters

Cell volume

z

Calculated density
Absorption coefficient p
F(000)

Crystal color and size
Reflections for cell refinement

Data collection method

0 range for data collection
Index ranges

Completeness to 6 = 24.1°
Reflections collected
Independent reflections
Reflections with F2>2c
Absorption correction

Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data / restraints / parameters
Final R indices [F?>2c]

R indices (all data)
Goodness-of-fit on F?
Absolute structure parameter
Largest and mean shift/su

Largest diff. peak and hole

data and

structure refinement parameters for

aho170073

Ci18H26AgNsO10"-NO3

C18H26AgN7O13

656.33

100(2) K

synchrotron, 0.6889 A

trigonal, P3;

a=30.382(7) A o =90°
b =30.382(7) A B =90°
c=14.976(3) A y=120°
11972(6) A3

15

1.366 g/cm®

0.644 mm*

5010

colorless, 0.194, 0.016, 0.014 mm?

9382 (0 range 2.2 to 23.4°)

fixed-y, diffractometer with Pilatus 2M detector
narrow-frame o and ¢ scans

0.8to 24.1°

h35t034,k35t035,117 to 17

98.7 %

93293

26785 (R = 0.0718)

14630

multi-scan

0.860 and 0.990

Dual-space interative method

Full-matrix least-squares on F2

0.1772,0

26785 /4509 / 1576

R1 =0.0904, wR2 = 0.2500

R1=0.1248, wR2 = 0.2777

0.955

0.08(4)

0.017 and 0.000

+1.53 and -0.66 e A3
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NH,

N Ribose |®
| NH, o
N0 . AgNO MeOH (/—\< SN o Rest
3 Reflux N--Ag---N -/ NO,
HO @) 2h, 77 °C N_< 30 min
’ Ribose O  HoN

OH OH e
(2 equiv.) (1 equiv.)

Synthesis of [Ag(N3-cytidine),][NOs], (1veor) gel.

Cytidine (200.0 mg, 0.88 mmol, 2.0 equiv.) was dissolved in methanol (25 ml). To this solution,
another solution of AgQNO; (74.7 mg, 0.44 mmol, 1.0 equiv.) in methanol (25 ml) was added
slowly. The mixture was heated under reflux (77 °C) for 2 h in the dark. The solution was filtered
while still warm, then left to stand at room-temperature where a sample spanning colourless
gel formed over 30 minutes. The corresponding xerogel was obtained by freeze-drying the gel.
IR: V = 3340, 3201, 2943, 1643, 1604, 1528, 1504, 1338, 1280, 1207, 1099, 1049, 995, 948,
902, 867, 771, 717, 597 and 409 cm?; ESI-MS (CisH26AgNsO10) calculated: 593.0800,
Experimental: 593.0712 (m/z); Elemental analysis (JAg(N3-cytidine),]-NOs-2H,0) Calculated:
C-31.23%, H-4.37%, N - 14.16%, Experimental: C - 31.78%, H - 4.33%, N - 13.84%.
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Figure S9. FTIR data of the solid 1 (red line) vs. xerogel of 1meon (black line)
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Figure S10. UV-vis spectra of 1veon (solid line) vs. cytidine (dotted line).
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Figure S11. Circular Dichroism spectra for cytidine (dotted line) and 1ueon (solid line) at
concentrations of 4 mg/ml.
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Figure S12. ESI-MS data measured for 1meon, collected in high resolution positive-ion mode.
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S.2.3. Rheology

Rheological measurements were performed with a HR-2 Discovery Hybrid Rheometer (TA
Instruments) with a standard steel parallel-plate geometry of 20 mm diameter with a gap of 1

mm. The strain and the frequency were set to 1% and 1 Hz, respectively.

(a.) 10000 (b.) 100005
__ 1000 10007
© © E
o - o 1 memmmmmmTTTTTT
o 100 o 1004----—""77"
o3 o3 E
: : ] — G
© 1 — G © 103 —
_— "
0 50 100 150 200 0.1 1 10 100
Time (s) Angular Frequency (rad/s)
(c) (d.)
10000+ 1000 — Forward
10001; - 100 - Backward
g 1004 g
o© 104 2
3 E 3
o 2
] >
0.1%
0.01-
0.1 1 10 100 1000

Oscillation Strain (%) Shear Rate (1/s)

Figure S13. (a.) Rheology time sweep of 1ueon gel at 4.0 mg mL* performed at 1% strain, 1

Hz; (b.) Frequency sweep of 4.0 mg mL* metallogel (1veon) conducted at 1% strain from 0.1

to 100 rad/s; (c.) Strain sweep of metallogel (1meon) at 4.0 mg mL?* conducted at 1 Hz, from

0.1 to 500 % of strain. G’ = G” point, transition sol-gel; (d.) Viscosity versus shear rate profile
between 0.1 and 100 s
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S.2.4. Microscopy, including SEM and AFM images.
SEM samples of 1ueon Xerogel were mounted on an aluminium stub with Achesons Silver Dag
and then dried overnight. Examined using a TESCAN VEGA LMU Scanning Electron
Microscope, housed within EM Research Services, Newcastle University. Digital images
collected with TESCAN supplied software.

Figure S14. SEM images of 1veon Xerogel showing long fibres > 6 um in length; (a. - f.) top-
down view of the surface of the xerogel; (g. — h.) Side-on view showing the voids within the

network.
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Atomic force microscopy (AFM). A Multimode 8 atomic force microscope with Nanoscope V
controller and a “E” scanner (Bruker, Germany) was used for acquiring AFM height images.
Nanoscope software version 9.1 was used to control the microscope. The system was
operated in a peak force tapping mode in air (ScanAsyst) at ultra-low forces minimise damage
to the gel fibres. An isolation table/acoustic enclosure (Veeco Inc., Metrology Group) was used
to decrease vibrational noise. Silicon tips on V-shaped silicon nitride cantilevers (ScanAsyst-
Air, Bruker) were used for imaging. The nominal tip radius was approximately 2 nm, resonant
frequency 70 kHz, and spring constant k ~0.4 N/m. The AFM height images were analysed
with NanoScope Analysis 1.5 software (Bruker). The cytidine-Ag xerogel sample was prepared
by drop-casting 1 pl of 1meon gel onto a clean silicon wafer. The sample was kept in 9 ml closed
glass vial for 3 days. The gel has been transferred to the silicon surface by micropipette that
led to dismantling the fibres structure. If the 1meon complex dried fast on silicon surface after it
was transferred immediately, it will look like a film of dried material in the AFM images. Thus,
it was kept for a while to self-assemble to reform the fibres again. After that the gel was dried

in air.

120 nm 100 nm

-120 nm -100 nm

Figure S15. AFM images of 1veon Xerogel drop-cast onto a silicon wafer. Large-scan (a) and
a zoom area (b) of AFM height images of 1veon Xerogel.
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20 nm 20 nm 12

-20 nm

-20 nm
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nm

Figure S16. A zoom out height image (a) and zoom in image (b) of the 20 times diluted 1ueon
gel solution, and a line profile corresponding to the blue line in the image (c). The sample has
been prepared by deposit 1 pL of 1meon Solution has been diluted 20 time in methanol upon a
Si slide. The slide was kept surrounded by 10 pl of methanol in a close 9 ml glass vial for 30

min, and then it was opened to dry for 10 min.

AFM Height Analysis — The mean diameter of the fibres was estimated using AFM images
of the xerogel. First, the distribution of heights in the image was determined using Gwyddion?
with a bin width of 0.188 nm; it is important the bin width is much smaller than the typical
feature size. This distribution is shown in Figure 12(a). Next, a pseudo-Voigt function was
fitted to the measured distribution by a standard least-square method and the residual was
plotted in Figure 12(b). Clear peaks (labelled 1-6) are seen in the residual which are a result
of unresolved components in Figure 12(a) originating from the stacking of fibres in the AFM
image. The mean fibre diameter can then be obtained by linear regression of the heights at
the peaks of Figure 12(b) against an integer index. This is shown in Figure 12(c) and the

fibre diameter was estimated to be 6.3 +/- 0.45 nm.
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Figure S11. AFM images of 1ueon Xerogel drop-cast onto a silicon wafer adjusted to
greyscale for analysis.
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Figure S12. (a) Distribution of height, (b) A fitted pseudo-Voigt function of the measured
distribution by a standard least-square method and the residual and (c) Estimated fibre
diameter (6.3 +/- 0.45 nm).

References
274



1. David Necas and Petr Klapetek, Central European Journal of Physics,
2012, 10, 181-188

S.2.5. Conductivity Measurements, IV and EFM.
Electrical measurements (I-V). Current/voltage curves were recorded on the probe station
(Cascade Microtech with a B1500A parameter analyser, Agilent). All of the electrical
measurements were carried out under dry nitrogen without light illumination. Platinum MBEs
(Smart Microsystems Pt MB-4000, Windsor Scientific Ltd., Slough, UK) were used to fabricate
electronic devices for electrical characterisation of 1ueon Xerogel. The MBEs were made on
Si/SiO; substrates. Four independent platinum electrodes were patterned on the top of the
SiO; layer. The height of the electrodes is 200 nm and their width is 10 um with 10 um spaces
between them. The surfaces of the MBEs were electrically insulated except for a 2 x 2 mm?
area for depositing the gel. The platinum MBEs were washed with ethanol and dried with
nitrogen gas. The clean platinum electrodes were analysed on a probe station and reference
current/voltage curves were recorded, which showed the background currents to be less than
100 fA at 2 V. A drop (0.5 pl) of 1veon Was cast onto the platinum MBEs and was left to dry.
The gel droplet dried to produce a film of the lweon fibres across the Pt-electrodes. The
electrodes were connected to the probe station and current/voltage curves were collected. For
measurements on a single crystal, a crystal of 1 was electrically insulated on glass slide and
the ends of the crystal were connected both directly and to tow pads of Ga-In eutectic. The

crystal was connected to the probe station needles through the Ga-In pads.
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Figure S13. (a & c) I-V curves of the 1meon Xerogel (red) and crystal of 1 (blue). Optical
microscope images of probe station tips making direct contact (b) or that have been connected

to a crystal of cytidine-Ag through Ga-In eutectic (d).

Electrostatic Force Microscopy (EFM). Electric force microscopy (EFM) operated in the
dynamic non-contact mode to provide a useful contactless tool for qualitative testing of the
conductivity of a single nanowire prior to any quantitative measurement of its conductivity.*?
The method is based on the storage of energy in the tip/nanowire/substrate capacitor and the
nanowire conductance influences the measurement via the RC time constant for polarisation
of the nanowire. For EFM studies, the nanowires are aligned on Si/SiO, chips with an oxide
thickness ~200 nm and the phase shift between the driving force and the tip motion is recorded
as a function of applied dc bias (V) as the tip crosses above the fibre at a constant lift height.
As shown by Staii and co-workers,® a negative phase shift with a V2 applied bias dependence
is an indication of a conductive nanowire. Objects which are merely polarisable and do not
have charges which can move away from the vicinity of the tip produce a positive phase shift.

Both EFM phase images and the corresponding topographic images were acquired using the
Multimode 8 atomic force microscope (Bruker, Germany). Data were analysed using
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NanoScope Analysis 1.5 software. EFM was performed in air using AFM tips on n-doped Si
cantilevers (MESP-LM-V2, Bruker), both of the probe sides were coated with Cobalt/Chromium
layer. The nominal tip radius was approximately 25 nm, resonant frequency 75 kHz, and spring
constant k ~3 N/m. The EFM phase images has been captured at applied DC bias between
+10 and -10 volts with a scan lift height of 30 nm. The cytidine-Ag(l) gel was prepared in
methanol and diluted 20 times. A sample was prepared by drop-casting 1 pL of the diluted
cytidine-Ag(l) solution onto a Si<100>/200 nm SiO; slide. The slide with the drop- cast solution
was kept surrounded by 10 pl of methanol in a closed glass vial (with a volume ~ 9 ml) for 30

min. Then, it was left to dry in air for 10 min.
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Figure S14. EFM phase image of the 1meon Xerogel and the line profiles corresponding to the
boxes in the EFM phase images (a-k). The EFM phase images were captured at applied DC
bias between +10 V and -10 V, and a lift height of 30 nm. (i) A plot of the tangent of the
measured phase angle arising from the aggregation of fibres as a function of applying different
DC biases.

Q) S. M. D. Watson, A. R. Pike, J. Pate, A. Houlton and B. R. Horrocks, Nanoscale, 2014,
6, 4027 — 4037.

2) M. Bockrath, N. Markovic, A. Shepard, M. Tinkham, L. Gurevich, L. P. Kouwenhoven,
M. W. Wu and L. L. Sohn, Nano Lett., 2002, 2, 187 - 190.

3) C. Staii, A. T. Johnson and N. J. Pinto, Nano Lett., 2004, 4, 859 - 862.

S.2.6. Reduction Behaviour
Photoreduction was achieved by suspending vials of 1meon (2 ml) within a Southern New
England Ultraviolet Company Photochemical reactor, using eight RMR-3000 (50/60 Hz, 120

Figure S15. An image showing a series of 1yeon Samples
exposed to UV-light (300 nm) for up to 90 minutes.

Volts, 300 nm) UV bulbs. Exposure times ranged from 1 - 90 minutes.
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Figure S16. Emission data of 1yeon from iex of 330 nm.
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Figure S17. Emission intensity (Aem: 395 nm, Aex: 330 nm) of photoreduced 1meon VS.
exposure time to UV-light.
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Figure S18. Absorption spectrum for 1weon gel after photoreduction (90 minutes) (Solid line)
vS. zero exposure (dotted line) showing the appearance of the plasmon band for Ag nano-
particles.

Samples of 1veon gel were drop cast on to a silicon (SiMPore, SN100-A50Q10) grid and then
air dried over 15 minutes. The grids are examined using a JEOL 2100F (FEG) Transmission
Electron Microscope and digital images are collected using a Gatan Orius CCD camera housed
within the School of Physics, Durham University — Dr B. Mendis.
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1 2 3 4
Particle Size (nm)

Figure S19. TEM Images of 1veon in @ xerogel state deposited on a SiN grid; (a. & b.) Bright
field images of the xerogel showing long fibres > 5 um in length (14 — 82 nm width), (c. & d.)
Electron dense particles within a fray with particle size distribution analysis (1.0 — 4.0 nm
dia., 2.4 nm average dia.)

SiN grid; (a) freshly deposited (>10 um length, 14 - 82 nm width) and (b.) exposed to
ambient light showing the presence of electron-dense patrticle (14 - 50 nm dia.).
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Figure S21. HR-TEM image of a silver particle (4.6 nm dia.) with lattice fringe spacing of
0.25 nm £0.02 corresponds to the interplanar distances of (111)

S.2.7. Band Structure Calculations
All spin-polarized density functional theory (DFT) calculations were performed with the Vienna
ab-initio Simulation Package (VASP)! and the projector augmented wave (PAW) method.?3
The exchange-correlation potential was described by the Perdew-Burke-Ernzerhof (PBE)
functional* extended to incorporate a Van der Waals correction.® We use a k-point gird of 1 x

1 x 5, so that 5 k-points in the transport direction.

1. G. Kresse and J. Hafner, Phys. Rev. B, 1993, 47, 558; 1994, 49, 14251; G. Kresse
and J. Furthmdiller, Phys. Rev. B, 1996, 54, 11169; Comput. Mat. Sci., 1996, 6, 15
(1996).

2. P. E. Blochl, Phys. Rev. B, 1994, 50, 17953.

3. G. Kresse and D. Joubert, Phys. Rev. B, 1999, 59, 1758.

4. J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865.

5. S. Grimme, J. Comput. Chem., 2006, 27, 1787.
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S.3. Chapter 6. Ag'-Oligonucleotide Hairpin formation

towards controlled cluster assembly

S.3.1. General Methodology
Oligonucleotides (ss-DNA) were prepared as instructed by the vendor (ATDBio or Eurofins
Genomics), typically 1.0 mL of H,O was added to the lyophilised powder yielding a 0.1 mM
(200 pmol/uL) solution (H20 volumes may have varied based on the synthesis scale).
Manufacture for all oligos was achieved using salt-free methods and HPLC purification. Oligo
concentrations were checked by absorbance using molar absorptivity and masses via ESI-MS

(negative ion mode).

Isothermal Titration Calorimetry was performed using an iTC200 MicroCal™ instrument
connected to a MicroCal™ Incorporated ThermoVac (set at 24.6°C) running through Malvern
instruments MicroCal™ ITC200 software (Version 1.26.4). Data analysis was performed using
Origin 7 SR4 software (version 7.0552(B552). Samples were held at 25°C (reference power:

6) within the iTC200 sample chamber with injection volumes of 0.1 pL.
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Figure S17. ITC water-into-water blank to account for dilution affects.
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S.3.2. Electrospray lonisation Mass Spectrometry
High-resolution electrospray ionisation mass spectrometry (ESI-MS) studies in ultrapure (type
1) water at 0.001 mM concentrations. Measurements were made on a Waters Synapt G2s

Mass Spectrometer and data was processed using the Mmass software (version 5.5.0).

The isotopes within a single metallated short oligonucleotide system include: Hydrogen (*H
99.9885%, ?H 0.0115%), Carbon (*?C 98.632%, *C 1.07%), Nitrogen (**N 99.632%, °N
0.368%), Oxygen (**0 99.757%, 'O 0.038%, 180 0.205%), Phosphorus (**P 100%) and Silver
(1°’Ag 51.839%, 1%°Ag 48.161%). Calculations using a minimum abundance value of 0.1%

were used when evaluating the experimental Ag*-oligonucleotide data.

3
Oligomer, [M-2H]*
C23H32N6015P2"
9.0e+05 347.0703 m/z
6.0e+05
Oligomer, [M-H]*
C23H33NsO15P1°
695.1480 m/z
3.0e+05+
v
I'"'I""ll""ll""l""I'"'Il""l""l""
100 200 300 400 500 600 700 800 900 1000

m/z

Figure S18. Negative ion mode ESI-MS of the oligonucleotide C-(a):-C, 2'C; (a: abasic site).
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3
. 2-
20000 Ap-Oligomer, [M-SZ‘_H]
ChsHz1AgNGO5P,
399.6902 m/z
15000
Ag-Oligomer, [M-2H]"
1-
C,3H3AgNO45P,
801.0439 m/z
10000 -
5000
300 400 500 600 700 800 900 1000
m/z
Figure S19. Negative ion mode ESI-MS following the 1:1 addition of Ag* to the
oligonucleotide C-(a):-C, 3'C; (a: abasic site).
3.5e+06]
] Oligomer, [M-2H]"
. 2-
1 C28H41N6020P3
3.0e+06 437.0794 m/z
2.5e+06—-
2.0e+06
] Oligomer, [M-1H]"
1.5e+06 CaeH42NgO2Ps
i 875.1650 m/z
1.0e+06 \
5.0e+05:
0.0e+00-[ - L‘*.L‘:*,-‘l ; “ih*lf N — |' O GE—— UTY W—
300 400 500 600 700 800 900 1000
m/z

Figure S20. Negative ion mode ESI-MS of the oligonucleotide C-(a).-C, #C; (a: abasic site).
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3 400000
350000}
300000
250000}
] _ i}
] Ag-Oligomer, [M-3H]* Ag-Oligomer, [M-2H]
] o :
200000 CgH10AGNGO,P; CH41AGNGO,0P;
] 490.0273 m/z 981.0616 m/z
150000
100000}
50000}
0] SRR GO WP UUUSRTY U1 ¥ 1{ O
300 400 500 600 700 800 900 1000
m/z

Figure S21. Negative ion mode ESI-MS following the 1:1 addition of Ag* to the
oligonucleotide C-(a).-C, #2C; (a: abasic site).

: 450000

40000077 Oligomer, [M-2H]"

2-
1 Ca3H50NgO25P,
350000 527.0892 m/,

300000
250000
200000

150000

100000

50000

o T T - 1 T T+ 7T+ Tr T °+ 71T+ T T 17
300 400 500 600 700 800 900 1000
m/z

Figure S22. Negative ion mode ESI-MS of the oligonucleotide C-(a)s-C, 23C; (a: abasic site).
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400000}
350000—:
300000__ Ag-Oligomer, [M'32H]2-
1 Co8H46AGNGO,0P;
] 580.0385 m/z
250000
200000
150000—:
100000—:
50000
O:LL-L‘A‘—#—‘L&WM m;“-.-—‘.*.l.“,...‘L.,..‘.L.‘....
300 400 500 600 700 800 900 1000
m/z
Figure S23. Negative ion mode ESI-MS following the 1:1 addition of Ag* to the
oligonucleotide C-(a)s-C, 33C; (a: abasic site).
3
1.2e+06—
] Oligomer, [M-2H]2'
2.
1 C35H5NgO30Ps
617.0956 m/z
9.0e+05 . 3
Oligomer, [M-3H]
3-
1 C3gHssNgO30Ps
411.0711 m/z
6.0e+05 -
3.0e+05
. ; ——k . - . JI . l. | . .i . ; \IlI . . ‘ . —_— , — i —_— I — . ,
300 400 500 600 700 800 900 1000
m/z

Figure S24. Negative ion mode ESI-MS of the oligonucleotide C-(a)s-C, #*C; (a: abasic site).

288



50000 -
45000
40000
35000 Ag-Oligomer, [M-3H]”
_ 2-
. CagHssAGNGO50P5
30000 N 670.0473 m/z
] Ag-Oligomer, [M-4H]
25000 c 8H57AgN6030P53-
] 446.3663 m/z
20000
15000
10000
5000 - l (
O-L.LI . ".l IJ .l““. lllll 7 .J. h.ln. : h.“. .Ihl l . : . T y .
300 400 500 600 700 800 900 1000
m/z
Figure S25. Negative ion mode ESI-MS following the 1:1 addition of Ag* to the
oligonucleotide C-(a)4-C, #*C; (a: abasic site).
40000 Oligomer,  [M-
] 2H]”
35000_- C46H€35N12032P5
4 2-
30000
] Ag-Oligomer, [M-4H]™
25000
] .
20000
15000 Oligomer, [M-
] 1H]"
10000 CaeHesN1203,P5
] .
5000 l
0_.__..1.4.1 L 1 Y | ll_ll
1 1 1 ' 1 1
600 900 1200 1500 1800
m/z

Figure S26. Negative ion mode ESI-MS of the oligonucleotide C>-(a),-C>, 2C; (a: abasic
site).
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18000
15000 -
12000 -
9000
1Ag-Oligomer, [M-
3HT”
_ 2-
6000 C:46HG4AgN12()32P5
3000
ol s dadons ]l el il Lidet o " L. . . LL*-I. " - A P

1 1 1
600 900 1200 1500 1800
m/z

Figure S27. Negative ion mode ESI-MS following the addition of Ag™ (1 equiv.) to the
oligonucleotide C,-(a).-C», 32C; (a: abasic site).
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‘% 15000
12000 -
9000
6000 .
1Ag-Oligomer, [M-
2_
3H]
2-
C46H64A N12032P5
770 NONN A l=
3000
0 ..I._llL T Ll ’ L - TS TR ‘J.IM.L ke . :
600 900 1200 1500 1800

m/z

Figure S28. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide C,-(a).-C, 22C; (a: abasic site).

r
1Ag-Oli -
9000 - gz_ igomer, [M
3H]
2-
C6HesAON,04,P5
779.0803 m/z
6000 2Ag-Oligomer,  [M-
4HI”
C.-H-AC-N..0..P.>
3000
0 VPP T [}
T 1
600 900 1200 1500 1800

m/z

Figure S29. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide C,-(a).-C,, 22C; (a: abasic site).
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E
Oligomer, [M-
2-
2H]
9000
C46H65N12()32PS
2.
2Ag-Oligomer, [M-
2-
1Ag-Oligomer, [M- 4H] 2
3H]2_ C..H..Aa-N..O..P-
6000 | C..H..AaN..O..P.% /
3000
0- el
650 700 750 800 850 900

m/z

Figure S30. Negative ion mode ESI-MS (range 650 — 900 m/z) following the addition of
excess Ag* (10 equiv.) to the oligonucleotide C>-(a)-C», #C, (a: abasic site). Ratio: 1.00 :

0.36: 0.51.
= 45000—_
i Oligomer,  [M-
4-

] 4H]
40000

] C82H111N24056P
35000

] Oligomer, [M-
30000 3H]”

] CgoH11oN2,O56P

i %
25000—:
20000 Oligomer,  [M-

] 2H”

1 c':‘82H113N24056P
15000
10000
5000 LLL

600 900 1200 1500 1800

m/z

Figure S31. Negative ion mode ESI-MS of the oligonucleotide Cs-(a)2-C4 22C4 (a: abasic
site).
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E
25000 —
1Ag-Oligomer,  [M-
4 4-
20000 - 5H] .
T Ca2H1090AGN2,O056Pg
15000 - )
_ 1Ag-Oligomer, [M-
aH”
3-
4 C82H110AgN24056P9
10000 0NA 7RRQ miz
5000
0 .Il L, T L ——rl - TR ’ .
600 900 1200 1500 1800

m/z

Figure S32. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide Cs-(a).-Cs, 32C4 (a: abasic site).

% 120004
1Ag-Oligomer,  [M-
sH]"
4-
9000 4 CagoH109AIN,,056P
1Ag-Oligomer, [M-
aH®
6000 | 3
CaoH110AIN,O56P
3000
0 ‘-ll A.ﬁiA_‘ Lk b . A Iu L-AL.h.I‘.Il L \llL L
600 900 1200 1500 1800

m/z

Figure S33. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide Cs-(a).-Cs4, 32C4 (a: abasic site).
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o

600

1Ag-Oligomer,  [M-
sH]*

4-
CagoH106AIN,O56P
‘‘‘‘‘ ’ 3Ag-Oligomer, [M-
7H"

4-
82H107A93N24056P9
3NMDMSEmer,  [M-
4H>

3_
C:82H110'AgN24()56F)9
904.7659 m/z

3Ag-Oligomer, [M-
6HI™

3
CgoH106AT3N,,056P

Mduatiia ot b el

T
900 1200 1500

1800

m/z

Figure S34. Negative ion mode ESI-MS following the addition of Ag™ (3 equiv.) to the

oligonucleotide Cs-(a).-C4, 32C4 (a: abasic site).

:60005
5500%
5000%
4500%
4000%
3500%
3000%
2500%

2000

600

1Ag-Oligomer,  [M-

5H]"
CarH10eAGN,, 0P
3Ag-Oligomer,  [M-
7H"
82H107Ag3N24056P94-

1Ag-Oligomer,  [M-
aHT”

3-
CirH110AgN;,0545Pq

3Ag-Oligomer, [M-
6H]™

3
CR7H1nRAg’lN7AORRPQ

900 1200 1500

1800

m/z

Figure S35. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the

oligonucleotide Cs-(a)2-Cs, 32C4 (a: abasic site).
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1Ag-Oligomer,  [M-
sH]® 3Ag-Oligomer,  [M-
4- 4-
H,,0AgN,, O P 7H]
82" '109 24 =56" 9
7g.5788MPlIgomern, M- ¢ b AG.N,, 0P,
6H]
9000 Oli .
CgoH105AT,N,,0x 4Ag4_OI|gomer, M
8H]
4
C82H106Ag4N24056P9
2Ag-Oligomer,  [M-
5H]™
6000 3
1Ag-Oligomer,  [M- Ca2H106A92N24056P9
4HT”
3- 3Ag-Oligomer,  [M-
/ CopH110AGN,,O56P 6HI®
(lel_lollo = 3
Ca2H108A93N24056P9
3000 4Ag-Oligomer,
7H®
CgoH107A04N,4O56

600

1500 18

900 1200

[M-

P,

00

m/z

Figure S36. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to

the oligonucleotide Cs-(a)2-C4,22C4 (a: abasic site).

Oligomer, [M-
aH® _
CaoH11:N,, 0P 3Ag-Oligomer,  [M-
4-
7H]
4-
9000 | / Ca2H107A93N2,056Pg
6000~ éﬁg;Ohgomer, [M-
] 2 4Ag-Oligomer,  [M-
- CQ')H1nQAQ')NMO:APo 8H]4-
1Ag-Oligomer, M 4
-SH%_ 9 [ CeoH106A94N24056P
4]
CgoH106AIN,O56Py
30004-=- —=-- -
O_PLA.IM...L...ILL,_.JIA |l: Al ¥
600 650 700 750 800

850
m/z

Figure S37. Negative ion mode ESI-MS (range 650 —850 m/z) following the addition of
excess Ag* (10 equiv.) to the oligonucleotide Ca-(a)2-C4,32C4 (a: abasic site). Ratio: 1.00 :

0.08:0.15:0.87 : 0.31.
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30000

Oligomer, [M-

] SH]”
25000 - C118H158N36050P1
20000 ~;: . -
_Ollgeomer, [M- Oligomer, [M-4H]4
16HI" C118H159N36080P134 i
Oligomer, M-
1C118H157N360g0 - 9 [

3H”

7 6 NnAN N~ AT e
AP
15000 l / C118H160N36080P1

5000

O-h-] e YT I W l| b Lo " Lnid ._._l..‘ ey " ..1.“-..
? ¥ ¥ ¥ # ¥ ¥ 7 ?

T T L
600 900 1200 1500 1800
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Figure S38. Negative ion mode ESI-MS of the oligonucleotide Ce-(a)2-Cs, 22Cs (a: abasic
site).

Aa-Oli -
9000 ggllgomer, M
6H]
C116H157A0N360¢,P
Ag-Oligomer, [M-
4-
5H]
6000 |
C118H158AGN36050P
4-
3000
0
600 900 1200 1500 1800

m/z

Figure S39. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C¢-(a)2-Cs, 32Cs (a: abasic site).
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7000 Ag-Oligomer,  [M-
] 6H]”
1 C,1aH;-AgN,Og P
6000 118157793680
5000
] Ag-Oligomer,  [M-
] 5H]"
4000 _- C118H158AgN36080P

600 900

1200

1500 1800

m/z

Figure S40. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide Ce-(a)2-Cs, 32Cs (a: abasic site).

;: i
] Ag-Oligomer,  [M-
3000 -
] 6H]°
1 C118H157A0N3604,P .
| :’ 4Ag-Oligomer, [M-9H]™
2500 C1H154AG,N30g0P s
J 118" "154 4'¥36~80" 13
. 837.8391 m/z
20007 Ag-Oligomer,  [M-
i 5H]"
. C118H156A0N3605,P
15007 N 4Ag-Oligomer,  [M-
1 8HI"
_ C118H155A0,N360g0P1
1000 P
500
0
600 900 1200 1500 1800

m/z

Figure S41. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the
oligonucleotide Ce-(a)2-Cs, 32Cs (a: abasic site).
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< 1800
Ag-Oligomer,  [M-4ag-Oligomer, [M-9H] .
ES:H] H.  AGN..O..P C“BH154A94N36080p1355Ag-OI|gomer, [M'loHJ
1500 ;18 1579N36V80 837.4493 m/z Cy18H153A05N3605,P 13
12 858.8093 m/z
Ag-Oligomer, [M-5H]"
4-
1200 C118H158AIN360,P 15
966.6321 m/z
900 - 4Ag-Oligomer, [M-
8H]"
C118H155A04N3050P 15
a-
600+
5Ag-Oligomer, [M-
oH]"
| C118H154A05N360g,P
300 '

Figure S42. Negative ion mode ESI-MS following the addition of Ag* (6 equiv.) to the
oligonucleotide C¢-(a)2-Cs, 32Cs (a: abasic site).

< Ag-Oligomer, [M- .
6H]5' 4Ag-Oligomer, [M-9H]5 5Ag-Oligomer, [M-lOH]S'
9000 - C118M157A0N36080P1L115M154A0 N3 OgoP13 Ci16H155A05N36050P 15
> 837.4398 m/z 58.8090 m/z
Ag-Oligomer, [M-
5H]*
C118H156A9N3604,P
4-
6000
4Ag-Oligomer,  [M-
gH]*
C118H155A0,N305,P;
4-
3000 - 5Ag4—_OI|gomer, [M-
¥ OH]
C118H154A05N3605,P;
4-
0 i Y
600 900 1200 1500 1800

m/z

Figure S43. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide Cs-(a)2-Cs, 2°Cs (a: abasic site).
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° Oligomer, [M-5H]5'
5-
C118H156N36080P 15
9000 - 752.3213 m/z .
4Ag-Oligomer, [M-9H]™ Oligomer, [M-4H["
C118H154Ag4N36080P135- C115H159N360g0P15
837.3900 m/z 940.7021 m/z
o 5Ag-Oligomer, [M-10H]™ /
Ag-Oligomer, [M- 5-
6000 63]5- 9 [ C118H153A05N56040P 13
858,9028 m/z
C118H157A0N36040P f
v
3000
0 - )
700 750 800 850 900 950 1000

m/z

Figure S44. Negative ion mode ESI-MS (range 700 —1000 m/z) following the addition of
excess Ag* (10 equiv.) to the oligonucleotide Ce-(a)2-Cs, #2Cs (a: abasic site). Ratio: 1.00 :
0.22:0.39:0.47.

I ]
600000
550000

500000 Oligomer, [M-2H]""

] ;.

E CosH36NgO,17P,
4500007 409.0821 m/z
400000
3500001
300000

2500001
] Oligomer, [M-HJ"
1 CZSH37N8017P21-
150000 819.1757 m/z

] Oligomer + Na*
100000 \ /

50000

02 S— _I‘ L r;IJ.‘ ‘.thLLILE SR E——— S Y— rlll‘ - r '\ .\'.l S
100 200 300 400 500 600 700 800 900 1000
m/z

2000001

Figure S45. Negative ion mode ESI-MS the oligonucleotide C;1-(T):-T1, ™*Ca.
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55000
50000
45000
40000
350004
30000 1Ag-Oligomer, [M-2H]"
l_

C28H36AgN8017P2
925.0674 m/z

20000 1Ag-Oligomer, [M-3H]” \
] 2-
] C28H35AgN8017P2

15000 462.0374 m/z

10000 ¢/

50001

250004

Lol Jlll.. L
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S46. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C1-(T)1-Cy, *C1.

a.i.

90000;
80000;
70000;
60000%
50000;
40000;
30000i | L
! 1Ag-Oligomer, [M-3H]2’ 1Ag-Oligomer, [M-2H]

] -
20000 CogHasagNgOy P, CasMacAgN:OwPs

] 462.0374 m/z 925.0674 m/z
ol bl

/ \

100 200 300 400 500 600 700 800 900 1000
m/z

10000

Figure S47. Negative ion mode ESI-MS following the addition of excess Ag* (3 equiv.) to the
oligonucleotide C1-(T)1-Cy, ™*Cy.
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2-
] CagHioN10024P5
6.0e+05 - 561.1089 m/z
5.0e+05-
4.0e+05
3.0e+05
] Oligomer + Na*
2.0e+05- /
1.0e+05—-
0.0€+00- ooy “lll.lj.'.'.l‘l‘.‘.l..ll" .Jll‘....ll....l.‘..l....
100 200 300 400 500 600 700 800 900 1000
m/z
Figure S48. Negative ion mode ESI-MS the oligonucleotide C1-(T)2-T1, TCa.
; i
180000
150000
120000
90000 |
60000 | )
i 1Ag-Oligomer, [M-3H]~
2-
J CasHisAgN10024P
614.0522 m/z
30000 /
0 | ll; " \ |MJL.J.|| il l] L \.L . L
T L S L B L AL L L L R R L L B
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S49. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C1-(T).-Cy, "?Cy.

301



< 65000
60000

55000

[

o

[=]

[=]

o
|

45000
40000
35000

30000
1Ag-Oligomer, [M-3H]2"
2-
C38H48AgN10024P3
614.0522 m/z

/

L.IL.L[J.LI]IHAL;‘. N AT . .
LA B R R B LS LA R R S AL AL B R L S R R LB
400 500 600 700 800 900 1000
m/z

25000

20000

15000

10000

5000

o

100 200 300

Figure S50. Negative ion mode ESI-MS following the addition of excess Ag* (3 equiv.) to the
oligonucleotide C1-(T)2-C1, T2Cy.

'Xi
150000
Oligomer, [M-3H]3'
3-
C48H61N12031P4
475.0981 m/z
120000+ /
Oligomer, [M-2H]2'
2-
C48H62N12031P4
90000 713.1301 m/z
60000+
30000+
L L l L llvﬂl l L il . L L i ‘l ll v ll-l.AL il

=) L = . 1
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S51. Negative ion mode ESI-MS the oligonucleotide C;-(T)s-T1, "Ci.
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-
70000
60000/
50000 1Ag-Oligomer, [M-4H]*
3-
C48H60AgN12031P4
510.7200 m/z )
40000 1Ag-Oligomer, [M-3H]"
2-
C48H61AQN12031P4
300001 766.5810 m/z
20000
10000
0 | “ " L [l “L {19 1 v m.l | il l 1, 1 O o i A
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S52. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C1-(T)3-Cy1, "°Cy.

.= 500001
@
45000+
40000-

35000 .
1Ag-Oligomer, [M-4H]
3-
30000 C48H60AgN12031P4
510.7200 m/z ,
1Ag-Oligomer, [M-3H]~

25000 2
C48H61AgN12031P4

200001 766.5810 m/z

15000

10000

5000/ l
0 bl sl ulrlqu\Hl L'lnl h\lm& i‘. il L — K\H l " i i
100 200 300 400 500 600 700 800 900 1000

m/z

Figure S53. Negative ion mode ESI-MS following the addition of excess Ag* (3 equiv.) to the
oligonucleotide C1-(T)3-Cy, "°Cy.
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@ 400000/

3500001

. N
300000 Oligomer, [M-3k3|}
C58H74N14038P5

576.4510 m/z

250000 \

200000
150000
Oligomer, [M-2H]2'
3-
100000 C58H75N14038P5

865.2001 m/z

50000 l

0 ) I o | .mllL | b o Ay ll | Y L R l“A\A
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S54. Negative ion mode ESI-MS the oligonucleotide C1-(T)4-T1, ™Ca.

3 250000

200000

150000

100000+
LAg-Oligomer, [M-4H]3'
~ 3-
V58H73A9N14O38P5

50000 612.0689 m/z
0 ”L e | LLlLL | iy IL I | . \ Hlllu

100 200 300 400 500 600 700 800 900 1000
m/z

Figure S55. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C1-(T)s-Cy, ™C1.
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a.i.

120000

90000

60000
1Ag-Oligomer, [M-4H]™
~ 3-
V58H73AgNl4038P5

30000 612.0673 m/z

0 M. . | { leltl | In g lhi Ic L N Hnlm

100 200 300 400 500 600 700 800 900 1000
m/z

Figure 56. Negative ion mode ESI-MS following the addition of excess Ag* (3 equiv.) to the
oligonucleotide C;-(T)4-Cy1, “C1.

150000 Oligomer, [M-3H]3'

3
C56H72N16036P5
] 566.5013 m/z

120000 /

90000
_ Oligomer, [M-2H]3'
3-
E C56H73N16036P5
850.1191 m/z
60000
30000

[0 AU B S - y'l,l.{'.l‘. r\llll ST .‘IL!"“ PSS VI 'l‘h-l i .
300 400

fathon -
100 200 500 600 700 800 900 1000
m/z

Figure S57. Negative ion mode ESI-MS the oligonucleotide C,-(T)2-T2, T2C..
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© 90000
80000+
1Ag-Oligomer, [M-4H]>
1 3
L C56H71AgN16036P5
602.0719 m/z
60000+
500001
40000 N
2Ag-Oligomer, [M-5H]
3_
CeeHo0A0oN16036P
30000- 56' 170AQJ2'V16~'36" 5
637.3700 m/z
20000
10000/ ;
0 i ulls il ln“ LL{\ Loty ‘m.ulm .[L s l]“nhl. "
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S58. Negative ion mode ESI-MS following the addition of Ag™ (1 equiv.) to the
oligonucleotide C,-(T)2-C2, ™°C..

18000 1Ag-Oligomer, [M-4H]3'
3-
56H71AgN16036P5
602.0723 m/z
15000+

/

12000- 2Ag-Oligomer, [M-5H]
3-
CssH70Ag2N16036Ps

37.3711 m/z
9000

3-

6000
3000+
100 200 300 400 500 600 700 800 900 1000
m/z

Figure S59. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide C»-(T).-C», Co.
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90000/
2Ag-Oligomer, [M-5H]3'
3-
C 6H70AgzN15035P5
/£7.3714 m/z
60000
1Ag-Oligomer, [M-4H]3'
3-
C56H71AgN16036P5
602.0719 m/z _ N
2Ag-Oligomer, [M-4H]
3-
C56H71A92N16036P5
30000 956.0533 m/z
l
0 ! |||l1 {Jklll dlk N A h‘Ll

300 600

900 1200 1500 1800
m/z

Figure S60. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide C,-(T)2-C,, ™C,.

" ] Oligomer, [M-4H]"
] A
8.0e+05 CocHoNy,0uePs
] 500.5826 m‘z
7.0e+05- Oligomer, [M-3H]>
: _ )
] C65H85N18043P6
: 66[7.7826 m/z
6.0e+05 /
5.0e+05 -
4.0e+05—:
3.0e+05-
2 o.c_-+05—j Oligomer, [M-2H]"
: 7 |
] CosHasN15043P6
: 1002.1726 TZ
l.OE+05j
0.0e+00- - S N VT W) LJIL 4 iL — |JJ[L

300

600 900 1200

Figure S61. Negative ion mode ESI-MS the oligonucleotide C2-(T)s-Ta, "*C..
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-s 650000?
600000;
550000%
500000;
450000%
400000%
350000;
300000%
250000;
200000%
150000%
100000;

500001

n

1Ag-Oligomer, [M-4H]*
2-

C66H84AgN18043P6

703.0826 m/z

0-

th;l m Lo

300

o . “m

600 900 1200

1500
m/z

Figure S62. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C»-(T)3-C2, T*C..

180000+
150000
. 3-
120000+ 1Ag-Oligomer, [M-ZL_H]
C66H84AQN18043P6
703.0826 m/z
90000- 2Ag-Oligomer, [M-5H]*
2-
Cs6Hs3Ag2N15043Ps
38.3779 m/z
60000
30000+
0 " IJLI | Lh.ml sl L Jrn__‘._ , - ‘Illun. A, .
300 600 900 1200 1500
m/z

Figure S63. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide C,-(T)3-Co, T*C..
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150000

120000+

90000+

60000+

30000+

300

1Ag-Oligomer, [M-4H]>
2-

C66H84AgN18043P6

703.0826 m/z

2Ag-Oligomer, [M-5H]™

2_
c 6H83AgzN18043P6
38.3779 m/z

, A ‘l.upu.. ™ .
600 900 1200

1500
m/z

Figure S64. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide C,-(T)3-C2, T*C..

= 4500001
@
4000001 Oligomer, [M-4H]"
Oligomer, [M'5H]5_ C92H119N28060P94-
5-
350000 Co,oH118N26060P 713.6191 m/z
570.6891 m/z
300000
2500001 Oligomer, [M-SH]3'
3-
C92H120N28()60PQ
200000 951.8291 m/z
150000/ / )
Oligomer, [M-2H]
2-
1000001 C92H:L2:LN28060PQ
1428.2391 m/z
50000 /
0 Nt 1 A i ksl L. e L lh. o
300 600 900 1200 1500 1800

m/z

Figure S65. Negative ion mode ESI-MS the oligonucleotide C4-(T)2-Ta, ?Ca.
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a.i.

a.i.

80000
70000
60000 2Ag-Oligomer, [M-6H]*
L 4
] 1Ag-Oligomer, [M-5H]" 5’6926H§1;A592’\;28060P9
500001 Cg,H,15AgN26060Ps SYFS Mz 3ag-Oligomer, [M-7H]”
740.0916 m/z CorH116AgaN26060Ps
40000- 3.0438 m/z
. 4-
— 4Ag-Oligomer, [M-8I;|_]
C92H115Ag4N28060P9
819.7685 m/z
20000
10000 X /
o ARG 5 “].le L MLL ll... lﬁ‘ da.

300 600 900 1200 1500 1800
m/z

Figure S66. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C4-(T)2-C4, ™Ca4.

. 4-
| 2Ag-Oligomer, [M-6H i
20000 gH g N : P4-] 3Ag-Oligomer, [M-7H]4
Co, 117AQ2 289060P9 C.H N..O. P+
766.5695 m/z 92M116Ag3N28Y60" 9
793.0438 m/z
15000

1Ag-Oligomer, [M-SH]4

. 4-
4 4Ag-Oligomer, [M-8H]
C92H118AgN28060P9

A-
740.0916 m/z C92H115Ag4N28060P9
10000/ ' 9.7685 m/z
5000-
1
0 Ll L “lhm L L \LL L;J ket il dl g i e i LA s bl
300 600 900 1200 1500 1800

m/z

Figure S67. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide C4-(T)2-Ca4, ™Ca.
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a.i.

2Ag-Oligomer, [M-6H] " . .
4 3Ag-Oligomer, [M-7H]
C92H117AgzstOeoPg 4
766.5695 m/z CooH116AgsN26060P9
793.0438 m/z

20000+

15000+

. 4
LAg-Oligomer, [M_54|__|] 4Ag-Oligomer, [M- 8H] ’
C92H118AgN28060P9 C92H115Ag4N28050P

740.0916 m/z
10000 /9 7685 m/z
5000
1
) l\ wad |“|M.m s Lo \LL n T Joie: © HnJ...._ L e Lt Lo | 4yl

300 600 1200 1500 1800

o

m/z

Figure S68. Negative ion mode ESI-MS following the addition of Ag* (3 equiv.) to the
oligonucleotide C4-(T)2-C4, TCa4.

"< 18000-
3Ag-Oligomer, [M-7H]*
4-
C92H116A93N28060P9
195000 . 4 793.0438 m/z
2Ag-Oligomer, [M-6H]
4-
C92H117A92N28060P9
12000/ 766.5695 m/z
4Ag-Oligomer, [M-8H]"
4-
ngH115A94N28060P9

9000- . . 9.7685 m/z

1Ag-Oligomer, [M-5H]

4-

C92H113AgstoeoP9

740.0916 m/z
6000+
3000+

0 ad gy [ ul;llllulhuu‘ L |...“ TR PP 1 TP s i bl ol mu‘u FTR NP ||
300 600 900 1200 1500 1800

m/z

Figure S69. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the
oligonucleotide C4-(T)2-Ca, T2Ca.
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© 50000
45000-
40000
2Ag-Oligomer, [M-6H]"
4-
35000 CooH117Ag2N26060Ps
766.5695 m/z
30000
25000
20000, 1Ag-Oligomer, [M-5H]*
4-
C92H118AgN28060P9
1SS 740.0916 m/z
10000
50001
0 ol M.ll“ L l,“ "
300 600

3Ag-Oligomer, [M-7H]4'

4-
C92H116A93N28060P9
793.0438 m/z

900

4Ag-Oligomer, [M-8H]"

4-
C92H115Ag4N28060P9
9.7685 m/z
1200 1500 1800

m/z

Figure S70. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide C4-(T)2-Cs, ?Ca4.

1.2e+06

9.0e+05

6.0e+05

3.0e+05

0.0e+00

Oligomer, [M-6H]6'
6-

C102H130N30067P10

526.0870 m/z

Jol

300

600

Oligomer, [M-5H]5'
5-
ClOZH131N30067P10

631.5071 m/z

Oligomer, [M-4H]"
4-
C102H132N30067P10

‘/789.6271 m/z

Oligomer, [M-SH]S_
3-

C102H133N30067P10

1053.1770 m/z

e
i

900

1200

Figure S71. Negative ion mode ESI-MS the oligonucleotide C4-(T)s-Ta, "Ca.
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-]

350000
300000-
250000
200000-
150000

100000

50000+

2Ag-Oligomer, [M-7H]5'

5.
C102H129A92N30067P10
673.8594 m/z

1Ag-Oligomer, [M-6H]™

5-
C102H130AgN30067P10
652.6849 m/z

bl LlLlhﬂ“ bt

300 600

3Ag-Oligomer, [M-8H]5'

5-
C102H128A93N30067P10
6©95.2394 m/z

4Ag-Oligomer, [M-9H]5'
5-
C102H127Ag4N30067P10

/16.4094 m/z

_____________________________________ .

900 1200

1500

m/z

Figure S72. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide C4-(T)3-Ca, "°Ca.

900005
sooooé
700005
sooooé
500005
400005
300005
20000%

10000

2Ag-Oligomer, [M-7H]5"

5-
C102H120Ag2N30067P 10
673.8594 m/z

1Ag-Oligomer, [M-6H]™

652.6849 m/z

5-
C102H130AgN30067P10 \

300 600

3Ag-Oligomer, [M-8H]™

5-
C102H128A93N30067P10
695.2394 m/z

/ 4Ag-Oligomer, [M-9H]™

5-
C 02H127Ag4N30067P10

/J 6.4094 m/z

900 1200

1500

m/z

Figure S73. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide C4-(T)3-C4, ™Ca.
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“ 50000
] . 5-
45000_: 3Ag-Oligomer, [M-8H]5_
] C102H128Ag3N30067P10
400004 2Ag-Oligomer, [M-7H]” 695.2394 m/z
] 5-
1 C102H129A92N30067P10
35000 673.8594 m/z
30000+
] . 5-
1 4Ag-Oligomer, [M-9H
25000 g-ng [M-9H]_
] C102H127Ag4N30067P10
1 ) s 716.4094 m/z
200004 1Ag-Oligomer, [M-6H]
4 5-
] C102H130AgN30067P10
15000 652.6849 m/z

300 600 900 1200 1500
m/z

Figure S74. Negative ion mode ESI-MS following the addition of Ag* (3 equiv.) to the
oligonucleotide C4-(T)3-Ca4, T*Ca.

“ 30000 3Ag-Oligomer, [M-8H]”
| 5.
1 _Oli 7H1 C102H128A93N30067P10
] 2Ag-Oligomer, [M 7H]5_ 5 2394 miz
1 C102H129A92N30067P10
25000—_ 673.8594 m/z
20000+

4Ag-Oligomer, [M-9H]5'
5-
ClozH127Ag4N3ooe7P10

| [ 5 716.4094 m/z
15000+ 1Ag-Oligomer, [M-ng_
: C102H130AgN300s7P10

652.6849 m/z

10000+
5000+
300 600 900 1200 1500
m/z

Figure S75. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the
oligonucleotide C4-(T)3-C4, ™Ca4.
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3Ag-Oligomer, [M-8H]5'

5_
C102H128A93N30067P10
/695.2394 m/z

718.4094 m/z

; 250000*_
200000'_ 2Ag-Oligomer, [M-7H]™
5-
C102H129A92N30067P10
673.8594 m/z
150000+
100000+ 1Ag-Oligomer, [M-6H]™
i 5-
C102H130AgN30067P10
652.6849 m/z
50000
0 el “ hr"n

4Ag-Oligomer, [M-9H]™
5-
C102H127A94N30067P10

900 1200

1500
m/z

Figure S76. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide C4-(T)3-Ca, ™Ca.

= 550000
@
500000 Oligomer, [M-6H]*
6-
C:128H165N40()84F)13
450000 668.1151 m/z
400000
Oligomer, [M-5H]5'
5_
350000 C128H166N40084P13
801.9351 m/z
300000
250000 Oligomer, [M-4H]"
4-
C128H167N40084|Dl3
200000 02.6650 m/z
. 3-
150000 Oligomer, [M-3H] .
C128H168N40084P13
100000 1337.2251 m/z
50000
0 wdutle 4, N s . l‘ﬁ- .
300 600 900 1200 1500 1800

m/z

Figure S77. Negative ion mode ESI-MS the oligonucleotide Ce-(T)2-Ts, "*Ce.
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a.i.

a.i.

. 5-
180000 1Ag-Oligomer, [M-6H5]_
C128H165AgN40084P13
823.1118 m/z
150000 2Ag-Oligomer, [M-7H]::
C128H164Ag2N20084P13
844.4929 m/z
120000 3Ag-Oligomer, [M-8H]”

5_
C128H163A93N40084P13
865.4740 m/z

90000 4Ag-Oligomer, [M-9H]™
5-
C128H162A94N40084P13
886.6558 m/z
60000

5Ag-Oligomer, [M-lOH]S'

3Ag
4Ag
1Ag 2Ag 5-
C128H161A95N40084P13
908.2325 m/
30000, ong §
|

Wil | l n.m.ML“L WLl i

30 600 900 1200 1500 1800

o

m/z

Figure S78. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide Cs-(T)2-Cs, "°Ce.

1Ag-Oligomer, [M-6H]5'

5-
C128H165Ag N4oOgsP13
823.1118 m/z

2Ag-Oligomer, [M-7H]™

5-
C128H164A92N40084P13
844.4929 m/z

3Ag-Oligomer, [M-8H]5'

5_
Ci28H163Ag3N40084P 13
865.4740 m/z

90000+

60000

4Ag-Oligomer, [M-9H]5'
5-

C128H162Ag4N40084P13

886.6558 m/z

30000/ 1Ag | 2Ag 5Ag-Oligomer, [M-10H]™
5-

C128H161AgsN40084P13

908.2325 m/z
5Ag

0 [ JJLLL T LLM.LL L LLL_L .

300 600 900 1200 1500 1800

m/z

Figure S79. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide Ce-(T)2-Cs, "°Cs.
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E '
1Ag-Oligomer, [M-6H]5
80000 5-
C128H165AgN40084P13
823.1118 m/z
70000 2Ag-Oligomer, [M-7H]™
5-
C128H164Ag2N40084P 13
60000+ 844.4929 m/z
3Ag-Oligomer, [M-8H]5'
5-
50000 C128H163A93N40084P13
865.4740 m/z
40000 4Ag-Oligomer, [M-9H]5"
5-
C128H162A94N40084P 13
886.6558 m/
30000 3Ag miz
4Ag 5Ag-Oligomer, [M-10H]”
5-
20000- A0 2Ag C128H161A95N40084P13
908.2325 m/z
5Ag
10000 t /
0 | S RN " l LLL llx[ L L L‘ LLL i

300 600 900 1200 1500 1800
m/z

Figure S80. Negative ion mode ESI-MS following the addition of Ag* (3 equiv.) to the
oligonucleotide Cs-(T)2-Cs, "°Cs.

S 65000 , !
® ' 1Ag-Oligomer, [M—6H]5
5-
60000'_ C128H165AgN40084P13
823.1118 m/z
55000 .

' 2Ag-Oligomer, [M-7H]

] 5-
ROn0K C128H164A92N40084P13
45000- 844.4929 m/z

. 5-
3Ag-Oligomer, [M-8H
40000- g-lg [ ]5-
Ci28H163Ag3N40084P 13
350001 865.4740 m/z
30000/ 4Ag-Oligomer, [M-9H]:'
C128H162AgaN20084P 13 _
25000/ 4Ag 886.6558 m/z
3Ag -
20000, / 5Ag-Oligomer, [M-10H]’
J 5_
15000 C128H161Ag5N20084P 13
2Ag 5Ag 908.2325 m/z
10000 149 /
5000- ‘
0 l GJUaedde i ul(l L il t.l LLLL " s L
300 600 900 1200 1500 1800
m/z

Figure S81. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the
oligonucleotide Cg-(T)2-Cs, ">Ce.

317



a.i.

50000- 1Ag-Oligomer, [M-6H]5'
5-
C128H165AgN40084P13
45000 823.1118 m/z
2Ag-Oligomer, [M-7H]”
5-
C128H164A92N40084P13
844.4929 m/z
3Ag-Oligomer, [M-8H]5'

5_
30000- C128H163A93N40084P13
865.4740 m/z

40000-

35000

25000 4Ag-Oligomer, [M-9H]™
J 5-
C128H162A94N40084P13
2080 aAg 886.6558 m/z
3Ag
15000 5Ag-Oligomer, [M-10H]™
5-
oA C128H161A95N40084P13
10000 g 9 5Ag 908.2325 m/z
5000
0 l IUl il PO Lh "
300 600 900 1200 1500 1800

m/z

Figure S82. Negative ion mode ESI-MS following the addition of Ag* (5 equiv.) to the
oligonucleotide Cs-(T)2-Cs, "°Ce.

© 40000/

3Ag-Oligomer, [M-8H]™
5-
C128H163A93N40084P13
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4Ag-Oligomer, [M-9H]5'
5-
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25000 5Ag-Oligomer, [M-10H]™
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00001 . 908.2325 m/z
’ 6Ag-Oligomer, [M-11H]
5-
15000 4Ag / C126H160Ag6N40084P13
929.2203 m/z
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10000 o
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5000 /
g =" L \Idelh. 5 .L .Mu " ; i 1 " -
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Figure S83. Negative ion mode ESI-MS following the addition of Ag* (6 equiv.) to the
oligonucleotide Cs-(T)2-Cs, "Ce.

318



a..

90000

60000

30000

4Ag

3Ag

¥
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5-
C128H163A93N40084P13
865.4740 m/z
4Ag-Oligomer, [M-9H]™
5-
C128H162A94N40084P13
886.6558 m/z
5Ag-Oligomer, [M-10H]™
5-
C128H161A95N40084P13
908.2325 m/z
6Ag-Oligomer, [M-11H]™

5-
C128H160A96N40084P13
929.2203 m/z

5Ag

9

u:/
NI TRUURTII | (T Lhun. )

300
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Figure S84. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide Cs-(T)2-Cs, "2Cs.
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AJ J J._|. uLh.A
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Oligomer, [M-7H]7'
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/ Oligomer, [M-6H]6'

6_
Cl38Hl78N42091P14
718.7886 m/z

Oligomer, [M-5H]™
5-

Cl38H179N42091P14

862.7380 m/z

Oligomer, [M-4H]4'
4-
Cl38H180N42091P14

12}8.6786 m/z

T T e

900 1200

Figure S85. Negative ion mode ESI-MS the oligonucleotide Ce-(T)3-Ts, ™Ce.
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.quIh.l {
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..............................................

1Ag-Oligomer, [M-7H]6"

6-
C138Hl77AgN42091P14
;36.4387 m/z
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1500
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Figure S86. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide Ce-(T)3s-Cs, "*Cs.
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736.4315 m/z
2Ag-Oligomer, [M-8H]G'
6-
C138H176A92N42091P14
754.0845 m/z
3Ag-Oligomer, [M-9H]6_
6-
C138H175A93N42091P14
771.9145 m/z
4Ag-Oligomer, [M-10H]
6-
Ci38H174AgaN42061 P14
789.7145 m/z

6-

6-

5Ag-Oligomer, [M-11H]

6-
Cia8H173Ag5N4200: P14
807.3545 m/z

1200

1500
m/z

Figure S87. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide Cs-(T)3-Cs, "*Ce.
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2Ag-Oligomer, [M-8H]6'
6-
C138H176A92N42091P14
754.0845 m/z
3Ag-Oligomer, [M-9H]6'
6-
C138H175A93N42091P14
771.9145 m/z
4Ag-Oligomer, [M-10H]
6-
C138H174Ag4N42091P14
789.7145 m/z
5Ag-Oligomer, [M-11H]
6-
C138H173A95N42091P14
807.3545 m/z
6Ag-Oligomer, [M-12H]
6-
C138Hl721A96N42091Pl4
825.1814 m/z

6-

6-

6-

1500

m/z

Figure S88. Negative ion mode ESI-MS following the addition of Ag* (3 equiv.) to the

oligonucleotide Ce-(T)3-Cs, "°Ce.
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2Ag-Oligomer, [M-8H]6_
6-
Ci38H176Ag2N42061P14
754.0845 m/z
3Ag-Oligomer, [M-9H]6'
6-
CiasH175Ag3N4200:P14
771.9145 m/z
4Ag-Oligomer, [M-10H]
6-
C138H174Ag4N42091P14
789.7145 m/z
5Ag-Oligomer, [M-11H]
6-
C138H173A95N42091P14
807.3545 m/z
6Ag-Oligomer, [M-12H]
6-
0138H172A96N42091P14
825.1814 m/z

6-

1200

6-

6-
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m/z

Figure S89. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the

oligonucleotide Cs-(T)3-Cs, "*Cs.
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Cl38Hl77AgN42091P14
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2Ag-Oligomer, [M-8H]"™
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C138H176A92N42091P14
754.0845 m/z
3Ag-Oligomer, [M-9H]6"
6-
C138H175A93N42091P14
771.9145 m/z
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6-
C138H174Ag4N42091P14
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5Ag-Oligomer, [M-11H]™
6-
C138H173A95N42091P14
807.3545 m/z
6Ag-Oligomer, [M-12H]*
6-
Cl38Hl72A96N42091P14
825.1814 m/z
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Figure S90. Negative ion mode ESI-MS following the addition of Ag* (5 equiv.) to the

oligonucleotide Ce-(T)3s-Cs, "*Cs.
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Ci38H176Ag2N42061 P14
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6-
Cia8H175Ag3N4200:P14
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6-
C138H174Ag4N42091P14
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6-
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Figure S91. Negative ion mode ESI-MS following the addition of Ag* (6 equiv.) to the

oligonucleotide Cs-(T)3-Cs, "*Ce.
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3Ag-Oligomer, [M-9H]6'
6-
Cl38H175Ag3N42091P14
771.9145 m/z
4Ag-Oligomer, [M-10H]"
6-
5 C138H174Ag4N42091P14
Y 789.7145 m/z
5Ag-Oligomer, [M-11H]"
6-
C138H173A95N42091P14
807.3545 m/z
6Ag-Oligomer, [M-12H]”
6_
C138H172A96N42091P14
825.1814 m/z

4—o©

A

1200 1500
m/z

Figure S92. Negative ion mode ESI-MS following the addition of excess Ag* (10 equiv.) to
the oligonucleotide Ce-(T)3-Cs, "*Ces.

[M-10H

40000 "
1 [M-11H]

1]10[M-S

DH]

9-

Oligomer, [M-8H]8'
8-
6H307N760156P25

2
3;4.3998 m/z

Oligomer, [M-7H]"
7-

C236H308N760156P25

1068.0260 m/z

Oligomer, [M-6H]6'
6-

C236H309N760156P25

1246.1956 m/z

Oligomer, [M-5H]™
5-

C236H310N760156P25

1495.4655 m(z

1200 1500 1800
m/z

Figure S93. Negative ion mode ESI-MS of the oligonucleotide Ci2-(T)2-C12, ™*C1a.
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m/z

Figure S94. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide Ci2-(T)2-Ci2, 2Cia.

120000+

90000+

60000+

30000+

m/z

Figure S95. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide Ci2-(T)2-Ci2, ™Ci2.
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30000t
25000{
20000{
15000{

10000+

Figure S96. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the
oligonucleotide Ci2-(T)2-Ci2, 2Cia.

E:
12000+
9000+
6000+
3000+
600 900 1200 1500 1800
m/z

Figure S97. Negative ion mode ESI-MS following the addition of Ag* (6 equiv.) to the
oligonucleotide Ci2-(T)2-C12, ?Ca2.
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a.i.

8000
7000
6000

5000

Figure S98. Negative ion mode ESI-MS following the addition of Ag* (8 equiv.) to the
oligonucleotide Ci2-(T)2-Ci2, 2Cia.

9000+
6000
3000+
600 900 1200 1500 1800
m/z

Figure S99. Negative ion mode ESI-MS following the addition of Ag* (12 equiv.) to the
oligonucleotide Ci2-(T)2-Ci2, ™Ci2.
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Figure S100. Negative ion mode ESI-MS following the addition of excess Ag* (20 equiv.) to
the oligonucleotide Ci2-(T)2-Ci2, 2Cia.

E ' [M-11H]™ N
[M-9H]
[M-10H]™* .
120000+ Oligomer, [M-8H]
8-
C246H320N780163F,26
972.6650 m/z
{ M-12H]"* V4
90000
Qligomer, [M-7H]"
7-
q 246H321N780163P26
60000 1111.6165 m/z
¢ Oligomer, [M-6H]"
6-
C246H322N780163P26
1296.8765 m/z .
30000 Oligomer, [M-5H]
4 )
c:246|-|323N780163PZG
1556.6650 m/z
600 900 1200 1500 1800
m/z

Figure S101. Negative ion mode ESI-MS of the oligonucleotide C12-(T)3-C12, ™Ci12.
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120000+

90000+

60000+

600 900 1200 1500 1800
m/z

Figure S102. Negative ion mode ESI-MS following the addition of Ag* (1 equiv.) to the
oligonucleotide Ci2-(T)s-C12, "Cu2.
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30000+

600 900 1200 1500 1800
m/z

Figure S103. Negative ion mode ESI-MS following the addition of Ag* (2 equiv.) to the
oligonucleotide Ci2-(T)s-Ci2, ™Ci2.
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600 900 120 1500 1800
m/z

Figure S104. Negative ion mode ESI-MS following the addition of Ag* (4 equiv.) to the
oligonucleotide Ci2-(T)3-C12, "*Ci2.
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Figure S105. Negative ion mode ESI-MS following the addition of Ag* (6 equiv.) to the
oligonucleotide Ci2-(T)s-Ci2, ™Ca2.

329



= 21000j
18000{
15000{
12000{

9000+

ny il LJ ________ TR ﬂlmmmm. _______________________ lh. _________________________ ha'" " TS

600 900 1200 1500 1800

Figure S106. Negative ion mode ESI-MS following the addition of Ag* (8 equiv.) to the
oligonucleotide Ci2-(T)s-C12, "Cu2.
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Figure S107. Negative ion mode ESI-MS following the addition of Ag* (12 equiv.) to the
oligonucleotide Ci2-(T)s-Ci2, ™Ci2.
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a.i.

9000+

6000+

Figure S108. Negative ion mode ESI-MS following the addition of excess Ag* (20 equiv.) to
the oligonucleotide Ci2-(T)s-Ci2, ™*C1a.
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Figure S109. Negative ion mode ESI-MS of the oligonucleotide dCi».
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Figure S110. Negative ion mode ESI-MS following the addition of Ag* (12 equiv.) to the
oligonucleotide dCi».
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Figure S111. Negative ion mode ESI-MS following the addition of excess Ag* (20 equiv.) to
the oligonucleotide dCi..
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S.3.3. AG; Gibbs Energy Calculations using MS peak intensity data.

1 2
AM0IA
n=1 O. O Q

XCQ + Ag+ = Ag1-X02

1
(313
Q. Q

Agi1Ca + Ag* — Ag*Cy

n

Figure 112. Site occupation analysis during the titration of silver ions into a hairpin with two
(*C2) possible mediation sites.

1 2 3 4
‘ O O O
2 Q O O
n=1 s O Q O
O O Q

0000
b
0000

3 4
Q, Q O
Q1 = Q O Q
n=3 O Q Q Q
O. O Q Q
Ag2*Cy + Agt — Agsz*C4
;
Q
== Q
n=4 e)
Q

Ags*Cy + Agt — Agy”Cy

Figure 113. Site occupation analysis during the titration of silver ions into a hairpin with four
(*C4) possible mediation sites.
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Calculations:
T (Kelvin) = 298 K

R (ideal gas constant) = 8.314 K/mol-K RT / kdmol?! = 2.477572

Statistical factor for site occupation;

Corrections using a statistical factor was used to account for multiple site occupancy using the
binomial coefficient ("C,):

n!
TlC -
T (n=m)r!

(where n = number of sites available and r = number of bound silver ions).

Loop Capacity (*Cy)

Number of

Ag® 2 4 6 12
1 2 4 6 12
2 1 6 15 66
3 - 4 20 220
4 - 1 15 495
5 - - 6 792
6 - - 1 924
7 - - - 792
8 - - - 495
9 - - - 220
10 - - - 66
11 - - - 12
12 - - - 1
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