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Abstract

The present thesis doctoral has been realized in Nanomaterials group at Department of

Inorganic Chemistry, Universitiutonomous of Madrid.

In the present thesis, we designed, synthesized, and characterized new coordination
polymers with multifunctional properties, in particular electrical, magnetic, and
photoluminescent properties, and also show dynamic character (stEspbnsive

materials).

This thesis is divided into five chapters; general introduction to coordination polymers
and the objectives of the thesis (chapter 1), the results and discussions (chapters 2 and 3),

conclusions (chapter 4), and experimestaition (chapter 5).

The results and discussions have been presented in chapters 2 and 3, depending on the
starting building blocks, metals centres and organic ligands, which have been used to

prepare the coordination complexes.

Chapter 2 includes the amractions of modified nucleobases, thyminacetic acid
(TAcOH) and uracHl-acetic acid (UAcOH), as organic ligands, and transition metals,
Cu, and Co, as metal centres. The direct reactions between these two building blocks
allow us to separate sevemmplexes ranged from mononuclear to extendedCEB.

On the other hand, chapter 3 involves the interaction between Cu(l) salts with selected
pryidine derivative ligands, -dmino5-nitropyridine, ethyisonicotinate (EtIN), and
isonicotinic acid (INH). Thelirect reactions between these two building blocks allow us

to separate extended 4ACPs formulated as [CuX(L)Jwhere X = halides, and L =

pryidine derivative ligands.

Finally, nanostructures of few coordination polymers have been obtained and we explore

their nanotechnological application in biomedical sector.



Resumen

La presente tesis doctoral se ha realizado en el grupo de Nanomateriales en el
Departamento de Quimica Inorganica de la Universidad Autébnoma de Madrid.
En la presente tesis, hemosefiiado, sintetizado, y caracterizado nuevos polimeros de
coordinacién con propiedades multifuncionales, en particular, propiedades eléctricas,
magnéticas, y fotoluminiscentes, y que ademas muestran caracter dinamico (materiales
de tipo estimulerespuesta).ga tesis esta dividida en cinco capitulos; introduccion
general a polimeros de coordinacion y los objetivos de la tesis (capitulo 1), los resultados
y discusion de los mismos (capitulos 2 y 3), conclusiones (capitulo 4), y la seccion

experimental (capitol5).

Los resultados y las discusiones se han presentazipénlos? y 3, dependiendde los
blogues de construccion de partida, centnesalicos y ligandos organicague han sido
usados para preparar los complejos de coordinacion. Aesgiecto, etapitulo 2 incluye

las interacciones de nucleobases modificadas, tiiréngEido acético (TACOH) y uracio
1-acido acético (UAcOH), como ligandos orgéanicos, y metales de transicién, Cu y Co,
como centros metalicos. Las reacciones directas entre estoegasshde construccion

nos permiten separar varios complejos mononucleares de oscilaron entre extendida 1D
CPs. Por otra parte, capitulo 3 implican las interacciones de Cu sales (I) con ligandos de
piridina seleccionado derivados;atina5-nitropiridina, etil-isonicotinato (ETIN), y

acido isonicotinico (INH). Las reacciones directas entre estos dos bloques de construccion
nos permiten separar ampliado 1D CPs formula como la que X = haluros, y L derivado
de piridina [CuX (L)] = n.

Por ultimo, las nanoestriwras de unos polimeros de coordinacién se han obtenido y

explorarsunanotecnoldgicas aplicaciones elsector biomédico.
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1. Chapter 1. Introduction to Coordination Polymers and

Obijectives of this Thesis.

Introduction to

Coordination Polymers

and their Potential Applications

This chapter provides a general overview on coordination polymers that
represent the central core of this thesis. Herein, we summarize the
principal aspects going from the synthesis afoordination polymers to
their potential applications in many fields. The potential uses of this
class of materials for future nanotechnological applications will be
illustrated.
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1.1. Coordination polymers (CPs)

What are Coordination Polymers?

Coordination polymers (CPs), also known as retghnic coordination networks
(MOCNSY), can be defined as an ertled arrays based on the ssl§embly processes of
metal centres (connectors or nodes) and polyfunctional organic ligands (linkers) to form
1D, 2D and 3D frameworkd={gure 1.1).2 Coordination bonds are crucial tools for the
design and constructions of CRst the use obther weakr interactions, such as
hydrogen bondsgyalogen bond<® andp-p interactionswill assist the construction of the
whole network’® The selection of the starting building blocks, metal centres and
polyfunctional organic ligands, as well as solvéfit€ounterions! and reaction
conditions are crucial to rationalize the final structimeterms ofdimensionality, and
topology of the CPs networké.2But the poperties of the CPwill also depend on their

molecular components and howithalign to form crystalline solid states mattér.

metal ion

Q
Q Q

y \

organic ligand

1D
2D

in solution

3D

self-assembly process
based on coordination bonds coordination polymers

Figure 1.1. Schematic representation of coordination polymers formafigiure taken from referenée

The essentl building blocks for CPs constructions connectors and linkers

The first essential building block for CPs construction is the metal centre. In that regard,
transition metals are common as versatile nodes in the construction of CPs owning to their
ability to adapt various geometries depending on their oxidation states and the
coordination numberFjgure 1.2). The selection of metal ion affects the coordination
geometry, i.e. the node shape, as well as the properties of the resulting CPs. For instance,

copper carshow different oxidations stateSu(l),** Cu(Il)*® or mixed valance oxidation
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states'® depending on the reaction conditioas well as the ligandShus, different
physicalpropertiesuch as electrical conductivitjagnetism and/or photoluminescence,
and different geometries (tetrahedral, trigonal or octahedral) can be oldejpexding

on the oxidation states of copper. In addition, metal comglean serve as nodes to
constructCPswith high degree of nuclearity using muttentate bridging ligand.
Recently, the term secondary building unB(§ has been used to coin the CPs that have
been formed as a result of using metal clusters as nodes and firstly devoted for transition

metal carboxylate clusters that have been used for CPs construEtgre (..3).1% 1°

On the other hand, organic ligands, the seconénéiss building blocks for CPs
constructions, plaw critical role to draw the topology and the final properties of the
resulting networks. Organic ligands can be classified@so, bi-, tri-dentate depending

on the number of the donor atoms tbardinate tothe metal centre.he igands may

differ from each other in their chargebut mosty they are neutralor anionic
(Figure 1.4).! Other relevant aspects of the ligand desigmtheskeletonof the organic
ligands, their shapes (rigid or not), lengths (distance between the coordination functions
will be important), and functionalities (further presence of heteroatoms, aromatic rings,
free functional g r®ameid?d- Pandsolife-doyor ligamdst r o g e n
have beeralreadyused in CPs construction. In that regard, biomolecules beside their
potential biocompatibility, present remarkable structural features as organic [fgands.
Theycan showseveral donor atoms available for metals coordination, and consequently,
they can exhibit multiple coordination modes. These biomoleculesbearither
structurally rigid or flexible thereforein some cases they are candidaiegresent
dynamic architectures. In addition, they have intrinsicassiembly properties which can

be used to direct the structure and function of €P8.Among these biomolecules,
nucleobases and modified nucleobaseégure 1.5) have receivedgtill little attention as
building blocksto construct functional CPslowever some examples have been reported
showingdifferent dimensionalityand wide range of the properties including electrical,

magnetic and optical properti&s2’: 24 25, 280

Apart of thesetwo essential building blockrganic ligands and metakntres other
molecules present in the reaction suckhassolvent moleculesan play an essential role
in the final structureFor instancemolecules of solvent can awystallize andncreags
the number of possible weak interactions in the final packing;an act as guest
molecules in the vacant space inside the polymers netwbrks.
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Miasig,,, ot
l"-'«'!lu,_‘_
+
I octahedral
linear pentagonal bipyramidal
. A
- - 1_‘\ ﬁ
\ Vi

O 4 — trigonal prismatic

metal ion  ligand

trigonal planar

—~—

T-shaped A % trigonal bipyramidal
e

tetrahedral square planar )

square pyramidal

Figure 1.2. Some coordination geometries of transition metal iBigure taken from referencéé
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SBU Node Linker CPs

| I

——— ——

Ap=—fs = i

_———— —

Figure 1.3. Graphical illustration of the construction of some coordination polyosrgSBUs and rigid
linkers.Figure taken from referenéé
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neutral ligands

Figure 1.4. Schematic representations for some used organic ligands to constru€igtirs taken from

referencé.
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[ s S o
HN : HN & HN t HN "
HoN N ﬁ HyN N N N N N H
Guanine (G) 6-Thioguanine (6-ThioGH) 6-Mercaptopurine (6-MPH) Hypoxanthine (Hx)
NH; NH; NH;
N
Ty D (D D
N . NH; N N N ] N N
Adenine (A) 2,6-diaminopurine (Hdap) Purine {(Hpur) 7-amine-1,2,44riazolo[1,5-
a]pyrimidine (7-atp)
NH, o NH;,
o N o N o N
Uracil (U) Thymine (T) Cytosine (C)

Figure 1.5. Summary of the puringdp and centre) and pyrimidine (bottom) nucleobases.

Finally, it is worth mentioning that depending on the building blocks a variety of CPs can
be ranging from robust frameworks of enhanced stability to flexible solids. Thus, flexible
CPs can respond to external physical or chemical stimuli, sometioiesyed by
reversible structural transformations that are intrinsically related to the structural
flexibility of the ligand, the ability of the coordination sites to accept, release and/or
exchange coordinating molecufés® In fact, flexible nature was observed for porous
coordination polymers (PCPs), subclass of CPs, alsotkasunetabrganic frameworks
(MOFs)3% 37 In addition, some noporous coordination complexes show structural
flexibility that was detected through singteystal to singlecrystal transformation
(SCSC)*® 3 Dynamic materials, stimuliesponsematerials thatundergo reversible
structural changes as function of the applied stimulus, being exceptionally useful in the
preparation of functioal materials with tuneable or switchable physical properties. These
are, particularly, interesting for potential applications in the fabrication of elecftitéal,
magnetic*®> and photoluminescence devidéssince heir physical properties are
extremely sensitive to minor structural changes provoked by an external stimulus.
Switching the physical properties of CPs as a result of structural transformations induced
by external stimuli will be discussed in details latederCPs as responsive materials
(section 1.2.4).
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Synthetic methodsfor CPs

Traditionally, themain goal of CPs synthesis the formation ofhigh quality single
crystals for structural analysis and heri@ablegheunderstanuhg of the structurend
properties. However, CPs are generally insoluble in common solvents, and often the
recrystallization is not availablé.In a surprisingly short periodf time, the structural
chemistry of coordination polymers has reached a mature level, due to the application o
useful and novelcrystallization and synthetic methods such as slow diffusion and

solvothermabr microwavesolvothermamethods?? 4°

In this section | will summarized in briefome of the sythetic and crystallization
proceduresthat have been usefdr the preparation of the CRe this PHD work
(Figure 1.6): i) Seltassembly methqavhere the slowapouation of saturated solution
containing the reactants may allow the growing of suitable single crystals for single
crystal Xray diffraction (SCXRD) analysijsi) diffusion method, where layers of the
reactants slowly diffuse to come in contact thitoggparate layeiThisis particularly
useful for the crystallization opoorly soluble products?® iii) hydro(solvo)thermal
method wherethe reactionsre cariied out at elevated tempasure under autogenous
pressure of the used solvents émelreaction time and temperature are adjusted to allow
crystallization of the produdt; iv) microwave irradiation, this technique has been
developed as an altative heating technique for the hydro(solvo)thermal method to

provide an efficient way to synthesize purely materials with short reaction¥mes.
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_,Il -~ E_.H

Slow evaporation of Slow cooling of Vapor Diffusion Liquid-Liquid Diffusion
saturated solution saturated solution

Stainless steel
lid

— Water ©
(or other solvent)
=

TS,

Bursting disc

Teflon cup
~25mL

Solid reagents

Stainless-steel shell

Solvothermal method Microwave method

Figure 1.6. Synthetic and crystallization methods used to get single crystals during this thesis.

It is important to mention thdty changing the synthetic procedure and/or the reaction
conditions for the same starting materidtsmation of different productscan occur
and/orformation ofpolymorphic specief?olymorphismis defined as the existencé

the same chemical substance in more than one lattice structures, in other words, materials
with the same chemical composition but the forces acting in the arrangement and/or
conformation of the crystalline solids lead to different netwéti&olymorphism is an
interesting phenomenon that plays an important role in understanding crystal packing and
structuré property relationship®: 5°One interesting example for polymorphismCPs

has been reported by Guogi Zhagtgal They have synthesizexi D-CP formulated as
[CdL2]n, where L= 2-mercaptopyridinéN-oxide,in two polymorphic forms as a result of

the use ofjlycine as guest molecule in the starting reactzhiftie two crystallographic
polymorphs have similar 1D polymeric chains but they are significantly different in the
binding modes of the-BheraptopyridineN-oxide ligand and the 3D packing modes
(Figure 1.7)
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Figure 1.7. Representation of the twalymorphsforms of [CdL:]» (L = 2-mercaptopyridineN-oxide) and
their 3D packing modegigure taken from referenéé
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Figure 1.8. Schematic representation of someedimensional motifs of coordinath polymers Figure
taken from referencéé



Introduction to Coordination Polym-

CPs can be classified according to their dimensionalities into one dimensional
coordination polymers (LTPs), two dimensional coordination polymers {€Bs), and

three dimensional coordination polymers (8Ps). The dimensionality of CPs is often
determired by the geometry of metal centres. Interactions suchlamHi,p-p stacking,

and van der Waals play an important role during the formation of the crystals, but the
final compound dimensionalities is based on the coordination interactions between ligand
molecules and metal ions. Of these dimensionalitiesCPB are considered to be the
simplest one, nevertheless they have been found to have interesting electrical, magnetic,
and optical propertie¥g: 53 54 2255 5Fjgyre 1.8 shows schematic representation for some

common 1BCPs motifs.

11
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1.2.Properties of CPs

Currently, CPs are one of the fastest growing fields in chemistry and material science. It
has attracted researchers from several areas of science due to their structural diversity,
tuneableproperties, and thevide range of potential applications such as catalysis,

electronics, magnetism, optical, ogttectronics, and narapplications.”-62: 12. 36,21, 63,64

In the following sections, the potential uses of CPs in many applications such as
electronic, magnetism, and optical applications will be presented. The dynamicafiature
CPs will be discussed. Finallthe fabrication ofnanomaterialdbased on CPwill be
highlighted.

1.2.1.Electrical properties

Electrical conductivity of a material is a measure of its ability to conduct electric current

under certain conditions such as emr at ur e, pressur e, appl i
measurements of the resistance and, hence, the resjstivity sample require the

application of a currentl and measuring the voltage drop across the sany{)le (
According t o Oh mo\=Rklawereyisthevoltagélusehe curentt y  (

and the proportionality constarR, is the resistance). Sinéedepends on geometrical

parameters (therefore, it is samplependent) and commonly expressed as resistiity (

which is defined ag = R x (A/l), whereA is the crossectional area of the conductaér (

= a x d) andl is the distance between the voltadyep measuring points-igure 1.9).

The conductivity §) is inverse of the resistivityr], (s =1/r), and measured W?* cmt

=S cm! (W'=S = Siemens).

There are different methods to measure the electrical conductivity in solid state (crystals
or pressed pellet§y: > Among them, four contacts method and two contacts method have
been widely usedRigure 1.9). Four contacts method involves the connection of four
parallel inline contacts to the sample where the two external contacts are used to apply a
current (+ andl-) and the two internal céacts are used to measure the voltage drop
across the sampl&+{ andV-).

12



Propertieof Coordination Polyme_

V+ [+, V+

oL, - \ I, V
A
o, T,

Figure 1.9. The four (left) and two (right) contacts methods for measuring electrical conductivity.
Dimensiond, a andd are the voltage probes distance, the sample width and thickness, respdetjedy.
taken from referenc?®.

Two contacts method involves the connection ofpamallel contacts to the sample where

apply a currentl¢ andl-) and measure the voltage drop across the saplar(dV-).

These methods were developed to overcome the problems of conductivity measurements
such as the effect of the electrical contacith \the sample, morphology of the sample
(single crystals, pressed pellets, thin fil
sample is pressed pellet, the crystal anisotropy is removed, and in these cases the
resistivity is mainly dominated by thet@rgrain boundary contacts, which tend to
increase the resistivity, usually, between one and three orders of magnitude with respect
to the values obtained in crystals, which acts as gaps that block the conductivity or as
carrier accumulators. This behanramplies that true metallic materials may appear as

low bandgap semiconductors or semimetals if they are measured as pressed pellets. The
four contacts method is more accurate since it only measures the resistance of the sample
(R but neither the resiance of the wires nor that of the contacts. In contrast, in two
contacts method, the resistance of the sample and those of the wires and contacts are
added in the measured resistance. Two contacts method is preferred for small size

samples, typically, alve ca. 50mm vs ca. 250mm for the four contacts methé8.

On the other hand, electrochemical impedance spectroscopy (EIS) technique is used to
measure the impedamcof a givenmaterial when apply an AC potential to an
electrochemical cell. Like resistance, impedance is a measure of the ability of a sample
to resist the flow of electrical current, but unlike resistance, it is frequency dependent and
the current (ACand voltage are phase shifted. The impedance (Z) of a system is generally
determined by applying a voltage perturbation with a small amplitude and detecting the
current response. EIS is a powerful methodfalysinghe complex electrical resistance

13
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of a materialand is sensitive to surface phenomena and changes of bulk profferties.
Therefore, it is a useful technique to measure the conductivity for the coordination
polymers, in particular those that contain in the networks protonated s&lvent.

In a linear (or pseudolinear) system, the current response to a sinusoidal potential will be
a sinusoid at the same frequency but shifted in phase. Therefore, it is possible to express

theimpedance as a complex function. The potential is described as
Ec=Ebexp () ¥t)

E:is the potential attimetof s t he ampl i tude of the signal,
The relationship between radial ffequengqguency ¥

f (expressed in hertz) is:
¥y = 2 f
In addition, the current response is described as

k=lbexp -G) vt

An expression analogous to Ohmés | aw (R =
calculate the impedance of the system. The impedanbensepresented as a complex

number

Z (¥) w®sexXp |l (¢gflc)dps= GZ + | sin ()

The impedance of a system can be expressed graphically in different ways, one of them

is Nyquist plot in which the real pafR€@)) is plotted on the axis, and themaginary

part {m(2)) is plotted in the Yaxis of a chartKigure 1.10a). On the Nyquist plot, the

i mpedance at one frequency can be represen
between thisvectorandthe&Xx i s r epresents t he gefmaiecne angl e
for the impedance measurements is the Bode pligiufe 1.10b). In this case, the

logarithm of absolute values of the impedance and the phase angle ta@ ipldhe ¥

axis and the log frequency on theaXis. The electrical conductivity can be calculated

from the Nyquist plot as |A x RgZ), Wherel anda are the thickness (cm) and cross

14
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sectional area (cfof the pellet respectively. R&( which wasextracted directly from

the real i1i mpedance axis, 1Is the bulk resist

(a) (b)
log |2
(O]
T log @
S
E
|z| 0° -
)
¢
/ Re(Z) AN . log
®=w o=0 -90

Figure 1.10. (a) Nyquist plot for a simple electrochemical system,ZRend-Im(Z) refer to the real
componenand imaginary component, respectively. (b). Bode plots graphs.

In general, the electricédehaviourof the materials can be distinguished looking at the
room temperature conductivity value which is usually in the rangel@®S cm? for
metals, 1% 10' S cm? for semiconductors, and belava. 10° S c¢cm! for insulators.

The thermal variation measurements of the electrical conductivity, inside the Ohmic
regime, is more reliable and give clear picture about the elecb@@aviourof the
targeting material. For metals, the conductivity increase or the resistivity decrease with
decreasing temperature and the oppdseteaviourwas observed in semiconductors and

insulators®

Band theory have been used to describe the conduction in solid m&fértesmaterials

can be described according to ithband structure into metals, semiconductors, and
insulators. Because of the very large number of atoms that interact in a solid material, the
energy levels are so closely spaced where they form bands. The highest energy filled band

i's calledbthdofivdahenaoe xt higher unfilled b
bando. The energy separation bet welden t hese
filling of these bands and the size of the band gap determine the elebebaidourof

solid materials Figure 1.11). Fermi level, usually found between the valence and

15
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conduction bands, refers to the highest occupied molecular orbital at absolute zero. The
thermal advation of semiconductor lead to decrease in the gap between the conduction
and valence bands (in fact, the classical insulator definition is applied when the band gap
is above 3 eV). In classical semiconductors the thermal dependence of the conductivity
follows the Arrhenius laws(T) = so exp(Ea/kT), whereEa represents the activation
energy (corresponding to half of the band gapr= Ey/2) andso is a preexponential

factor. Phase transitions have been observed, in some cases, through the thermal
activation of solid materials. These phase transitions, in many cases, are followed by
structure rearrangements that can be detected through the straeti@rmination

techniques mainly, diffraction techniqus.

A overlap
Conduction
@ band
af
@ /
S Fermi level Bandgap
1]
&
k= Valence
band
metal semiconductor insulator

Figure 1.11. lllustrate the band structures and band gaps in different materials.

Electrical conductivity of CPs is one of the most important research areas in materials
science. It is welknown that electrical conductivity of organic polymers has attracted
the interest of many researchers in material science, however, the research of this property
in CPs is still very scarc®.Based on recent results, some CPs systems have shown very
promising macroscopic electronic properfién addition,the gradual incorporation of
theoretical calculations in CPs seem to be a powerful tool for understanding the
experimental measurements and for rational design of new electrically conducti®fe CPs.

0 One potentialapplication ofelectrical conductiveePsdeals with their incorporation

for thefabricationof electronicdevices or at the nanoscalED-CPshave been testegb

16
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nano/moleculawires®! The electrical conductivity found in s@lD-CPs seems to be
dependent on thebuilding blocks and structar? ®°It seems thatequires short bridging
ligands to provide metahetal distance as short as possible in the extended-igetad
structures that may give rise to electrical conductivity. It has been reported that a family
of CPs known as MMXchainsformed by dimetallic subunits (MM unijt$1= Pt, Rh,

P d ébyidging byhalogers (X= 1, Br, Cl), have shown reasonable electronic propeffies.
In particular those MMX chains based on platinum with dithioacetates and wdlde
generalformula [PE(RCS)4l]n, where R is alkyl groups, have shown high electrical
conductivity values at room temperatuf@ble 1.1 gathes the electrical conductivity
valuesfound in [PE(RCS)4l] n. A careful study of structural parameters fob(RCS)4l]n
MMX chainsshows that the only difference between these MMX derivativieeialkyl
chain length, which governs the interchains distances and may tuné fieaRd Rl

distances that are responsible for the observed physical properties.

Table 1.1. Summary of conductivity databtained for [P{RCS)4l]n, where R is alkyl groups, chains in
single crystals at RT (room temperature) and 1 bar using four contact rf¢thod.

Compounds Conductivity/S crmt
[Pt2(CHCS)4l]n 2°/10°¢
7x10°¢913
[Pt2(EtCS)4l]n 51 30
[Pto(n-PrCS)al]n 0.23
[Pto(n-BuCS)4l]n 17183
[Pto(n-PenC9)al]n 0314
[Pto(n-HexCS)al]n 2x103

bRT and 7 GP& Two probe method! Pressed pellet.

As a representative example of this family, Zametal have studied the electrical
conductivity of [P#(n-PenCS)4l]n, where Pen is pentyl groufi¢ure 1.12a).5¢ Direct
current (DC) electrical conductivity measurements carried out on crystals >(i- [Pt
PenC9)4l]n, at different temperature using four contact method, have shown a metallic
behaviour(Figure 1.12b) and room temperature conductivities values in the range 0.3
1.4 S cmt. The electrical measurements on crystals of(fiFRenC%)4l]n have been
carried out at three different temperatures (100 (LT), 298 (RT) and 350 (HT) K) and

showed the existence of three different phases fe(nHPENCS)41] n.?® The data collected

17
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in Table 1.1, summarized the excellent electrical conductive properties that have been
founded in [P{RCS)4l]n 1D-CPs which open the door for these classes of materials to
be applied in electronic applicatiorrs.
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Figure 1.12 (a) Structure of asingle polymer chain of [Rin-penCS).l]. (b) Thermal variation of the
electricalresistivity of [P(n-penC3)4l]. The dashed line shows tlehaviourof a nonrheated sample.
Figure taken from referenéé

Another interesting CPs systems that showed reasonable electronic properties are those
that are formed using-&ntaining ligands as bridging ligantfdt is well established that
when thesulfur atom acts as bridging ligand between the megaltres may provide
better orbital overlapping and hence gives raise for palgam compounds with high
electrical conductivity! %°Zamoraet al have investigated the electrical conductivity of
severallD-CPs producedby combinationof copper(l) and Sontaining ligand$? For
instance, a novel representative XBP based on -8ontaining ligand is
{[Cug(CsHsNS)X(SH)s](BF4)}n, where GHsNS = pyridine2-thione ligand, in which Gy
cages bridging by S atomBigure 1.13a, b).”?> The electrical measurements of this-1D
CP have presented high room temperature conductivity value of 1.8 8-&01* and a
classical semiconductirgehavioumwith an activation energy of 110 meWNigure 1.13c).
The same authors studied the interactions of copper(l) halides (Bwith pyrimidine
disulfide ligand (pyrsS;) that led to the isolation of isostructural -LIPs formulated as
[CusX(pymS)]n, X =Br or | anions, pymS is pyrimidir2-thione Figure 1.14a, b).??
The room temerature electrical conductivity values of those twe@Ps are in the order
of magnitude of 1¢ and 10’ S cni! for | and Br respectively, and the thermal variation
of the electrical conductivity suggested semicondudigtgaviour(Figure 1.14c, d).
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Figure 1.13. Structure ofa [Cuy(CsHsNS)(SH)s]* cluster withits atomic numbering schema andb).
Thermalvariation of the electrical conductivity of compound {gB0sHsNS)(SH)s](BF4)}n (using four
contact methodk). The inset shows an Arrhenius plBitgure adapted from referente
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Figure 1.14. Structure details of [GX(pymSk]n (X = Br or | anions) with an atomic numberisgheme
(a) and the helical chain of [@i(pymS)]. (b). Thermal variation (using four contact method) of the
electrical conductivity of compounds [@(pymS)]. (c) and [CyBr(pymS)]. (d). The inset shows an

Arrhenius plot.Taken from referenc®.

In addition, Hendersoet alhave studied thelectronic properties of H0Ps formulated
as [M(L)2(X)]n, M= Ag or Cu, L is Ncontaining ligands and X = SCN or N@nions’®
Among them, [Cl{pyridine-3,4-dicarbonitrile}(SCN)}, (Figure 1.15a) showed a room



S chapter 1

temperature conductivity value 429 x 1 S cm. In addition, the thermal variation of

the electrical conductivity exhibited a semiconducting behaviéigute 1.15b).
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Figure 1.15. (a) A section of the polymeric chain of [Quyridine-3,4-dicarbonitrile}(SCN)}, and, (b) its
thermal variation of the electrical conductivity.
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1.2.2.Magnetic properties

Design and synthesis of attractive magnetic materare importanfield in material
science. Amongall growing number opotentialfunctional applications of CPsheir
magnetic character can be tuned and controlled by changing the linkers and*#ddes.
As a result, large numbers of CPs exhibiting ferromagnéti$frantiferromagnetisni>

8 and ferrimagnetism interactiof$ °! single chain magngt®* single molecule
magnef>®’ spin crossovet®1%! and spin canting®® % have been synthesized and
studied. In general, magnetism is based on individual spin carriers, which are
paramagnetic metal centres. Thus, depending on the origin of the coupling between these
spin carriers, two different magnetic materials can be distinguighmadgnetic materials
presenting long range magnetic ordering, as it occurs in general magneis; sgid
transition through bridging ligands. In the former, magnetic ordering is derived from the
cooperative exchange interactions between the paratagregal cations through super
exchange pathways of, typically, diamagnetic entities. Antiferromagnetisnz,y 7 )
ferrimagnetism( #7), and ferromagnetisrh ¥ ¥ &rg the common cooperative magnetic
spin interactions observed within the solid materialsngéquently, magnetic centres
need to be organized in specific topologies and linked by ligands that efficiently promote
magnetic exchange interactions to achieve a -tange control of the magnetic
interactions. The target is to control the magnetic exghanteractions by regulating
bridging distances, angles and electronic configuration of magnetic centres. As a result,
the ligands desigrigands with oxo, cyano or azido bridges slaye strong coupling
between the metal centres and their unpairedtreles®* 1%is crucial, for both he
organiation of the paramagnetic metal ions in a desired topologyd to transmit
exchange interactions between the metal ions in a controlled m&hrig, 105 10109, 84

The formation of bulk magnetic materials with rogro spin requires a frameworks that
allows parallel coupling of the spins ofieighbouring paramagnetic spin carriers
(ferromagnetic interactions) or antiparallel coupling ofqued spins (antiferromagnetic
interactions). Additionally, there is a class of magnetic CPs based on spin transition that
is known as sphtrossover (SCO). SCO is a phenomenon in which electronic
configurations of a transition metal ion can be switched/éen highspin (HS) and low

spin (LS) states in response to external stimuli (temperature, pressure, light irradiation,

magnetic field, electric field, and guest sorption) producing changes in magroetisar,
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and structuré® Notice that, the exchange interactions are in gemerak and hence, the

magnetic cooperativity is only observed at very low temperatures.

Magnetic interactions for particular materials can be determined by their responses to the
variations in temperature afodexternal applied magnetic field. These resges are used

to determine the specific type and strength of magnetic interactibycally,
temperature dependent magnetism is used to draw the picture of the magnetic character
of particular solid by examining the susceptibility of this solid as a timcof
temperature at constant applied field. Magnetic properties analysis of particular material
can be carry out by examining the temperature dependence of molar suscemibility (

Ccg M wherecg is mass susceptibility and M is molecular weigimplar susceptibility
temperature productsfr), and inverse of molar susceptibilitfFigure 1.16). These
analyses can provide a valuable information about the nature of magnetic interactions and

the magnetic interactions strength between the active spin ions.

Therefore, m order to meage the magnetic properties of CPs, SQUID technique,
Asuperconducting quantum interference devi
to measure the magnetization of a sample with a defined mass in various applied fields

(up to 7 T) and at various tematures (as low as 1.8 K). In addition, when apply a static

magnetic field, it is also possible to measure the magnetic susceptibility in an alternating

(AC) field, which allows some insights into the dynamics of a magnetic system.

On the other hand, pwbf M (Magnetizationys. H (applied magnetic field) in constant
temperature are also useful in magnetic characterizafignre 1.17). A characteristic

of the cuves for ferromagnets, paramagnets, and ferrimagnets are the saturation
magnetization (Ms). This is the point where all of the magnetic moments, in a material,
are aligned with the field, so the magnetization of the sample cannot increase any further.
This characterization is particularly important for ferromagnetic materials that show
hysteresidehavioumemory effect). For ferromagnetic materials, as the field is applied
starting from zero field, the sample becomes magnetized. As the field is lowered to zero,
the sample retains some magnetization, which is referred to as the remanence. The sample
remairs magnetized until the applied field is strong enough in the negative direction to

flip the spins; this field strength is referred to as the coercivity or coercive figjd (H
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In the context of magnetism, the study of magssttactural correlations is aiming to
understand the structural and chemical factors that govern the exchange coupling between
paramagneticentresthrough multiatomic bridges ligand®: 111 8Carboxylic ligands

are one of the most frequently used ligands for the construction of CPsdliffettent
magnetic propertig’#85 7586, 106,88, 80,89, 1§hey can adopta high varietyoridging modes

such as swysyn, antianti or syranti conformation. Therefore, they can bridge two or
more metal ions into coordination compounds wiheradimensionalities ranged from

0D complexes to infinite arrays (1D, 2D anB)3frameworkst!? 113 8paddlewheel
carboxylatecoppersystems are one of the widely studied motifs, due to their versatility
and their novel magnetic systems with different dimensionalities when an appropriate co
ligand is used!*!!” Generally, the experimental and theoretical studies concerning
paddlewheel species havesal shown various magnetic interactions between adjacent
Cu(ll) ions, range from moderate or strong antiferromagnetic to ferromagnetic coupling
between the unpaired electrons of the Cuddiitres The strength of these coupling are
measured by the couplingpnstant] within the usual isotropic Heisenb&i@jraci van

Vleck model: H=2B J; S S§; S = § = 1/2 (2 represents the singletiplet energy gap).

The nature of interactions, and hence magnitude of the exchange interaction, seem to be
depending onhte M-O-C-O-M conformation, the nature of the carboxylate ligands, the

bond angles at the bridging atoms, the cofipigfge ligand bond lengths, and the apical
|igands}18, 81, 82, 85, 119, 87, 88, 120
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1.2.3.Luminescence properties

Luminescence can be defined as the emission of light stimulated by the absorption of
energy. Electron excitations result in different forms of luminescence, which include
photoluminescence, thermoluminescence, electroluminescence and chemiluminescence,
depend on the nature of the energy absorbed for the excitation process.
Photoluminescence can be define as light emission from any form of matter because of
absorption of photons (electromagnetic radiatidime processes that occur between the
absorption andemission of light are usually illustrated by the Jablonski diagram
(Figure 1.18).12 The singlet ground electronic states agpidted by & Following light
absorption, several processes usually occur. A fluorophore is usually excited to some
higher vibrational level of either1®r $. Molecules in higher exited states are rapidly
relax to the lowest vibrational level of.Shis process is called internal conversion (IC).

IC process is nomadiative and generally occurs within'30s or less. IC is complete

prior to emission. Return to an excited vibrational state at the level of 8tat8 is the
reason for the emission spectrum (fluorescenb®lecules in the Sstate can also
undergo a spin conversion to the first triplet state Hmission from T is termed as
phosphorescence, and is generally shifted to longer wavelengths éiogrgy) relative

to the fluorescence emission. Conversion S is called intersystem crossing (ISC).
Transition from T to the singlet ground state is forbidden, and as a result, the rate
constants for triplet emission are several orders of magnisndaller than those for
fluorescenceTherefore, we can conclude that there are two basic types of luminescence:
fluorescence, which is spallowed between the energetic states and has typical lifetimes
approximately 10 ns; and phosphorescence, whighigforbidden and has lifetimes that

can be as long as several secdids.
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i IQ,—;J S: Singletstates
"”LJ\SC T: Triplet states
E=5 =T2 A: Photonabsorption
g 1C F: Fluorescence
Al E = "I, P: Phosphorescence
P IC: Internal conversion
ISC: intersystemcrossing

Energy

Ground state

Figure 1.18. Jablonski diagram to differentiate between fluorescence and phosphorescence.

The luminescence properties can be characterized by several parameters such as
luminescence spectra which defined as fluorescence intensity as a function of a
wavelength. In addition, quantum yield, which gives the efficiency of the fluorescence
procesand is defined as the ratio of the number of emitted photons released in the process
of fluorescence to the number of photons absorbed in the excitation process. Finally,
lifetime, which refers to the average time the molecule stays in its excited dtae be
emitting a photon and is determined as being inversely proportional to the sum rate

constants of a radiative process and thenagimative processesd!

CPs are very promising materials as photolumindsoeterials where both the inorganic

and the organic moieties can contribute to generate photoluminescence.
Photoluminescence properties are dependent on the composition of the materials, the
structure, and intermolecular packing that stabilized these rialateCurrently,
polynuclear & metal complexes have attracted considerable attention for their diverse
structural and rich photoluminescence properties, even at ambient temperature, that give
rise to potential applications as lighmitting diodes??'%® and as stimuli responsive
materials?”13 One of the prominent classes of photoluminescent coordination
compounds is the copper(l) halid®s 127, 128 132, 133, 55, 13{nd pseuddalide
compounds®>13¥7 The variety ofavailable coordination numbersdathe flexibility of

halides coordination geometry (from terminahte and up tar¥- bridging modes), have
introduced great structural diversity in copper(l) halides compfE&e8onsequently

copper(l) halides can adapt various structunatifs including square GX» dimers,
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cubane or stepped cubanesKutetramers, ziggag [CuX}, chains, and double stranded
[CuzX2]n ladders (X = CI, Br, or | anionsScheme1.1).13% 140 138They are easily
synthesized antlineableén emissioncolour 3t 132, 141,55, 13ith high emission quantum
yields in the solid site'#?144 From the economic point of view, copper is also more
abundant, less expensive compared to noble metals and is less environmentally

problematic than rare earth met#s.

In general, pssible assignments for the excited states that are responsible for emission
phenomena of Cu(l) complexes are ligarahtred( L C) Y “* transitior
centre(MC). In addition, liganeto-metal charge transfer (LMCT), transition involves the

electranic transition from orbital of organic ligand to a metahtredorbital, and metal

to-ligand chargedransfer transitions (MLCT), corresponds to the electronic transition

from a metalcentredorbital to an organic ligand orbit&l? 14610 |n the presence of

halides, Fordet al have showed that the photoluminesdagitaviourand geometries of

copper(l) halides aggregates are strictly relat&t> 134 Cu(l)-halides aggregates with

tetranuclear complexes {Gl4L4} (L is substituted pyridinéf*>® and rhombic {Cu(m

X)2} (X= halides) dimeric unit>’ are of special interest as they have been known to be

emissive. For@t alstudied the case of the {@upya} (py is pyridine)cluster, where two
differentemission bands have been observéda hgh-energy band (HE) dominating at

low temperature 77 K, was attributed to haliddigand charge transfer (XLCT) that may

show up in the presence of unsaturated ligands with accessitbétals?>® 153The low

energy band (LE), dominating at room temperature, has been assigned to an excited state
known as clustecentred(CC) transitions which is mixture of halide-metal charge
transfer (XMCT) cenmelc h(adr aYc tse, rp.) Tnheetcettredr m 6 met
was coined to emphasize that the transition is localized on the cllister and is

essentially independent of ligand. The Cu---Cu distance is a fundamental parameter to

allow the presence of CC bands and must be shorter than the orbital interaction radius,

estimated to be 285 134
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Schemel.l. Some coordination modes obsernveadopper(l) halides.

Table 1.2 Summarize of some reported doubteanded Cu(l) halides 2BPs and their photoluminescence
properties.

Complexes  formula  dcu-.cu(RA) len/nm (298 K)  assignedto Ref

1 [Cul(L1)]n 2.88 437 XLCT 152
2 [CuBr(Ly)]n 2.91 509 XLCT 152
3 [Cul(L2)]n 2.80 454 XLCT 160
4 [Cul(L3)]n 2.89 612 XLCT 152

L1 = pyridine (Py); L2 = 3-methylpyridine (3MePYy); Ls = 4-acetylpyridine (4ActPy).

On the other handg limited number of photoluminescemto | y me r i-stranded o u b | e
staircaseo6 copp eonaihingligaras have been rapeEU W2t h N
141, 55, 134Table 1.2 shows the photoluminescence assignments for a series of related,
doublestranded stataseCPs. According tolrable 1.2, complexesl ([Cul(Py)],) and

complex2 ([CuBr(Py)}) adopt similar doublestranded chains with different halide ion,
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| and Br anions foll and2, respectively. The emissive properties hagerbassigned to
XLCT. The emission of2 ([CuBr(Py)l) is red shifted with respect to compléx
([Cul(Py)]n) which doesotfollow the halides polarizability trend (I > Br). Additionally,
the longer Cu---Cu distancecd.cu of 2 > 1, discard any contribtion for CC that is
highly dependent on the Cu---Cu distarié® By comparing the emissive properties
of complexesl ([Cul(Py)]n), 3 ([Cul(3-MePy)}), and 4 ([Cul(4-ActPy)]»), all are
structure related, one can observe thatfor 4 > 3 >1. The authors assumed that the
electronic baracter of comple# was red shifted with respect for completesnd3 due

to the electrorwithdrawing effect of the acetyl group. In a recent study for the deuble
stranded staircase polymers with formula [(CiX) ( X =1, Br or Cl and L = pyrazine

or pyrazine derivatives), the authors attribute the emissigropertiesf theseseries of
CPs to clustercentredtransition, XMCT mixed with MC (copper 8ds). In addition,
they demonstrated, using theoretical calculations, that the halides size antior Cu

distances play a key role in the emissive properties.

In general, the emission properties of copper(l) halides complexes are expected to assign
for LMCT, MLCT, XLCT, XMCT and CC depending on the composition and the

structure parametefg? 161, 141, 55, 162
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1.2.4.Coordination polymers as responsive materials

Currently, the design of stimutesponsive materials is attracting considerable interest in
view of their potential applicationscluding memorie&® or molecular sensor§3: 164

Upon exposure the responsive materials to extgrmgdical or chemicastimuli (heat,

light, mechanical force, remove or exchange of solvents and guest molecules, exposure
to reactivevapoursor more drastic by exchanging the metal ions or insertion of additional
ligands), gives raise for drastic structural transformatiéhs® These transformations

can be consequencef new bond formation or breakage which results in a change of
coordination number, geometry, dimensionality, etc., are often followed by change
physical properties such as magnetmiuminescencg®® % andor electrical
conductivity. Singlecrystal Xray crystallography is the principal technique to
understand such structure dynan#fté major source for these dynamic materials is
provided by coordination polymet$ 167 3633 where they can be constructed as a result

of the combination of metal ions or clusters, and organic ligands through by means of

reversiblecoordination bonds.

In the following paragraphs, we illustrated few interesting exammesCPsstimuli

responsive materials.

1.2.4.1 . Electrical responsive coordination complexes

Electrical responsive CPs are the materials that change their electrical state in function of

external stimuli such as heat, cI®%%nht, el ect

Interesing example of electrical responsive materials has been reported by Peter
McGraill et al. They have studied the electrical conductivity of one MOF formulated as
Cu(TCNQ) (TCNQ is 5,7,7,8;&tracyanoquinodimethane). This MOF has been
synthesized as twoftrent polymorphs defined as phasand phas#él (Figure 1.19).17°

The electrical measurements, by two contact method, of Cu(TCNQ) phases have shown
that these phases exhibiting significant difference in the chargspte properties,
showing a value of 4.8 x £0S cm* for phasd while phasdl showed a conductivity

value of 5.8 x 13 S cm®. Studying the electrical conductivity, on thin film, of the lower
conductive phase (phasle as a function of the applieglectrical field Figure 1.20)

showed that there are an electrical switches, ongoing from less conducting phase to higher
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conducting phase, as the applied field @ased. This process is completely reversible,
the material came back to the lower conducting phase when the electrical field has been
removed. Xray powder diffraction studies have confirmed that the higher conducting
phase is matching with the patternpdfasel. Surprisingly, this study showed that the
structure transformation goes through intermediate phase, better conductor thdh phase
but less conductor than phalseat lower applied potentials, 3 Figure 1.19a). The

higher conducting phase (phdéghas been observed at higher applied poteriials.

fact, the authors attributed the large difference in conductivity between these two phases
to structural aspect. Remarkable, the TCNQ molecules, in phaseork, come together

to give a columnar stack with the closest distance being 3.24 A as shBigaiia 1.19.

In contrast, in phasi, the TCNQr ngs ar e oOpistadkingdhasotaken pldce n o

(closest distance is 6.8 A).

(@) 3V m 6V %

Phasdl Intermediate
Phasdll

Figure 1.19. (a) Single crystal structure of Cu(TCNQ) state pHagkeft), transitioning to a proposed new
6 6 0 n 6 hasdllt (aente atB V followed by a transition to phakat 6 V (right). (b) Interpenetrating
networks in phask (left) and phasé (right).t"°
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Figure 1.20. DC currentvoltage plots showing kstable switching in a 16m-thick CUTCNQ (phasél )
film placed between two electrodes in a sandwich structure. Each new scan was performed after a relaxation
period of about a minutg?

1.2.4.2 Magnetic responsive coordination complexes.

The design of responsive magnetic materials has recently attracted considerable attention
in the field of molecular magnetisfd.In these systems, magnetic properties can be
dramatically modified by the structural changes provoked by external chemical or
physical stimuli such as guest molecules, temperature or préssufélany examples

of coppe(ll) carboxylates, based CPs, undergo for reversible or irreversible structural
transformations in the presence of solvent molecules, temperature, ahd’ait>The
structural transformations of CPs containing paddbeel copper(ll) carboxylates
present particular interest due to these transfboms are accompanied by properties
modulations® 1"3JeanMarc Vincentet al presented a magnetic transformation, induced
by humidity for fluorous copper(ll) carboxylate complex formed as paadtieel
structure and formulated as [£UsF17COOu(acetone). By exposure the solid of
complex [Cu(CgF17COO)u(acetoney) to air, a dramat decrease of the exchange
magnetic interaction within the dimer (strong antiferromagnetic) to hydrated form of
complex [Cu(CgF17COO)(acetone), in which the copper(ll) ions behave as
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magnetically isolated ions with small antiferromagnetic coupling, leen observed
between the metal ions]) 2 -7 cni!, at room temperatureérigure 1.21). In addition,

drastic changes of the spectroscopic properties (IR and EP&pkan observed?

CgFi7
(a) /’\ ~0 CoF17 CgF17 HEDD "J\SED H
H@--SU’D Clu*':E,}D water vapor D’r \.f \ ,f
S50 L T : \ y
CaF17 DYD \ D / ; \D\,(
CgF O H "0 HO  CyFi
L 7/ CeF17
Hydrated
P Hydrated
o} . - -1 :
= < ciea -H,0 || +H20 in air
K. i e s oty o e 11 e
o) '0,5 =1 “”‘\\.""'"
=
L
"=
0 1 —-—r-r-ersereeerTTerTeerTrrrrTr T T T
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Figure 1.21 (a) Schematic representation for the expected structural rearrangement found in
[Cux(CeF17COON(acetone) after watervapour exposition. (b) Experimental magnetic susceptibilities
plotted as ¢¢ VEu(GRGCSOOkacetbnejc(olacly, tha Hydrated form obtained from
powdered crystals dCux(CsF17COOu(acetone).exposed to the air for 24 h (red) amgbrated form that

has been dehydrated under vacuum (bitie).

The authors attributed these magnetic modifications to the change in the coordination
mode of the carboxylates group. The authors proposed that the water molecules partially
displaced the bridging daoxylates in the dimer units to afford a structure possessing
both bridging and monodentate carboxylates to produce the hydrated form of
[Cux(CgF17COOu(acetone) complex Figure 1.21). The dehydration process (under
argon gas) of the new hydrated form has led to partial recovery of the antiferromagnetic

coupling between the copper(ll) ions as revealed by EPR and magnetic susceptibility
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measurement@igure 1.21).3° These data show that the hydration/dehydration process
i snot accompanied by a fully reverasible
reported for other paddle wheel compleXes.

1.2.4.3.Photoluminescence responsive coordination complexes.

Photoluminescence responsive CPs are the materials that show switching in their
photoluminescence properties upon exposure for external stimuli. In theuleerthere
are many examples where the photoluminescence properties can be switched by uptake

external gas ovapous of volatile solvents which known as vapochromig.

The terms thermochromism and mechanochromism were coined when the external force,
responsible foswitching the photoluminescence properties, are heat or mechanical forces
respectively:’”® In fact, copper(l) halides have received huge attention as
photoluminescent responsivenaterials owning their structure diversity, rich
photophysical properties and adapt various geometry that can be attribute to the wide
range of their coordination numbefs. 132 140. 138, 14§ 3 recent report, Taet al have
presented a copper(l) iodide CPs that have shown dual respobsheious
(vapochomism and thermochromisn¥ Figure 1.22a, presents the synthesis and crystal

to crystal transformations of coordination polymiat involve Culs cluster bridged by
organic ligand (L), L = ZAtert-butyl-thio)-N-(pyridin-3-yl)aceamide. Upon exposure
[Cuslslo]n (defined as compleR) into CHCN (g), the CHCN molecules attacked the
closed cubane Gl cluster to allow staistep Culs clusters formation and gives raise to

1D, loop chain, structure formulated as jGu>(CH3CN).]n (defined as complex)
(Figure 1.22a). This transformation has been followeddmyourchange and blue shift in

the photoluminescence emission spedtigure 1.22a, ¢). Additionally, upon exposure
complexl ([CualsL2(CH3CN)2]n) into MeOH (g), the staistep Culs clusters came back

to closed cubane Gu cluster in drastic structure change to provide 3D network of
complex {CualsL2]-MeOH}, (defined as comple8), that is structurallyanalogoudor
complex 1 ([CualsL2(CH3CN)2]n) but with MeOH molecules inside the pores of the
network Figure 1.22a, 0.
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Figure 1.22. (a) Schematic representation for the preparation and citgstaystal transformations of
cubane andstair-stepCuwls clusters in CPs, formulated as [Cii»(CHsCN)2]n (complex1), [Cuslalz]n
(complex2) and {[CuwlsL,]-MeOH}, (complex3), by heat or solventapour Photographs of complexes
1i 3 before heating without (b) and with (c) UV irradiation, and with UV irradratidter heating (d).
Photoluminescence spectra of polycrystalline compléx@dbefore (e) and after (f) heatinge(=350 nm).

Taken from referenc®g,
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These transformations had been followed by colour change and great red shift in the
photoluminescence emission spectra of comaléCualsL>(CH3CN)2]n). On the other

hand, when solid samples of complexes ([CualsL2(CH3CN)2]n) and 3
({[CualsL2]-MeOH},) were heated at 130 °C, structural transformations have been
observed ongoing from complex&r 3 to complex2 and these transformations have
been confirmed further by the photoluminescence stiiye 1.22f, d). This example
strongly recommends photoluminescence responsive materials for applications such as

chemical sensor for detecting and separating volatile harmful §4s€S.
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1.2.5.Coordination polymers as Nanomaterials and the potential

applications of 1D-CPs in Nanotechnology

The typical approaches to generate miniaturized systems in a controllegpaathble

way ardowhtbopaned pobaatptpd¥ablee ss.t r at-édgwndof Ot
employs tools thateduce the size of the bulk materials using different strategies

produce nanostructures with the desired geometry.afpsoacHacesmany challenges

such as complexity, size limation around 1015 nm, and high cost of clean rooms,

operation and maintenance of the equipmM®@nOn t he ot her -haod, t he
strateges take the advantage of selésemble processes of the atomic and molecular
components into nanoscale structures by meangogélent and/ornon-covalent

interactions. This concegbmehowtries tomimic the biological systems, for instance,

the formation of the double helix in the deoxyribonucleic acid (DNA) moleculessisd

onthe selfassemble of the DNA bases.

The research efforts devoted to creadmostructures o€Ps with novel propertiesre

still very limitecl16- 18218366, 18288 | that regard, miniaturization of CPs to the nanometer
sizeis an area of growing interest to develop a new class of highly tailorable functional
materials that maintain the classical characterwstibulk CPs with the advantages of
nanometer features. Nanoscale coordination polymers (NCPs) can be classified according
to their dimensionality to: 0D (particle®*'%°1D (fibres tubes, rods t a )% ¥1,1%

and 2D (thin films and membrane&¥® %°On the other hand, NCPs can be classified,
based on their structural regularity, into amorphmusystalline. Crystalline NCPs offer

well understanding of their compositions, structures, and greatly facilitate the drawing of
structureproperty relationships in these class of nanomaterials. Indeed, many strategies
have been reported to prepare crystalline NE®s instancegrystalline NCP<an be
achievedcontrolling the nucleation and growth of the building blocks through the self
assemble process, and their interactions at specific locations on sifffat®és-9t: 192, 187
Among these strategigahefast precipitation approach, where nanopaticre insoluble

in the solvent system whereas the individual precursors are solulidelg used for the
synthesis of crystalline NCP%& 184n addition, hydrothermalynthesiswaterin-oil, or
reverse, and microemulsigh8( t he mi cel l es in the microemul
that assist in controlling the kinetics of particle nucleation and growth), have been

successfully usetb prepare crystalline NCPs.
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Due to themportant rolehat 1D nanostructuresn playin many applications, including
electronics®! optics®® magnetic device®’ sensot®® %and as template for functional
specieg®? much effort has also been directed toward the development of methods to get
control in the formation of 1BCPs nanostructures (YMCPs), such as wires, rods, tubes,

and fibres, since they can play However still the number of samples isméed|

Studies of electrical conductivity in 1DNCPs towards potential use in

nanoelectronics

The development in the nanofabrications techniques gave rise to revolution in
nanoelectronics industry by scaling down the electronic chips and elecewses. The
majority of nanotechnology interest is directed toward the precise organization of such
nanostructures, of electronic chips or electronic devices, into more complex nano
architectures and devices. In order to fabricate electronic devicesgnaited circuits in
molecular scaldifferent molecular components are requirldblecular wire candidates
have to fit some requirements mearggod electricaproperties, ease controllability of
synthesis, and nanoscale saifjanization to inteconnet and organize¢hem into a

molecular circuif® 201

On the other handheendlesgailorability of CPsthat result from the infinite choice of
building blockssuggest their potential use flectronic application®* 18 59202, 12, 36, 203,

21,32, 84 Thus, onductive nanofibers oifirgyle chain of 1BCPs are of great importance

for molecular electronics where they can act as molecular wires. The selected building
blocks, metatentres and organic ligands, have to produceNOPs with two essential
features, to be accessible for molecielectronics applications; (i) they have to possess
high electrical conductivityat nanometer scale, and (ii) theyuldbe able to participate

in molecular recognitions procesgesassemble complex structures

New methodologies have been developetdtatedfew/single chains of 1IENCPs on
insulator substratd={gure 1.23) in order to enable their electrical characterizatfr?®>

191,186, 192, 187 that regard, few examples of MICPs have been tested as molecular
Wires?OG' 207, 66, 185, 208, 209
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Figure 1.23. Summary of some selected inorganic systems studied as moleculat®wires.

Zamoraet al hawe been able to isolate nanoribbons ofl[Bta)], (dta = dithioacetato)

on mica, by direct sublimation of [Mdta)]n monocrystals, under high vacuum

conditions Figure 1.24).1%8 The electrical conductivity nasurements of these

nanoribbons suggest an inherent metallic charak€tguie 1.24d). These results and the

high electrical conductivity found in close related MMM noribbon®’: 66 strongly

support that 1BCPs nanostructures are very promising systems for applications in

molecular electronics.
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Figure 1.24. (a) Schematic representation of a single chain ofl(@g)].. (b) AFM image of single
nanoribbon on a highly ordered pyrolitic graphite surface directly sublimated[Roltdta)], crystak.
The nsetshows its Bight profile taken across one of the nalploons. (c) Scheme of the electronic circuit
used to measure the current flowing through the nanoribbons. (d) Grersm$/oltage characteristic taken
by contacting the nanoribbon 100 nm from the gold electi#de.

In anrelatedsystem, Miller et alhave studied the electronic properties of single polymer
strand of 1BCP formulated as [GUOAcC)s(transbie)]n transbie(transbis(N-
methylimidazol2-yl)ethylene) is a conjugated N,N donor ligaeThis 1D-CP consists

of paddle wheel units of copper(ll)acetaad trans-bie acting as bridging ligands
between the paddle wheel unitSidure 1.25a). The authors assume that such ligand
(trans-bie) exhibits-donor,p-acceptor, ad p-donor capacities, thus 1D MMtype CPs
based on N,N donor ligands might exhibit promising physical properties related to the
MMX systems. Tasolatesingle chain of this 1ECP, an acetonitrile dilute solution of
[Cu(OAc)s(transbie)]n 1D-CP was deposited on HOPG (highly ordered pyrolitic
graphitg surface Figure 1.25b). STM/CITS (scanningunnelling microscopy/current
imagingtunnellingspectrosopy), have been used to characterize the electronic properties
of single strand of this CP® CITS is a scannintunnellingspectroscopy (STS) technique
where an 4V curve is recorded at el pixel in the STM topographic map while

maintaining a constant tip to surface distance.
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Figure 1.25. (a) Schematic representation of a single chain of([Q&c)(trans-bie)].. (b) and (c) STM
topography and CITS current images for,@Ac)s(trans-bie)], respectively (d)ITV characteristics
recorded for [Ce(OAc)4(trans-bie)], blue and red (polymer), and green (HOPG) regiéhs.

The current contrast changes significantly when, at certain bias voltegyesnolecular
energy levels come into play. Therefore, these types of current imaging measurements
allow spatially resolved energy spectroscoftye authors used STM/CITS to meashire

V characteristics curve at thrpeesenpoints from STMtopography(two along the 1B

CP, blue and red rectangular, and one point on the surface, green rectangular). The
differential conductanceal(/dV) plots, calculated from the measul&d¥ measurements

of the polymer and the graphite surface, are presentédumne 1.25d. Three main peaks

are observed approximately-8t35,-0.55 and 0.50 V. The authors attributed these peaks

to the HOMO, HOMG1 and LUMO states ahthe distances between the peaks above
and below 0 V define the HOMQUMO gap, which from these measurements, is
roughly 0.8 eV. These results suggested a semiconduhmyiourfor single strand of
[Cux(OACc)s(transhie)]n.
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Studies of 1BNCPs for Bio-medical applications

NCPs involving biomolecules (BiIDNCPs) are of great interest for nanobiological
applications. BieNCPs present the typical structural features, as their bulk counterpart,
including structural diversity and tunability, but also dxhparticle dimensions in the
tens to hundreds of nanometers range, potential biocompatibility, and molecular
recognition properties. Thus, the applications of-BlOPshave beerinvestigated in
biomedical applications such as biosefSaand DNA delivery?'2 In this context Li
Wanget alhave prepared BidlCPs ombining (TE?) as metaion and adenine (Ade) as
bridging liganc?!' They demonstrated the utility of this BMCP for detection of
ciprofloxacin (CF) in tablet and urine samples. The Th/Ade-MB&P exhibited no
fluorescence emission while Th/Adé/Gystem shows fluorescence properties acquired
from the fluorescence nature of CF molecutggre 1.26). These results strongly
supportthe possible applications of BMCP as biosensor and open the door for further

investigation in the area of BNCPs.
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Figure 1.26. Schematic representation to illustrate the using of Th/AdeNEI® for CF detectioft!
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1.3.Thesis objectives

The objective of the present PhD thasis

Thedesign and synthesize 1CPsbearing terminal ligands with free substituents that
enable molecular recognition,as well as showingelectroni@al, magnetic and
photoluminescenceproperties to explore their possible applications as Dynamic
Materials and the synthesis of nanostructure potentially usefuhorotechnologal

applications

To achieve these objective, we have selected the starting building blarkierto get a

coordination polymer showing:

U Molecular recognition capacityased on the selection of the functional groups of the
organicterminalligands.
U Electroncal, magneti@and luminescent propertiéy suitable combination ahetal

centres, with bridgingandterminalligands.

Based on these criteria, we have seleatettrminal ligandmodified nucleobases, such
as thyminel-acetic acid and uraeil-acetic acid. These biomolecules present rich
molecular recognition capabilisthrough Hbond nteractions which are responsible for
the wellkknown base pairing interactions of the DNA bases, and potential
biocompatibility. In addition, we havstudiedpyridine derivative ligands2-amino5-
nitropyridine (ANP), isonicotinic acid (HIN) and ethyl isoatinate (EtIN) showing
close related doneacceptor Hbonds, molecular recognition capabilities, as well as

multiple metal binding sites

As bridging ligands we have used simple halides and psealtites which have shown

excellent electronic connectors.

Finally, we have selected Cu(ll), Cu(l), and Co(ll) as metal gamsether combination
with the selectedridging andorganic terminal ligands may produce :OPs with
molecular recognitions capacity aimderestingohysical propertiest is known that Cu(l)

with halides can produce electrical conductive chains with emission based on the metal
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d*? centre, Cu(ll) and Co(ll) are candidatesproduce magnetic coordination polymers.

Additionally, copper can lead to interesting materials with mixed oxidation states.

In order to get the central objective of this PhD work, tlspeificobjectiveshave been

developed:

1. Synthess and characteiization of 1D-CPs as multifunctional and dynamic
materials with molecular recognition capability:
a. Synthesis and structural characterization of rtfeerialsusing complementary
techniques.
b. Characterization of theimphysical propertiesin bulk, including electrical
conductivity, magnetic, and optical properties.
c. Study thepotentialdynamic nature of theaterials under different stimwndthe
changes in theiphysicechemical properties
2. Develop strategies to prepare nanostructures based osimple bottom-up
approaches
a. We plan to prepare nanostructures of the obtainedCH3 testing several
methods.
b. The size andshape of the nanostructures will be establish by electronic
microscopiesand atomic force microscopy (AFM) techniques.
3. Explore the molecular recognition capaility of the nanostructuresand their
interaction with biological components:
a. The interaction with oligonucleotides of selected nanostructures will be study with
the aim to observe selectivity.
b. Selected nanostructures will be studied as potential nanocarriers analysing cell

toxicity and membrane permeability.
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2. Chapter 2. Metal-Nucleobases Coordination Complexes

Metal - Nucleobase Coordination Complexes as

Potential Candidates for

Nanotechnology Applications

In this chapter, we present the statef-the-art in using metal-
nucleobases chemistry to design one dimensional coordination

polymers.

The carboxylic modified nucleobases thymind-acetic acid (TAcOH)
and uracil-1-acetic acid (UAcOH), and Cu(ll) and Co(ll) ions have been

selected as building blocks.

The electricd and magnetic properties of the synthesized materials will

be discussed.

A nanostructure of one of the coordination polymers has been has been

investigated in detail as potential nanocarrier of oligonucleotides.
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2.1.Introduction to Metal Nucleobases Coordiration Polymers

and its Potential Applications for Nanotechnology

Recently, metéinucleobase coordination chemistry has been an active research area of
coordination chemistry that currently spreads into new fields of material science and

nanosciencé®

Nucleobases (NBs) are key constituents of nucleic acids that are normally involved in
basepairing: adenine binds to thymine or uraeid two H-bonds, whereas guanine
specifically recognizes cytosine through thredédhds. Nucleobases are ligands that in
combination with metal ions show a high capacity to generate a large structural variety
due to the different available donor sites positions for metal coordination as well as their
H-bonding capabilities and potentipi p stacking, similar to that observed helical
duplex DNA! These bondnaking characteristics provide a rich basis for a variety of
supramolecular architeures® NBs, like other biomolecules, present many metal binding
sites, diverse structures, intrinsic saisembly properties to direct the formation of
biologically compatible CPs with outstanding functionalities, and probably good
biocompatibility® ® 1°Because of these unique properties and functionalities of NBs, it
is expected that they can replace the conventional synthdgcutes, as organic ligands,

to construct more biologically coordination polymers @BBs). Moreover, the
construction of BieCPs will be paramount not only for development of new materials
with novel properties but also for understanding of manyrélaed selfassembly
processe$! A diverse choice of metal nodes and biomolecule building blocks may
produce novel Bie€CPs with a broad range of compositions and properties. More
important, these high degree of structural and functional tailorabilities may lead to
biological nanoscale codination polymers (BieNCPs) with interesting characteristics

for a variety of applications in many fields, especially in biold¢3So far, although only

a few BioNCPs have been synthesized, thetifurictionality, and application value of

these type of novel materials have been broadly recogtiZéd.

Here, we will discuss the possible uses of-Bi®s (using nucleobases or modified

nudeobases as organic ligands) in molecular electronic anrchédcal applications.
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Biological Inspiration for using Metal-Nucleobases in Molecular

Electronic Application.

DNA nanotechnology provides one of the most interesting approaches to form tailored
complex structures with precise control over molecular featti®@seman, the father of
DNA nanotechnology, proposed the possibilities to use DNA and its nanostructures as
structural material for bottomup selfassembly? Since his date, the field of DNA
nanostructures became a hot topic for material science and nanotechfialogynany

DNA nanostructures, linear, branched, and complex motifs have been fabtidated.

Figure 2.1. (a) Structural features of DNA. (b) 2D and 3D objects constructed by manipulate DNA
strands?°

DNA molecule and DNA nanostructures gather several structural features making this
molecule and its motifs as wpie constructing materials for molecular electroRiés.

These structural features can be summarized as following:
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1. DNA presents a weknown nanoscale dimensions of the dotdil@anded helix,

2 nm diameter and a 3.4 nm helical repeat (10.5 base pairs) and ease of automated
synthesisigure 2.1a).

2. DNA is the molecule whose intermolecular interactions are the most readily
programmed and reliably predicted where G (guanine) pairs with C (cytosine) and
A (adenine) pairs with T (thyminelrigure 2.1a).

3. ltis available to generate and manipulate long DNA strands with variety sequence
and tie DNA molecules together by programming sticky ends to construct
complex architectures by the aidradncovalent interactiongigure 2.1b).

4. The selforganizing and molecular recognition capability of DNA and its
nanostructures, may allow the design and formaticself-assembling complex

architectures such as naaoiocuits.

Therefore, DNA andits nanostructurescan contribute for molecular electronics
applications as templates or as an active wiring system. Unfortunately, the electronic
properties of DNA hindeits applications in molecular electroni@s?>The conductivity
measurements through the DNA molecule have been repbated it seem to be dei
dependent on the measurements metiaaisd DNA base sequnee?® 2° It has been
concluded that DNA molecule can be described as a-gagesemiconductdf: 2’
Therefore, many attempts have been proposed to enhance the electrical conductivity of
DNA molecule and/or construct molecular wires based on DNA or its nanostructures.
These models can be classified as following, depend on the patiboipature of DNA:

1. Templating conducting materials on duplex DRIA3

a. Incorporate metal nanoparticles in the DNA duplex by the reduction of
metal salts into its zer@alent state. This strategy allows the formation of
DNA based nanowires < 10 nth.

b. Electrostatic attractions and noncovalent interactions between cationic
conducting polymers such as pyrrole and indole, synthesis through
oxidative polymerization process, and the anionic DNA template can
provide electrically conducting nanowires based on DR

2. M-DNA model, the incorporate divalent cations in the DNA duplex by
substitution reaction of the proton$ the nucleotides of the DNA lead to new
form of DNA named as MDNA. This M-DNA has been proposed as molecular
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wire candidate by Prof. Le¥.22This model of molecular wire, based on DNA,
facing many problems in partifar its instability at acidic or neutral pH, unclear
position of the metal ion&,unclear electronic propertié3.*°

3. Using DNA @& scaffold for conducting polymers. In this model the -self
recognition, selassembly and sequence programmability of DNA could enable

the production of unique nanoscale materials with tailored electronic progérties.

One interesting approach to create hybrid malemwith better electronic properties and
possible applications in nanoelectronic is based on using DNA and/or DNA
nanostructures, taking the advantage of their intrinsic molecular recognition capacity, as
scaffold for conductive one dimensional coordimaipolymers (1BCPs)® The selected
1D-CPs have to maintain molecular recognition capability, provide reasonable electronic
properties, and accessible to be processed at nanometer scale. In fact, conductivity studies
of CPs at macroscopic scdkingle crystals or powdéfsuggested, in some cases, the
possible metallic or sertionductive behaviour of isolated chafdsTherefore, it is of
interest to develop strategies to isolate single chains €€R®on insulated surfaces to
measure the electrical transport in individual chain in order to test their potential
applications in nanelectronics** “°On the other hand, the selected organic ligands, to
design conductive L{TPs, have to allow the molecular recognition process between
DNA and/or DNA nanostructures with the conductive @Bs. By this way, nucleobases
(NBs) or modified NBs can be consider a potential candidates as organic ligands to
construct 1BCPs with structural diversity and molecular recognition capability.

NBs contain several heteroatoms, allowing them to act as multidentate organic ligands,
as well as they maintain the base pgrmomplementarity, the same structural feature of
DNA, that make them a powerful and skilful building blocks to construct conductive 1D
CPs, with the visibility to fabricate wetlefined hybrid complex nanostructure by the
molecular recognition between DN&nd/or DNA nanostructures and single chains of
1D-CPs Figure 2.2).

As a proof of concept, Zamoed alhave studied 1ECP (involve a nucleobase as ligand)
formulated as [Cd(EMP)2]n (6-MP = 6mercaptopurinato) which shows a structure close
related to the one suggested foiNWA (Figure 2.3a).> They were able to isolate single
chain of this 1BCP over insulator surface and studied the electrical conductivity of single

chain Figure 2.3b). Unfortunatelythe single chain of this polymer was an insuldtor.
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Figure 2.2. (a) Some of the neoovalent interactions, which are present in the nucleobase guanine. (b)
Arrows showing the major metdlinding sites on the some nucleobases. The H atoms in parentheses are
attached to additional sites which can be involved in metal binding upon removal of the hydrogen. (c) The
basepairing interactions founded for some nucleobases.

These results prompted the same authors to study the electronic structure of coordination
polymers analogues to the [CdW@)2]n with a variety of 8 transition metal cations,
aiming at identifying candidates by density functional theory (DFT) for anaitio
synthesis of candidates to molecular wires. These calculations have carried out using the
structure of [Cd(8VMIP).]» polymer and replacing the Cd atoms by differeshtransition

metals. The calculations suggested that polymers with R¢ and Cd¢ ions are
semiconductors while polymer containing'Gon should show a metallic behaviour
(Table 2.1).* The same group reported the synthesis and electrical charaaerjxé6-

MP)]n (Table 2.1) showing that the theoretical predictions were correcietlé 2.1).

Therefore, theoretical calculations are suitable tool to predict and understand electrical

conductivity of CPs.
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(a) (b)

120nm
P—r—

200nm

M-DNA [Cd(6-MP),],

Figure 2.3. (a) Schematicrepresentations of the suggestedDMA structure and [Cd@1P)],
coordination polymef.(b) AFM images of [Cd(8VIP)]. fibres (right) and the size of individual chain
(left). (c) AFM images of a single chain connected to gold electfioglet) and applying a tygample bias
voltage of 4 V (left):

Table 2.1. The calculated band gap for [M@) polymers and the metahetal distances. L is-6
mercaptoptine (6:MP) or 6thioguanine (6TG).

Metals . M-M (A) s S/lcm s S/cm Eg Ref
(I Cd | Exp | (273K) (400K) Cal Exp
Cd 6-MP 3.92 3.91 Insulator Insulator 2.30 Insulator 47
Co 6-MP 3.60 a a a 0.78 a 48
Co 6-TG a 3.66 10t 10° (f) a 0.8 49
Ni 6-MP 3.60 3.68 1.110°(t) a 0.77 0.66 1
Ni 6-TG a 3.65 1.310%(t) a 66 0.69 1
Cu 6-MP 3.47 a a a 0 a 48
Fe 6-MP 3.65 a a a 0.36 a 48

a; means that these measurements did not realize yet. t; means two contacts method. f; v
contacts method.
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The same authors demonstrated ttamoprocessability for [Cd{BIP):]» and [Ni(6

MP),]n polymers!: ® These results suggested that the uses eCPB, using organic
ligands, that allow molecular recognition with DNA, such as nucleobases or nucleobases
derivatives, might allow the construction of nhanocircuits based on molecules through the
molecular recogtion of 1D-CPs on weHorganized nanoarrays of DNA vialbbnding

interactions.

Bio-medical applications of Coordination Polymers based on Metal

Nucleobases

Constructing CPs using biomolecules, as bridging ligands, will open the door for a new
class of materials with important applications such as biomedical applications or novel
sensors? 13 Compared with notbiological componentspiomolecules have good
biocompatibility and are environmentally friendly. These intrinsic properties might lead
to bulk production of biologically and environmentally compatible nanoscale bio
coordination polymers (BiNCPs) that can be easily incorpochtento biological
systems. With this aim many challenges need to be overddmauding tre design and
construction of BieCPs with different dimensionalities, the chemical and physical
functionalization of these Bi€Ps for potential bi@pplications, and, Bi&Ps

nanostructures formation.

There is no doubt that BiGPs have intrinsic advantag that make them attractive as
potential biosensors. First, the interactions between guest molecules a@&®might
induce changes in their physical properties. Second, some biomoleautps (

nucleobases) have the ability to recognize specific asalyte

However, the selectivity of Bi&€Ps remains quite challenge. One important strategy to
overcome the selectivity is introducing more specific intermolecular forces. In that regard,
the synthesis of BiCPs containing nucleobases able to interact withoalicleotides

via H-bonding are an interesting approach. Taking into account thekm@Nn base
pairing of nucleobas€’s,® these BieCPs can be specifically used for developing
biosensors for DNA detection. Thus, Let al have used this strategy using CPs

nanoparticles foDNA detectiom° The selected nanoparticle was based on a coominati
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complex formed by the reaction of adenine and Au(lll) metal ion. These Au/adenine
nanoparticles have been wuseful for DNA detection. Specifically, Au/adenine
nanoparticleswere used for the detection of random sequences of DNA using the
fluorescence sigal. The nanoparticles have shown high selectivity for{JoBNA with
respect to poRG DNA (Figure 2.4). The author demonstrated also that these Au/adenine
nanopaitles can be used for DNA sensing and for delivery DNA into élls.

Figure 2.4. Schematics of the adenine/Au complex binding t®&A, where the DNA can interact with
both the base (blue polygons) and the metal ion (orange dots). AdsorptiofDbifAsprobe induces
fluorescence quenchirt§.

On the other hand, some B@&Ps have been directly used as drug carriers owing to their
good biocompatibility and tuneable structures. For instance, e@di? controlled the

drug release from [ZfAdek(bpdc).0.2MeNH:] (Bio-MOF-1, Ade = adeninate; bpdc

= biphenyldicarboxylate). They exploited the anionic nature of thisMBDF- by
demonstrating that it can host cationic drug moleculesaddition, this BieMOF is
biocompatibility, stable in water and biological buffers for several weeks. These features
allow its potential applications in catidgniggered drug release. Thus, procainamide,
which is a cationic drug molecule, was loadatbithe pores of MO via cationic
exchange with the dimethylammonium cations that initially reside inside the pores. As

shows inFigure 2.5, the procainamide releases from the zaueninate framework was
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triggered by exogenous cations, such asibias from biological buffers, owing to the
ionic interactions between procainamide and the framework. It is impressive that the
crystalline integty of the framework could be maintained throughout the whole release

process.

[y + '&,
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.- Procaimanide
Procainamide-Loaded fil[lllrl-}.ull-mgl.d ) '
(b) bio-MOF bio-MOF
cl
= | — Altier 5 alay ahnage nebease
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Figure 25. (a) Scheme  depicting catidriggered procainamide release  from
[Zng(Adeu(bpdck-0.2MeNH;]. (b) Procainamide tease profiles from [ZgfAde)(bpdc)-0.2MeNH,].
(c) X-ray powder diffraction patterns for [diAde)(bpdc)-0.2MeNH;] before and after drug loadirg.

In this chapter, we have selected two modified nucleobases known as tliyatdatc
acid (TAcOH) and uracil-acetic acid (UACOH) Kigure 2.6a), as essential ligands to
construct multifunctional 1BCPs. These ligands contain different functional groups that
can participate in metal binding as well as iFbbhd interactions an@-p stacking
through the pyrimidine moietiesigure 2.6a). In addition, the presence of the carboxylic
group add advantages by increasing the diversity and tunabithig abordination to the
metal ions Figure 2.6b).5: 52 Additionally, we have aimed to obtain extended

coordination polymers using auxiliaries ligands such as 2,6 diaminopurine YtdDdp

4 -8 iNpyr i dbpy) &igure(2.8c). 4 Nj
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Figure 2.6. (a) Schematic representation of the ligands usélisnchapter. (b) Some common coordination
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2.2.Results and discussion

2.2.1.Synthesis and Structural Characterization

The reactions of metal(ll) salts with the two modified nucleobases TAcOH and/or
UACOH at different conditins give raise to the isolation of complexk48 The
synthetic part of this chapter can be divided into two blocks depending on the used metal

centre.

Block A: This section involves the complexes obtained with Cu(ll) salts and (TAcOH)
and/or (UAcOH) as ¢iands. The synthesis and the reaction conditions of the obtained
complexes is summarized 8cheme2.1. The variation of the reaction conditions such

as, the starting metal salt, temperature, pH and solvents has led to the formation of
different complexes ranged between i) mononuclear complese
[CU(TACO)2(H20)4]-4H20 (1) and[Cu(UAcO)2(H20)4] (2), ii) dimetallic complexes,
[Cu2(TAcO)4(DMF)2]-2DMF  (3), [Cu2(TAcO)4(DMF)2][Cu2(TAcO)4DMF)(H 20)]

(4), [Cu2(TAcO)4(DMSO)2]-6DMSO (5), [Cu2(TAcO)4DMA)2]-DMA (6),
[Cu2(TAcO)2(UACO)2(DMF)2] (7) and[Cu2(UAcO)4(DMSO)2]-2DMSO (8); andiii)
1D-CPs,[Cu(TAcO) 2(H20)2]n (9) and[Cu1.5(TAcO)2(H20)(OH)]n-4H20 (10).

Finally, the reactions between copper(ll) nitrate with TACOH in the presence of 4,4'
bipyridine (4,4'bipy) have allowed the isolation of two different complexes
[CUu(TAcO) 2(4,4"-bipy)(H20)]n-2H20 (11) and[Cu2(TAcO)2(4,4"-bipy)]n (12).

The purity of all tle complexes have been confirmed by powderayx diffraction
(PXRD) (see appendiB).

The IR spectrum of complexésl2 have shown significant shifts in théC=0) andu(C-

O) stretching vibrations with respect to finee ligands that confirm the coordination of

the carboxylate groups of the TAcOH or/and UAcCOH ligands to copper(ll) ion.
Additionally, the coordination mode for the carboxylate groups can be inferred from the
difference between the asymmetric and symmetibrations of the COOyr oups (& =
UCOQusym- UCOQsym) Table 2.2.51 5356
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H,0
Cu(TACO) ,(H,0),].4H,0 (L
@) . [CU(TACO)(H;0)4].4H;0 (1)
KOH (pH =5.3)
X =AcO
; S;;‘:Zm [Cu,(TACO) (Solvent)]. Solvent
Solvent= DMF and HO for(4)  Solvent = DMFfor (3)
= DMSO for(5)
= DMA for (6)
Cu(X),.H,0 + TACOH H.O
- [Cu, (TACO),(H,0)(OH)],, 4.H,0 (10) + (1)
25°C
KOH (pH =5.3)
X = Cl; H,0, 25°C
[CU(TACO) ,(H,0),l, (9)
KOH (pH =4.5) _
H,0 4,4Bipy
[Cu(TACO) ,(4,4Bipy)(H ,0)], (11)
X = (NOyy 25°C H,0,25°C
4.4Bipy EtOH/H,0
[Cu(TAcO)(4,4Bipy)], (12
140°C /4 day
KOH
(b) [CU(UACO),(H,0)] (2)
H,0
25°C TACOH
Cu(AcO),.H,0 + UACOH v [Cuy(TACO),(UACO),(DMF) ] (7)
DMSO
[Cu,(UACO),(DMS0),].DMSO (8)

Scheme2.1. Schematic representation of complexg4?) obtained by the reactions of Cu(ll) saltgh
TACOH and /or UACOH ligands.
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Table22.Shows t he @& v allldoorselatedwitictie copidiratioa mode of the carboxylate

groups.
U(COOhsym u(COO)ym P Qasym| Usym) Coordination
Complexes
(cm?) (cm?) (cm?) modes
1 1678 1404 274 monodentate
2 1711 1411 300 monodentate
3 1626 1475 151 bridging (synsyn)
4 1630 1467 163 bridging (syrsyn)
5 1645 1468 177 bridging (synsyn)
6 1602 1436 166 bridging (synsyn)
7 1630 1456 174 bridging (syrsyn)
8 1651 1459 192 bridging (syrsyn)
9 1647 1428 219 bridging
10 1696 1402/1475 294/221 bridging and monodentatt
11 1704 1419 285 monodentate
12 1643 1427 216 bridging
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Structure descriptions

The crystal structure of complek consists of discrete complex with the formula
[Cu(TAcO)(H20)4] and crystallization water moleculeSigure 2.7). On the other hand,

the structural characterization of compl@xindicates that its crystal structure is
isostructural with complegf and formulated as [Cu(UAc&{H20)4] (Figure 2.8). The

metal centre, for complexdsand2, present a Cugcoordination environment with the
usual JahTeller tetragonally elongated octahedral geometry. The basal platiesmp
two carboxylate oxygen atoms from, two TAcO ligands for complexfrom two UAcO
ligands for complex2, and two coordinated water molecules (Olw and ‘DIor
everyone in the both complexesand2). The two apical positions for both complexes
areoccupied by additional coordination water molecules (02w and')agith longer
coordination bond distances (2.53(M) 1.94(14) and 1.96(13) A) in compleixand
(2.59(2)vs1.94 (14) and 1.87(13) A) for compl&x The functionalized thymine moiety

in complex1 and functionalized uracil moiety in compl&xcoordinate only through one

of its carboxylic oxygen atoms whereas the other are involved in an intramolecular
hydrogen bonding interaction with the apical cooation water molecules={gure 2.7c
andFigure 2.8c). The thymine base icomplex1 and uracil base in complexthat are

not involve in metal coordination leading to an intricate network of hydrogen bonding
interactions with the water molecules that provided cohesion to the 3D crystal building.
There is no evidence of direct drpgen bonding or aromatic interaction among the

nucleobases in complexésand?2.

X-ray studies foromplexes §-8) confirm thatall these complexes present a paddle
wheel [Cu(RAcOu(solvent}] entities where R = thymine (T36), R = T anduracil-1-
methyl (U) (7) and R = U §); solvent = water and dimethylformamide (DNV4j) (DMF,

3 and 7), dimethylacetamide (DMAG) and dimethyl sulfoxide (DMSO5 and 8)
(Figure 2.9).

For complexes3-8), four bridging carboxylate ligands are linked to the copper(ll) atoms,
through asynsyn €-1k0:2kO 6coordination mode, to provide the core of the paddle
wheel shaped dinuclear units. Two solvent molecules occupy the apical positions
resulting in an elongated square pyramidal coordination environment of the metal centres.
Figure 2.9 shows a perspective view of the dimeric entity together with the labelling

scheme, which is conventionally, accepted for thymine and uracil nucleobases for
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chemical and fllogical purposes, while the coordination bonds and angles are gathered
in (Table A.6, AppendixA).

In complexes3-8), the intradinuclear copper---copper distances are between 2.64 to 2.68
A. The major differences come from the supramolecular assembiyugtn
complementary hydrogen bonding interactions involving the thymine and uracil residues

of the carboxylate ligands.

(b)

04

u' O3w O4w

(©)

Figure 2.7. Asymmetric unit (a), monomeric entity (b), and view of the crystal packing along the
crystallographic c axis (c) of compléxHydrogens have been omitted for clari®eneral colour code in
this chapter is; O, light blue, N, dark blue, Cu, red, C, greyH, white.
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€Y (b)

XX AN

Figure 2.8 Asymmetric unit (a), monomeric entity (b), and view of the crystal packing along the
crystallographic ¢ axis (c) of compl@<Hydrogens have been omitted for clarify.

(©)

L = DMF (3), H,0/DMF (4), DMSO (5), DMA (6) 7~ L=DMF(7) L =DMSO (8)

Figure 2.9. Dimeric entities found in complexe®8. The usually accepted numbering scheme of the
pyrimidinic nucleobases is indicated.

The crystal structure of compl@&¢[Cux(TAcO)s(DMF)2]-DMF, consists from paddle
wheel dimeric entity that is formed by the coordination of TAk@ands through its
carboxylate groups and having DMF capping the apical posifieigsire 2.10). The
thymine residue is neither involved in metal coordination nor in a complementary

hydrogen bonding interaction between thymine residues. Instead of that, it presents
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double N3H:::Ocarmoxylate hydrogen bonds involving twdrans arranged thymind-

acetato ligands, giving rise to a supramolecular linear chain that runs along the
crystallographicb a x i s . This supramol ecul-ar staslkeimbgy
interactions between the thymine residukab(e A. 7, AppendixA). The two remaining

thymine l-acetato ligands are hydrogen bonded through thél8nor position to the

oxygen atom of the crystallization DMF molecules.

The crystal structure of compléXFigure 2.11a) comprises two different dimeric entities

that differ in the solvents molecules occupying the apical positions. The first dimer
involve two DMF molecules coordinated through its oxygen atom to both apical positions
(similar to complex3), but the second dimer presents a water molecule and a DMF

molecule occupying the two apical positions of the dimer.

Figure 2.10. Hydrogen bond sustained 1D supramolecular chain of dimeric entities found in canplex
Double dashed I|lines indicate "1 ° stacking interacti

The thymine residue is not involved in metal coordination and exposes its Vaiskn
edge, ready to establistrecognition process with other thymines from adjacent dimeric
complexes. These interactions imply doublef3-O2 and N3H---O4 hydrogen bonds
involving the N3H donor group and O2/0O4 acceptor positions. These interactions

provide a supramolecular stture containing a 2D interconnected channel system
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comprising 71.1% of the unit cell volum&igure 2.11b). However, the real crystal
structure implies two of thessupramolecular networks mutually interpenetrated.
Interestingly, these two interpenetrated networks still left space for channels running
along the crystallographia axis that represent 42.2% of the total volume. This void
volume in the channels impliespossible porosity in this complexes. In order to check
this possibility we have performed two different kinds of experiments. In the first one,
taking into account the thermogravimetric analysis of compl@xgure 2.12a) and, in

order to check the stability of the crystal structure after removing the solvent molecules
from the pores, the sample has been subjected to vacuum at 90 °C for 24 h. This
experiment has rafted in an amorphous solidrigQure 2.12b), suggesting that the
structure has collapsed after removal of the guest solvents. In a second experiment, the
sample hadeen exposed to EtOH vapours for several days in order to check possible
solvent exchange. TGA analyses anday powder diffraction dataF{gure 2.12c, d)

have showrthat after one week in these conditions there is no solvent exchange.
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Figure 2.11. Complex4: (a) Double interpenetrated supramolecular final structure. (b) Supramolecular
network sustained by base pagiinteractions between the thymine residues showing 1D channels in the
interpenetrated final structure. Dashed lines indicate hydrogen bonding interactions.
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Figure 2.12. Thermogravimetric analysis @f under nitrogen gas with flow rate 90 mL/min and heating
rate 10 °C/min (a), and after exposed to ethanol gas for 3 days (c). (b) DRX powder diffractogram of
simulated and solid of (black and red lines respectively) and after exposed to vacuum for&atihdhat

90°C (blue line). (d) Simulated-¥ay powder diffractogram af(blue line) and Xray powder diffractogram

of a polycrystalline sample of after exposure for ethanol gas for one week (red line).

Complex [Cux(TAcO)4DMSO)]-4.5DMSO §£) presents agin an assembly of
[Cux(TACcO)4(DMSO)] dimeric units into supramolecular chains through hydrogen

bonding interactions. Albeit, there are not direct hydrogen bonds between the dimeric
entities but crystallization DMSO mediated {Ri3:-Opwmso---H-N3 ones Figure 2.13).
Nevertheless, ther-e atra&clkilre@ri retveda&antcieenofb
residues that reinforce the 1D supramolecular aggregatde A. 7, AppendixA). The

final 3D supramolecular structure of compkeis only sustained by weak vaerdwWaals

interactions.
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Figure 2.13. Hydrogen bonded supramolecular 1D chain founded in confmléxouble dashed lines
i ndi €atsd acking interactions.

The crystal structure of complg&€ux(TAcO)s(DMA)2]-DMA (6) is more complex as

two crystallographically independent [§TAcO)4DMA)2] dimeric entities are

coexisted. The first one establishes complementaryHN3D4 hydrogen bonding
interactions through twdrans arranged thymind-acetato ligands. Theemaining

carboxylato ligands are involved in a double-N3:Ocarvoxilatointermolecular hydrogen

bond that i s rsdiarcfkarngged ndyracti onfabldbet ween
A. 7, AppendixA). The combination of all these interactions generates a 2D rectangular

grid of dimeric entities Kigure 2.14a). The crystallographically independent second
[Cu(TACO)4(DMA) 2] dimeric units are held together into linear supramolecular chains,

through N3H:--Ocarboxilatointermolecular hydrogen bonds involving twrans arranged
thyminel-acetato ligandsHigure 2.14b) . These hydrogen Honds ar
stacking interactionsetween the thymine residues. The two remaining thywhiaeetato

ligands are hydrogen bonded through theHN8onor position to the oxygen atom of the
crystallization DMA molecules. These supramolecular chains are sandwiched between

the previously desdsed supramolecular sheets but there is no structural evidence of
additional interactions apart from weak van der Waals interactions.
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(b)

Figure 2.14. Supramolecular assemblies found in com@exa) 2D rectagular grid of dimeric entities
and (b) supramolecular | inear <thadkisng Diontbé ra dtaishred.

The building unit of complexX’, [Cu(TAcO)2(UAcO)2(DMF)], is similar to all the

previous cases, a paddideel shaped dimeric complex, but now replacing two of the

thymine l-acetato ligands by uracil analogues. The dimeric complex establishes
complementary N3---O4 hydrogen bonding interactions through timans arranged

thymine l-acetato ligands, whereas the remaining wheitetato ligand are involved in

a double N2H:--Ocarboxiatoi Nt er mol ecul ar hydrogen-- bond t
stacking interactions between the aromatic rings of the uracil residaéte (A. 7,

Appendix A). The combination of both supramolecular interactions generated a 2D
rectangudr grid of dimeric entitiesHigure 2.15a). These sheets are held together by

means of weak van der Waals interactions.

Similar to all the previous cases, comp&¥Cux(UAcO)4(DMSO)]-DMSO, is forming
from a paddlevheel shaped dimeric unit where all the uracil residue forming the dimeric
entities of [Cu(UAcO)4(DMSQY)], are involved in base pairing interactions (double N3
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H---O2 hydrogen bond) to provide supramolecsheets of the dimeric complex entities
(Figure 2.19b). Solvation DMSO molecules are placed in the space between adjacent

sheets.

Complex9 consists of a 1D chain which the copper(ll):water ratio is reduced to that in

1, being the TAcO ligand forced to occupy the empty coordination sites of the elongated
octahedral geometryr{gure 2.16). The carboxylato group of the thymine adopted a p
1k0:2kO’ coordination mode in such a way it is coordinated through O1 to the equatorial
plane of one copper(ll) atom and through O2 to tpeah position of an adjacent
copper(ll) atom, 1.945(2) and 2.624(2) A respectively. The carboxylate group is almost
coplanar with the CuD1 bond but almost perpendicular to ¢&@12. Twotrans water
molecules completed the coordination equatorial plafieese coordinated water
molecules further contributed to the cohesion within the chain by means of intrachain
hydrogen bonds that they established as donors with the thymine O2" and the carboxylate
02 oxygen atoms as acceptors. The copper---copper distaitic@ the chain is
4.5896(3) A. The thymine bases are projected outward the 1D chain allowing the
establishment of complementary hydrogen bonding interactiondH(N®4) between
thymine fragments belonging to adjacent chains. This interaction provided 2
supramolecular sheets of complex chains that are held together by means of weak van der

Waals interactions.
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Figure 2.15. Supramolecular 2D rectangular grid of dimeric entities found in compl@) and8 (b).
Doubl e dashed Istneckiimgiicmtteer dcti ons.
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® N

(©)

Figure 2.16. (a) Asymmetric unit of compleQ. (b) Fragment of the polymeric chain of compix(c)
Supramolecular 2D network resulting from the base pairing between adjacent polymeric chains of complex
9.

Complex10 corresponds to a 1D polymeric chain in which hydroxide anions help the
TAcO ligands to connect the copper(ll) metal centres. In taat crystallographically
independent copper(ll) centres are presented in the crystal structure of this complex
(Figure 2.17a-c). Both are octahedrally coordinatedt Cul, sited on a symmetry centre,

is bonded to two hydroxide anions and four oxygen atoms belonging to the carboxylate
group of four TAcO ligands, whereas Cu2, located in a general position, completed its
coordination polyhedron with two hydroxide anspm water molecule and three oxygen
carboxylate atoms from three TAcO ligands. Both the hydroxide and the TAcO ligands
act as bridges to link the metal centres within the chain. The hydroxide anion connects
three metal centres in an almost symmetricahitas (bond distances: 1.9863966 A).

There are two crystallographically independent TAcO ligands (FA&™d, TAcG2)

that bridge the adjacent metal centres showing different coordination modes
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(Figure 2.17a). The first ligand, TAcGL, uses its two carboxylate oxygen atoms to bridge
three metal centres {1 ©: 208 10d), whereas the second ligand, TA2Quses only

one carboxylate oxygen atom to bridge two metltres (i1 ©: 2 The equatorial
positions of the Cu coordination spheres are occupied by the carboxylato oxygen atoms
of the TAcOl ligand, the hydroxide anion and the water molecule with short
coordination bond distances (1:239 A). The TAc®2 ligand and one carboxylato
oxygen atom from the TAcQ ligand occupy the apical positions (2348 A). This
connectivity scheme leads to a linear array of fused metal triangles that share an edge and
the opposite vertex of each triangle where three differaial---metal distances could

be identified (Cul---Cu2: 3.003(2); Cul---Cu3.302(2) and Cu2.--Cii22.9734(14)

A) (Figure 2.17c-b). The thymine residue of theAEO ligands remains free to establish
additional supramolecular interactions that ensure the 3D cohesiveness of the crystal
structure. These supramolecular interactions comprise two different supramolecular
recognition processes involving thymine residtied hold chains together: i) a double
hydrogen bond (N3---04) between the TAc ligands and ii) two hydrogen bonds
established between the TAeDligand, and the coordinated water molecule and a
carboxylate oxygen atom from another TA&Oligand. Thecrystallization water
molecules also reinforce previously described interactions by means of an extensive
network of hydrogen bond§&igure 2.17d).

Complexesll and 12 have been obtained through a simple-poereaction between

Cu(ll) nitrate, TACOH, and 4,4bipy by hydrothermal reactionsde section 5)3

Crystal structure of complexl is composed ofinear 1D chains in which the metal
centres are bridged by 4;@ipyridine (4,4-bipy) ligands that impose a Cu---Cu distance

of 11.124 A. The coordination sphere of the copper(ll) metal centre adopts an axially
elongated square pyramid geomeffig(ire 2.18). The basal plane being occupied by the
two carboxylate oxygen atoms from two TAcO ligandsramsarrangement. The apical
position is occupied by a water moleewlith a significantly longer coordination bond
distance than those placed in the basal plane (2\&11272.01 A). The metal centre is
displaced 0.140 A from the basal plane towards the apical position. Thbipk4
bridging ligand is twisted 61.20°ith respect to the mean basal plane. The shape of the
coordination polymer in the solid state is best described as a linear ribbon of dimensions
1.9 x 0.8 nmFigure 2.18). The supramolecular 3D structure is sustained by a complex
network of hydrogen bonds-igure 2.18). The stronger hydrogen bonds involve the
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water molecules as donor of hydrogen bonds to the carboxylate oxygen atoms and as
acceptor from the thymine N3 position. There are also less strdddi---O hydrogen

bonds involving the aromatic-8 positions of the 4,4bipy bridging ligand and thymine

residue as donors and the thymine ketone groups as acceptors. It is worth to note that

there is no base pairing interactions between the thymineuessgtobably due to the
presence of water molecules that di-srupt t|

stacking interactions.

(d)

Figure 2.17. (a) Asymmetric unit of comple0, (b) Fragment of thpolymeric chain of comple0. (c)
Schematic representation of the chain topology. The rest of the TAcO ligand has been removed for clarity.
(d) Supramolecular structure founded in complex
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Crystal structure of complek? is composed of linear 1D chainvhere the coordination
sphere of the copper(l) metal centres adopt trigonal geometry. The coordination sphere
of the Cu(l) ion consists of one nitrogen atom from-bjpy and two oxygen atoms from

two TAcO ligands Figure 2.19%). Dimeric CuOz core was formed by bridging copper

(I) centres by two oxygen atoms from carboxylate groups of two TAcO liga@@®xo
bridging mode) and this dimer species are extemted.D chains by linear ligands (454

bipy) (Figure 2.19). The Cu---Cu distance is about 3.17 A through theOzdimeric
species, indicative of no direct Cu---®onding, whereas the 4;8ipy ligands impose

the Cu---Cu distance between the dimeric species to 10.90 A. The thymine bases are
projected outward the 1D chain allowing the establishment of complementary hydrogen
bonding interactions (N81---O4) between tymine fragments belonging to adjacent
chains. This interaction provided 2D supramolecular sheets of complex chains that are

held together by means of weak van der Waals interacttogisré 2.19c).

Figure 2.18. (a) Coordination sphere around the copper(ll) metal centre. (b) Views of a fragment of the
infinite coordination polymer. (c) Fragment of the crystal paclshgwing some of the most relevant
hydrogen bonding interactions. The disorder of the thymine residues has been omitted for clarity.
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Figure 2.19. (a) Coordination sphere around the copper(l) metal cehtrenaplex12. (b) Polymeric chain
of complex12. (c) Supramolecular 2D network resulting from the base pairing between adjacent polymeric
chains of complex2.
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Structural interconversion study between the mononuclear, dimetallic

and 1D-CP complexes

Interestingly, when a microcrystalline sample of
[Cux(TACO)4(DMF)2]3[Cux(TAcO)4(DMF)(H20)] (4) is exposed to a saturated humidity
atmosphere it undergoes, within few hours, a quantitativetnoal crystatto-crystal
transformation, to the blue 1D coordination polymer [Cu(TA¢E)0)]n (9)
(Figure 2.20c, d). However the treatment of microcrystalslafith large excess of water,
immediately and quantitatively reverse to the starting mononuclear complex
[CU(TAcOR(H20)4]-2H.0 (1) (Figure 2.20a, b). The last transformation is also
corroborated for complex&sand8, which after water addition transformed to complexes
[CU(TACOR(H20)4]-:2H0 (1) and [Cu(UAcO)(H20)4-4HO (2), respectively
(Figure 2.21).

(b)

Intensity (a.u)

25 2q 30

Intensity (a.u)

3q

Figure 2.20. Schematic representation of exposure of the dimetallic units fragmesT Ea®D)4(DMF),]

in (4) to liquid water (a) or vapour of water (c) induced destruction of the([@GwcO).(DMF);] (4) to

produce [CUu{AcO)2(H20)4].2H20 (1) or [Cu(TAcO)2(H20)2]n.2H.0 (9) respectively. (b)X-ray powder
diffractogram of complekXCu(TAcO)(H20)4].2H-0 (blue) and Xray powder diffractogram of complek
after add liquid water (red line). (c)-bay powder diffractogram of compldiCu(TAcO)(H20)4].2H,0
(blue line) and Xray powder diffractogram of compleiafter exposure to water vapour (red line).
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It is remarkable the significant structural changes induced by water in the coordination
sphere of the copper(ll) ions going from paddleeel dimetalliaunits in complexed, 5,

and 8 to an octahedral coordination sphere of [Cu(RACEYO)s-nHO with R =
Thymine @) or Uracil ) (n=2 @), 4 ). The reversibility of these transformations were
proved by adding dry DMSO for complexésand 2 that lead tothe formation of
complexes and8 respectively Figure 2.21)

(@)

(b)

Intensity (a.u)

[Cu(RACQJH,0),]-nH,O

R = Thymine for (1)
=Uracilfor (2)

NN

-

N

T
10 15

T T T
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2q

T
20 40
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[Cu(RACOYDMSO)] NDMSO

R = Thymine for (5)
=Uracilfor (8)

T
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2q
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1 20

Figure 2.21 (a) Schematic representation of the reversible transformations, induced by solvents, of the
paddle wheel complexe8 &nd8) to the mononuclear complexekdnd?2 respectively) and the reverse.
X-ray powder diffractograms of mononuclear complegb) and2 (c) (blue lines) and ay powder of
polycrystalline samples of compl&xb) and8 (c) (red lines) after water addition.
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Block B This section involves the complexes that have been obtained from the reactions
of Co(ll) salts and TAcOH or UACOH dgjands Scheme 2.2 The direct reactions of
TAcOH or UACOH in the presence of cobalt acetate monohydrate give raise to the
formation of mononuclear complexek3(and 14 respectively). On the other hand, the
direct reactions of TAcCOH or UACOH with cobatetate monohydrate in the presence

of anothemucleobase?,6-diaminopurine (HDap), with the idea to obtain extended 1D
polymers and to get insights into possible molecular recognitibetveen
complementary nucleobasedlow the formation of mononucleaomplexes15and16
respectively). In addition, we extended our attempts to obtain extended 1D polymer using

4,4bipyridine (4,4bipy) as linear bridging ligand but we have gotten mononuclear

complex (7).
L = TACOH
(@) [Co(TACO),(H,0),] (13)
25°C
Co(AcO),.H,0 + L
H,0
L = UACOH
[Co(UACO),(H;0),] (14
(b) L=TACOH . {{Co(Hdap),(H,0).]-TACO) ,3H,0} (15
. L'=HDap
Co(AcO),HO+ L+ L ——
H,0
25°C L = UACOH {{Co(Hdap),(H,0),]-(UACO),-3H,0} (16)
(©)
H,0
Co(NO,),.6H,0 + TACOH + 4,4-bipy [Co(TACO)(4,4-bipy)(H,0)] (17)
120°C/2 days

Scheme2.2. Schematic representation of synthetic methods of complég8ekry.

The crystal structures of complexe$3 and 14 consist of discretetrans
[Co(XAcO)2(H20)4] units, (X=Thymine or Uracil fol3and14respectively). The nial

centre in complexe$3 and 14 present a M@coordination environment that has been
formed from two carboxylate oxygen atoms from two ligands and four oxygen atoms
from water moleculesHgure 2.22). Complex13 shows usual Jakneller tetragonally
octahedral geometry with the coordination bond distance established by the carboxylate

oxygen atom being slightly shorter than those withwiager molecules (2.07s2.12 A).
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Complex14 shows less regular environment than that observed in conlaith a

bond distance difference of. 0.1 A between the two crystallographically independent
water molecules (2.14 and 2.05 A, respectively), rehe the carboxylate oxygen atom
coordination bond lies in between (2.10 A). The functionalized nucleobase moieties
coordinated only through one of its carboxylic oxygens whereas the other is involved in
an intramolecular hydrogen bonding interaction wahordinated water molecules
(Figure 2.22). Therefore, the nucleobase substituents of these ligands are not involved in
the metal coordination but they are a key fat¢hat determines the assembling of the

discrete complex entities through supramolecular interactions.

Figure 2.22. Molecular structure of complexd8 (a) andl4 (b). Dashed lines indicate to the intrebldnds
between the coordinated waters molecules and the oxygens of the carboxylate group. Colours code are; O,
red, N, dark blue, Co, blue, C, grey and H, white.
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Figure 2.23. Complementary hydrogen bonding interactions involving the thymine residue in coh3plex
(a) and the uracil residue in comple%(a). Dashed lines indicate to thelddnd.

In fact, there is a significant difference when analysing the supramatearchitectures

of complexesl3 and14. The assembling of the discrete entities in comp@ivolves

the interaction of the thymine residue with the water molecules of the adjacent entities
without the presence of direct hydrogen bonding betweenntldeobases. These
interactions involve the major groove MBand O4 positions to establish the double
hydrogen bond with two coordinated water molecules of an adjacent monomeric entity,
leading to a 2D supramolecular shekig(re 2.23a). Supramolecular architecture is
completed through additional water---water hydrogen bonds that held these

supramolecular sheets into a 3D crystal structure.

On the contrary, in compled4 the uracil residues are able to establish direct
complementary hydrogen bonds through its major groovelld8d O4 positions. It gives

rise to 1D supramolecular chainsdure 2.23b) that are held together through additional
Ow-H---0O2 hydrogen bonds. The different supramolecular assemblies present in both
complexes and similarly of their synthesis, seems indicate a stronger uracil---uracil base

pairing interaction thathe thymine---thymine one.
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In complexesl5 and 16, the coordination environment of the metal centre is quite
different with respect to complexds and 14, as two 2,&diaminopurine ligands are
coordinated to the metal centre itransarrangementyhereas the TAC@JAcO" anions
remain norcoordinated Kigure 2.24). The coordination sphere (in both complexes) is
completed by four water molecules to foacationc [Co(HDapy(H20)4?* entities that
exhibit octahedral environment (CeB®4). Two of the water molecules help stabilizing
the 2,6diaminopurine coordination mode through N9 position by establishing an

intramolecular hydrogen bond with the N3 position @ flurine as acceptor.

The difference osupramolecular crystal structusetween complexels4 and15 coming
from the different regimen of 4dond interactions established betwétap, HO, and
TAcO ion in150r UAcO ion for 16.

In case of complex15, three Hbonding interactions are responsible for the
supramolecular crystal structur@) double hydrogen bond involving twos-arranged
water molecules as donors and the two oxygen atoms of the TAcO carboxylateigroup, (
base pairing interaction lve¢en the major groove edge of the thymine residues,jiand (
base pairing interaction between the HDap N1 andHNsitions. The combination of
these three recognition-bbnd interactions leads to 2D supramolecular assemblies
(Figure 2.25a) which are piled up through additional 7 - - Ocarboxylatehydrogen bonds.

In complex16, two H-bonding interactions are responsible forghpramolecular crystal
structure (i) double hydogen bond involving tweis-arranged water molecules as donors
and the two oxygen atoms of the UAcO carboxylate group (the same observed for
complex15), and (i) base pairing interaction between the uracil residue and the N1/N6
H positions of th&,6-diaminopurine ligand involving three hydrogen bonds (uracil: 012,
N13-H, 014 and 24liaminopurine: N2H, N1, N6H). The combination of these two
supramolecular complementary interactions generates 1D supramolecular chains
(Figure 2.25b) that are connected through additional -Biw-Ocarboxylate aNd N7
H---Ocarboxylatehydrogen bonds.
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(b)

Figure 2.24. Molecular structure of complexds (a) and16 (b). Dash lines represent theldénds.

Figure 2.25. Complementary hydrogen bonding interactions involving the thymine residue in cobfplex
(a) and the uracil residue in comple& (b). Dash lines represent theliénds.



Results and Discussion; Synthesis and Structural Character_

For complex17, as shown irFFigure 2.26, similar to 13 and 14, TAcOH coordinate to
Co(Il) ion as monodentate ligand through the carboxylate group. The Co(ll) atom is Six
coordinated by four oxygen atoms, from two water moleculdswa TAcO anions, and

two nitrogen atoms from two 4;Bipy ligands Figure 2.26a, b). The CeO1 bond length
[2.081 A] is close to C® bond lengththat was observed for some monodentate
carboxylate ligand®’ The CoN [2.195 A] bond length is longer than thoskeather
Co(Il) complexes with 4,4ipy bridging linker. The €H---N hydrogen bonds between
thymine residues allow the formation of supramolecular 1D chains in the direci@on of
axis Figure 2.26c). Additionally, the GH---N hydrogen bonds between oxygen atoms
of water molecules and nitrogen atoms of-bjgy, from the adjacent supramolecular

chain, lead to a 2D layer supramolecwg#ucture Figure 2.26d).
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(@)

Figure 2.26. (a) Molecular structure of7 with atoms labelling. (c) Supramolecular 1D chain resulting
from the base pairing of thymine fragments. (d) 2D supramolecular network established in cbmplex
Dash lines represent thethbnds established in compléX.
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Insights in the H-bonding interactions in complexes 136

The study of crystal structures in compled@s16 allow us to make comparative study
and conclude some insights in-dénd directionality, in the presence of strong
donor/acceptor molecules such as water molecukrsusthe moleclar recognitions
between complementary nucleobases through vie#-known base pairingand/or

between pairs of the same nucleobase.

Although double stranded DNA structure is a clear example of the stability of
complementary nucleobases interactiopsevious works have shown that water
molecules can disrupt these direct hydrogen bonds between the nuclédbEses.
underlying issue seems to be a competitionwbeh the strength of the
nucleobase---nucleobase and nucleobase:--water hydrogen bonding interactions

The four Co(ll}nucleobase complexek¥16) show a close structural resemblance at the
molecular level13-14and15-16, respectively) but slight differs in the supramolecular
arrangements. The methyl group present in the thymine residue (the only difference
between TAcCOH and UAcOH) leads to the formations of different supramolecular
synthons that organize the crystal structure in different ways in twsplexes and
providing the opportunity to estimate the relative strength of théomtling
supramolecular interactionkigure 2.27). It allows determining theinhierarchy among

the supramolecular synthons that we believe could be a useful tool for the design of novel

crystal architectures based on this type of biologically active ligands.

Complexesl3-16 show a constant structural feature: the presence ofismmordinated
water molecules that play a predominant role in the hydrbgeding network. Complex
13displays direct hydrogen bonds between the thymine and water molecy@e¥ ) but

not thyminethymine (TT) interactions, while complex4 shows norcanoncal uracit
uracil (U-U) base pairing interactions. This fact suggests tHaiferactions are weaker
than those established betweei©OH and probably even weaker than those between U
U (Figure 2.27).
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HDAP---HDAP T T ADAP--T
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Figure 2.27. Scheme of the relative supramolecular synthon strength as deduced from the crystal structures
of complexed 3-16.

In fact, one of the reason proposedthg biologists for the replacement of uracil by
thymine in the DNA is the greater tendency of uracil not only to pair with adenine but
also with any other base, including sp#iring®® Probably, the presence of the
hydrophobic methyl group in the thymine is responsible of this behaviour as it is repelled
by the rest of the DNA?

On the other hand, complex&sandl16 also display &isarrangement of the coordinated
water molecules but the hydrogen bonding interactions pédee between the water
ligands and the free carboxylate group of the modified nucleobas€sGaO). It
implies that this interaction is stronger than those established between the pyrimidines (T
or U) and the coordinated water molecules. Additionalig, HHDapU interactions are
stronger than the HDaldDap and UU combination but the HDapDap and FT
combination is stronger than the HB&pnteractions. It also seems indicate that the

HDap-U interaction is stronger than the HD&mwne.
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2.2.2.Physical Properties

2.2.2.1 Electrical properties

Two probe direct current (DC) electrical conductivity measurements at 300 K were
performed in several single crystals of compe®-12 (see section 5.1)6 The

conductivity values at 300 K were obtained applying voltages from +10 YQ&/. The
room temperature DC conductivity values, for complex®42 suggesting a
semiconductor behaviour in aases Table 2.3). Table 2.3, shows the conductivity of
complexes 4-12). The conductivity values founded in these four-GBs can be
explained lo&ing at the copper---copper distances. Complé&asd 10 present shorter
copper---copper distances than these founded in compléasl12. These difference,
of the copper---copper distances, can be attributedetmature of the bridging ligands
thatinterconnect the Cu atoms. TActl@and, the acting bridging ligand in compl8x
and TAcO and OHion, the responsible bridging ligands in compléxlead to shorter
copper---copper distances comparing with compléXeand 12 where 4,4-bipy is the
bridging ligand..The better conductivity of compleb0 comparing with comple® can
be attribute to the existence of small bridging ligand such asddHbeside TAcOligand
making the copper---copper distances shorter and hence better electrical igdpduct
(Table 2.3).

For complexe® and 10, we have also performed dc electrical measurements with the
four contacts method in the temperature range-48@ K in orde to confirm the
semiconducting behaviour and determine the activation energy. These measurements
showed a semiconductor behaviokiglure 2.28) and activation energies o& 1.3 eV

for both complexes. As expected for semiconductors, at 400 K the conductivity is higher
with values of 1x16 and 5x10 S-cmit in complexe® and 10 respectively with to the
conductivity values at 300 Krable 2.3).
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