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Abstract

The present thesis doctoral has been realized in Nanomaterials group at Department of
Inorganic Chemistry, University Autonomous 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 (stimuli responsive
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 experimental section (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 interactions of modified nucleobases, thymine-1-acetic acid
(TAcOH) and uracil-1-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 several complexes ranged from mononuclear to extended 1D-CPs.
On the other hand, chapter 3 involves the interaction between Cu(I) salts with selected
pryidine derivative ligands, 2-amino-5-nitropyridine, ethyl-isonicotinate (EtIN), and
isonicotinic acid (INH). The direct reactions between these two building blocks allow us
to separate extended 1D-CPs formulated as [CuX(L)]n where 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.
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Resumen

La presente tesis doctoral se ha realizado en el grupo de Nanomateriales en el
Departamento de Química Inorgánica de la Universidad Autónoma de Madrid.
En la presente tesis, hemos diseñado, sintetizado, y caracterizado nuevos polímeros de
coordinación con propiedades multifuncionales, en particular, propiedades eléctricas,
magnéticas, y fotoluminiscentes, y que además muestran carácter dinámico (materiales
de tipo estímulo-respuesta).Esta tesis está dividida en cinco capítulos; introducción
general a polímeros de coordinación y los objetivos de la tesis (capítulo 1), los resultados
y discusión de los mismos (capítulos 2 y 3), conclusiones (capítulo 4), y la sección
experimental (capítulo 5).
Los resultados y las discusiones se han presentado en capítulos 2 y 3, dependiendo de los
bloques de construcción de partida, centros metálicos y ligandos orgánicos, que han sido
usados para preparar los complejos de coordinación. A este respecto, el capítulo 2 incluye
las interacciones de nucleobases modificadas, timina-1-ácido acético (TAcOH) y uracilo1-ácido acético (UAcOH), como ligandos orgánicos, y metales de transición, Cu y Co,
como centros metálicos. Las reacciones directas entre estos dos bloques de construcción
nos permiten separar varios complejos mononucleares de oscilaron entre extendida 1D
CPs. Por otra parte, capítulo 3 implican las interacciones de Cu sales (I) con ligandos de
piridina seleccionado derivados, 2-amino-5-nitropiridina, etil-isonicotinato (ETIN), y
ácido isonicotínico (INH). Las reacciones directas entre estos dos bloques de construcción
nos permiten separar ampliado 1D CPs formula como la que X = haluros, y L derivado
de piridina [CuX (L)] = n.
Por último, las nanoestructuras de unos polímeros de coordinación se han obtenido y
explorar su nanotecnológicas aplicaciones en el sector biomédico.
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1. Chapter 1. Introduction to Coordination Polymers and
Objectives 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 of coordination polymers to
their potential applications in many fields. The potential uses of this
class of materials for future nanotechnological applications will be
illustrated.

Chapter 1

1.1. Coordination polymers (CPs)
What are Coordination Polymers?
Coordination polymers (CPs), also known as metal-organic coordination networks
(MOCNs)1, can be defined as an extended arrays based on the self-assembly processes of
metal centres (connectors or nodes) and polyfunctional organic ligands (linkers) to form
1D, 2D and 3D frameworks (Figure 1.1).2 Coordination bonds are crucial tools for the
design and constructions of CPs, but the use of other weaker interactions, such as
hydrogen bonds, halogen bonds3-6 and - interactions will assist the construction of the
whole network.7-9 The selection of the starting building blocks, metal centres and
polyfunctional organic ligands, as well as solvents,10 counterions,11 and reaction
conditions are crucial to rationalize the final structure, in terms of dimensionality, and
topology of the CPs networks.12, 2 But the properties of the CPs will also depend on their
molecular components and how their align to form crystalline solid states matter.13

1D
2D
3D

Figure 1.1. Schematic representation of coordination polymers formation. Figure taken from reference 2.

The essential 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 number (Figure 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 can show different oxidations states: Cu(I),14 Cu(II)15 or mixed valance oxidation
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states,16 depending on the reaction conditions as well as the ligands. Thus, different
physical properties such as electrical conductivity, magnetism and/or photoluminescence,
and different geometries (tetrahedral, trigonal or octahedral) can be obtained depending
on the oxidation states of copper. In addition, metal complexes can serve as nodes to
construct CPs with high degree of nuclearity using multi-dentate bridging ligands.17
Recently, the term secondary building unit (SBU) has been used to coin the CPs that have
been formed as a result of using metal clusters as nodes and firstly devoted for transitionmetal carboxylate clusters that have been used for CPs constructions (Figure 1.3).18, 19
On the other hand, organic ligands, the second essential building blocks for CPs
constructions, play a critical role to draw the topology and the final properties of the
resulting networks. Organic ligands can be classified as mono-, bi-, tri-dentate depending
on the number of the donor atoms that co-ordinate to the metal centres. The ligands may
differ from each other in their charges, but mostly they are neutral or anionic
(Figure 1.4).1 Other relevant aspects of the ligand design are the skeleton of 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 groups…). Mostly, nitrogen20, oxygen18, 21, 19 and sulfur22-donor ligands
have been already used in CPs construction. In that regard, biomolecules beside their
potential biocompatibility, present remarkable structural features as organic ligands.23
They can show several donor atoms available for metals coordination, and consequently,
they can exhibit multiple coordination modes. These biomolecules can be either
structurally rigid or flexible, therefore in some cases they are candidates to present
dynamic architectures. In addition, they have intrinsic self-assembly properties which can
be used to direct the structure and function of CPs.24, 25 Among these biomolecules,
nucleobases and modified nucleobases (Figure 1.5) have received still little attention as
building blocks to construct functional CPs. However some examples have been reported
showing different dimensionality and wide range of the properties including electrical,
magnetic and optical properties.26, 27, 24, 25, 28-30
Apart of these two essential building blocks, organic ligands and metal centres, other
molecules present in the reaction such as the solvent molecules can play an essential role
in the final structure. For instance, molecules of solvent can co-crystallize and increases
the number of possible weak interactions in the final packing, or can act as guest
molecules in the vacant space inside the polymers networks.31

3

Chapter 1

Figure 1.2. Some coordination geometries of transition metal ions. Figure taken from reference 32.
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SBU

Node

Linker

CPs

Figure 1.3. Graphical illustration of the construction of some coordination polymers using SBUs and rigid
linkers. Figure taken from reference 21.
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Figure 1.4. Schematic representations for some used organic ligands to construct CPs. Figure taken from
reference 1.
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Figure 1.5. Summary of the purine (top and centre) and pyrimidine (bottom) nucleobases. 24

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, sometimes, followed 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 molecules.33-35 In fact, flexible nature was observed for porous
coordination polymers (PCPs), subclass of CPs, also known as metal-organic frameworks
(MOFs).36,

37

In addition, some non-porous coordination complexes show structural

flexibility that was detected through single-crystal to single-crystal transformation
(SCSC).38,

39

Dynamic materials, stimuli-response materials that undergo reversible

structural changes as function of the applied stimulus, being exceptionally useful in the
preparation of functional materials with tuneable or switchable physical properties. These
are, particularly, interesting for potential applications in the fabrication of electrical,40-42
magnetic,43 and photoluminescence devices,44 since their 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 later under CPs as responsive materials
(section 1.2.4).
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Synthetic methods for CPs
Traditionally, the main goal of CPs synthesis is the formation of high quality single
crystals for structural analysis and hence it enables the understanding of the structure and
properties. However, CPs are generally insoluble in common solvents, and often the
recrystallization is not available.12 In a surprisingly short period of time, the structural
chemistry of coordination polymers has reached a mature level, due to the application of
useful and novel crystallization and synthetic methods such as slow diffusion and
solvothermal or microwave-solvothermal methods.22, 45
In this section I will summarized in brief some of the synthetic and crystallization
procedures that have been used for the preparation of the CPs of this PHD work
(Figure 1.6): i) Self-assembly method, where the slow evapouration of saturated solution
containing the reactants may allow the growing of suitable single crystals for single
crystal X-ray diffraction (SCXRD) analysis; ii) diffusion method, where layers of the
reactants slowly diffuse to come in contact through separate layer. This is particularly
useful for the crystallization of poorly soluble products;46 iii) hydro(solvo)thermal
method, where the reactions are carried out at elevated temperature under autogenous
pressure of the used solvents and the reaction time and temperature are adjusted to allow
crystallization of the product;47 iv) microwave irradiation, this technique has been
developed as an alternative heating technique for the hydro(solvo)thermal method to
provide an efficient way to synthesize purely materials with short reaction times.32

8
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Microwave method

Solvothermal method

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

It is important to mention that by changing the synthetic procedure and/or the reaction
conditions for the same starting materials, formation of different products can occur
and/or formation of polymorphic species. Polymorphism is defined as the existence of
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 networks.48 Polymorphism is an
interesting phenomenon that plays an important role in understanding crystal packing and
structure–property relationships.49, 50 One interesting example for polymorphism in CPs
has been reported by Guoqi Zhang et al. They have synthesized a1D-CP formulated as
[CdL2]n, where L= 2-mercaptopyridine-N-oxide, in two polymorphic forms as a result of
the use of glycine as guest molecule in the starting reactants.51 The two crystallographic
polymorphs have similar 1D polymeric chains but they are significantly different in the
binding modes of the 2-mercaptopyridine-N-oxide ligand and the 3D packing modes
(Figure 1.7)
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Polymorph 1

Polymorph 2
Figure 1.7. Representation of the two polymorphs forms of [CdL2]n (L = 2-mercaptopyridine-N-oxide) and
their 3D packing modes. Figure taken from reference 51

Figure 1.8. Schematic representation of some one-dimensional motifs of coordination polymers. Figure
taken from reference52.
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CPs can be classified according to their dimensionalities into one dimensional
coordination polymers (1D-CPs), two dimensional coordination polymers (2D-CPs), and
three dimensional coordination polymers (3D-CPs). The dimensionality of CPs is often
determined by the geometry of metal centres. Interactions such as H-bond, - 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 dimensionalities, 1D-CPs are considered to be the
simplest one, nevertheless they have been found to have interesting electrical, magnetic,
and optical properties.27, 53, 54, 22, 55, 56 Figure 1.8 shows schematic representation for some
common 1D-CPs motifs.
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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,
tuneable properties, and the wide range of potential applications such as catalysis,
electronics, magnetism, optical, opto-electronics, and nano-applications.57-62, 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 dynamic nature of
CPs will be discussed. Finally, the fabrication of nanomaterials based on CPs will 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 temperature, pressure, applied voltages…. The
measurements of the resistance and, hence, the resistivity, of a sample require the
application of a current (I) and measuring the voltage drop across the sample (V).
According to Ohm’s law of conductivity (V = R×I; where V is the voltage, I is the current,
and the proportionality constant, R, is the resistance). Since R depends on geometrical
parameters (therefore, it is sample-dependent) and commonly expressed as resistivity (),
which is defined as  = R × (A/l), where A is the cross-sectional area of the conductor (A
= a × d) and l is the distance between the voltage-drop measuring points (Figure 1.9).
The conductivity () is inverse of the resistivity (), ( =1/), and measured in -1 cm-1
= S cm-1 (-1 = S = Siemens).
There are different methods to measure the electrical conductivity in solid state (crystals
or pressed pellets).60, 65 Among them, four contacts method and two contacts method have
been widely used (Figure 1.9). Four contacts method involves the connection of four
parallel in-line contacts to the sample where the two external contacts are used to apply a
current (I+ and I-) and the two internal contacts are used to measure the voltage drop
across the sample (V+ and V-).

12
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I+
V+
+
l
d
D
d
+

V-

I+, V+
I-

l

I-, V-

d
a

a

Figure 1.9. The four (left) and two (right) contacts methods for measuring electrical conductivity.
Dimensions l, a and d are the voltage probes distance, the sample width and thickness, respectively. Figure
taken from reference 60.

Two contacts method involves the connection of two parallel contacts to the sample where
apply a current (I+ and I-) and measure the voltage drop across the sample (V+ and V-).
These methods were developed to overcome the problems of conductivity measurements
such as the effect of the electrical contacts with the sample, morphology of the sample
(single crystals, pressed pellets, thin films…) and the quality of the crystals. When the
sample is pressed pellet, the crystal anisotropy is removed, and in these cases the
resistivity is mainly dominated by the inter-grain 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 behaviour implies that true metallic materials may appear as
low band-gap 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
(Rx) but neither the resistance 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, above ca. 50 m vs. ca. 250 m for the four contacts method.60
On the other hand, electrochemical impedance spectroscopy (EIS) technique is used to
measure the impedance of a given material 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 (AC) and 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 method for analysing the complex electrical resistance
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of a material and is sensitive to surface phenomena and changes of bulk properties.66
Therefore, it is a useful technique to measure the conductivity for the coordination
polymers, in particular those that contain in the networks protonated solvent.67
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
the impedance as a complex function. The potential is described as:
Et = E0 exp (jωt)
Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial frequency.
The relationship between radial frequency ω (expressed in radians/second) and frequency
f (expressed in hertz) is:
ω = 2πf
In addition, the current response is described as
It = Io exp (jωt- φ)

An expression analogous to Ohm’s law (R = E/I), where R is resistance, allows to
calculate the impedance of the system. The impedance is then represented as a complex
number

Z (ω) = E/I = Z0 exp (jφ) = Z0 (cos φ + j sin φ)

The impedance of a system can be expressed graphically in different ways, one of them
is Nyquist plot in which the real part (Re(Z)) is plotted on the X-axis, and the imaginary
part (Im(Z)) is plotted in the Y-axis of a chart (Figure 1.10a). On the Nyquist plot, the
impedance at one frequency can be represented as a vector of length │Z│. The angle
between this vector and the X-axis represents the phase angle (φ). Another representation
for the impedance measurements is the Bode plot (Figure 1.10b). In this case, the
logarithm of absolute values of the impedance and the phase angle are plotted in the Yaxis and the log frequency on the X-axis. The electrical conductivity can be calculated
from the Nyquist plot as l/a × Re(Z), Where l and a are the thickness (cm) and cross-
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sectional area (cm2) of the pellet respectively. Re(Z), which was extracted directly from
the real impedance axis, is the bulk resistance of the sample (Ω).

(a)

(b)

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

In general, the electrical behaviour of the materials can be distinguished looking at the
room temperature conductivity value which is usually in the range 101–105 S cm-1 for
metals, 10-10–101 S cm-1 for semiconductors, and below ca. 10-10 S cm-1 for insulators.
The thermal variation measurements of the electrical conductivity, inside the Ohmic
regime, is more reliable and give clear picture about the electrical behaviour of the
targeting material. For metals, the conductivity increase or the resistivity decrease with
decreasing temperature and the opposite behaviour was observed in semiconductors and
insulators.60
Band theory have been used to describe the conduction in solid materials.68 The materials
can be described according to their band 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
is called the “valence band”. The next higher unfilled band is called the “conduction
band”. The energy separation between these bands is called the “band gap”, (E g). The
filling of these bands and the size of the band gap determine the electronic behaviour of
solid materials (Figure 1.11). Fermi level, usually found between the valence and
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conduction bands, refers to the highest occupied molecular orbital at absolute zero. The
thermal activation 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 law: (T) = 0 exp(-Ea/kT), where Ea represents the activation
energy (corresponding to half of the band gap, Ea = Eg/2) and 0 is a pre-exponential
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 structure determination
techniques mainly, diffraction techniques.66

Figure 1.11. Illustrate 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 well-known 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 scarce.60 Based on recent results, some CPs systems have shown very
promising macroscopic electronic properties.60 In 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 conductive CPs.69,
70

One potential application of electrical conductive CPs deals with their incorporation

for the fabrication of electronic devices, or at the nanoscale 1D-CPs have been tested as
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nano/molecular wires.61 The electrical conductivity found in some 1D-CPs seems to be
dependent on their building blocks and structure.22, 60 It seems that requires short bridging
ligands to provide metal-metal distance as short as possible in the extended metal-ligand
structures that may give rise to electrical conductivity. It has been reported that a family
of CPs known as MMX chains formed by dimetallic subunits (MM units, M= Pt, Rh,
Pd…) bridging by halogens (X= I, Br, Cl), have shown reasonable electronic properties.60
In particular those MMX chains based on platinum with dithioacetates and iodide with
general formula [Pt2(RCS2)4I]n, where R is alkyl groups, have shown high electrical
conductivity values at room temperature. Table 1.1 gathers the electrical conductivity
values found in [Pt2(RCS2)4I]n. A careful study of structural parameters for [Pt2(RCS2)4I]n
MMX chains shows that the only difference between these MMX derivatives is the alkyl
chain length, which governs the interchains distances and may tune the Pt–Pt and Pt–I
distances that are responsible for the observed physical properties.
Table 1.1. Summary of conductivity data obtained for [Pt2(RCS2)4I]n, where R is alkyl groups, chains in
single crystals at RT (room temperature) and 1 bar using four contact method. 60

b

Compounds

Conductivity/S cm-1

[Pt2(CH3CS2)4I]n

2c/10b,c
7×10-3c,d/13

[Pt2(EtCS2)4I]n

5–30

[Pt2(n-PrCS2)4I]n

0.23

[Pt2(n-BuCS2)4I]n

17–83

[Pt2(n-PenCS2)4I]n

0.3–1.4

[Pt2(n-HexCS2)4I]n

2×10-3

RT and 7 GPa. c Two probe method. d Pressed pellet.

As a representative example of this family, Zamora et al. have studied the electrical
conductivity of [Pt2(n-PenCS2)4I]n, where Pen is pentyl group (Figure 1.12a).66 Direct
current (DC) electrical conductivity measurements carried out on crystals of [Pt 2(nPenCS2)4I]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 cm-1. The electrical measurements on crystals of [Pt2(n-PenCS2)4I]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 for [Pt2(n-PenCS2)4I]n.66 The data collected
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in Table 1.1, summarized the excellent electrical conductive properties that have been
founded in [Pt2(RCS2)4I]n 1D-CPs which open the door for these classes of materials to
be applied in electronic applications.53

(b)

(a)
S
I

Pt
Pt

Figure 1.12. (a) Structure of a single polymer chain of [Pt2(n-penCS2)4I]. (b) Thermal variation of the
electrical resistivity of [Pt2(n-penCS2)4I]. The dashed line shows the behaviour of a non-heated sample.
Figure taken from reference 66.

Another interesting CPs systems that showed reasonable electronic properties are those
that are formed using S-containing ligands as bridging ligands.60 It is well established that
when the sulfur atom acts as bridging ligand between the metal centres, may provide
better orbital overlapping and hence gives raise for polynuclear compounds with high
electrical conductivity.71, 60 Zamora et al have investigated the electrical conductivity of
several 1D-CPs produced by combination of copper(I) and S-containing ligands.22 For
instance,

a

novel

representative

1D-CP

based

on

S-containing

ligand

is

{[Cu9(C5H5NS)8(SH)8](BF4)}n, where C5H5NS = pyridine-2-thione ligand, in which Cu9
cages bridging by S atoms (Figure 1.13a, b).72 The electrical measurements of this 1DCP have presented high room temperature conductivity value of 1.6 × 10-3 S·cm-1 and a
classical semiconducting behaviour with an activation energy of 110 meV (Figure 1.13c).
The same authors studied the interactions of copper(I) halides (Br or I) with pyrimidine
disulfide ligand (pym2S2) that led to the isolation of isostructural 1D-CPs formulated as
[Cu3X(pymS)2]n, X =Br or I anions, pymS is pyrimidine-2-thione (Figure 1.14a, b).22
The room temperature electrical conductivity values of those two 1D-CPs are in the order
of magnitude of 10−6 and 10−7 S cm−1 for I and Br respectively, and the thermal variation
of the electrical conductivity suggested semiconducting behaviour (Figure 1.14c, d).
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(c)

Figure 1.13. Structure of a [Cu9(C5H5NS)8(SH)8]+ cluster with its atomic numbering scheme (a and b).
Thermal variation of the electrical conductivity of compound {[Cu9(C5H5NS)8(SH)8](BF4)}n (using four
contact method, c). The inset shows an Arrhenius plot. Figure adapted from reference 72.

Figure 1.14. Structure details of [Cu3X(pymS)2]n (X = Br or I anions) with an atomic numbering scheme
(a) and the helical chain of [Cu3X(pymS)2]n (b). Thermal variation (using four contact method) of the
electrical conductivity of compounds [Cu3I(pymS)2]n (c) and [Cu3Br(pymS)2]n (d). The inset shows an
Arrhenius plot. Taken from reference 22.

In addition, Henderson et al have studied the electronic properties of 1D-CPs formulated
as [M(L)2(X)]n, M= Ag or Cu, L is N-containing ligands and X = SCN or NO3 anions.73
Among them, [CuI(pyridine-3,4-dicarbonitrile)2(SCN)]n (Figure 1.15a) showed a room
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temperature conductivity value of 4.29 × 10-5 S cm-1. In addition, the thermal variation of
the electrical conductivity exhibited a semiconducting behaviour (Figure 1.15b).

Figure 1.15. (a) A section of the polymeric chain of [Cu I(pyridine-3,4-dicarbonitrile)2(SCN)]n and, (b) its
thermal variation of the electrical conductivity.
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1.2.2. Magnetic properties
Design and synthesis of attractive magnetic materials are important field in material
science. Among all growing number of potential functional applications of CPs, their
magnetic character can be tuned and controlled by changing the linkers and nodes. 74-80
As a result, large numbers of CPs exhibiting ferromagnetism,81-84 antiferromagnetism,8589

and ferrimagnetism interactions,90,

91

single chain magnet,92-94 single molecule

magnet,95-97 spin crossover,98-101 and spin canting,102,

103

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 distinguished: i) magnetic materials
presenting long range magnetic ordering, as it occurs in general magnets; and ii) spin
transition through bridging ligands. In the former, magnetic ordering is derived from the
cooperative exchange interactions between the paramagnetic metal cations through superexchange pathways of, typically, diamagnetic entities. Antiferromagnetism (↑↓↑↓),
ferrimagnetism (↑↓↑↓), and ferromagnetism (↑↑↑↑) are the common cooperative magnetic
spin interactions observed within the solid materials. Consequently, magnetic centres
need to be organized in specific topologies and linked by ligands that efficiently promote
magnetic exchange interactions to achieve a long-range control of the magnetic
interactions. The target is to control the magnetic exchange interactions by regulating
bridging distances, angles and electronic configuration of magnetic centres. As a result,
the ligands design, ligands with oxo, cyano or azido bridges showing a strong coupling
between the metal centres and their unpaired electrons,104, 105 is crucial, for both the
organization of the paramagnetic metal ions in a desired topology, and to transmit
exchange interactions between the metal ions in a controlled manner.104, 106, 105, 107-109, 84
The formation of bulk magnetic materials with non-zero spin requires a frameworks that
allows parallel coupling of the spins of neighbouring paramagnetic spin carriers
(ferromagnetic interactions) or antiparallel coupling of unequal spins (antiferromagnetic
interactions). Additionally, there is a class of magnetic CPs based on spin transition that
is known as spin-crossover (SCO). SCO is a phenomenon in which electronic
configurations of a transition metal ion can be switched between high-spin (HS) and lowspin (LS) states in response to external stimuli (temperature, pressure, light irradiation,
magnetic field, electric field, and guest sorption) producing changes in magnetism, colour
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and structure.100 Notice that, the exchange interactions are in general weak 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 and/or external applied magnetic field. These responses are used
to determine the specific type and strength of magnetic interactions. Typically,
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 function of
temperature at constant applied field. Magnetic properties analysis of particular material
can be carry out by examining the temperature dependence of molar susceptibility (χm =
g M where g is mass susceptibility and M is molecular weight), molar susceptibility
temperature product (χmT), and inverse of molar susceptibility (Figure 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, in order to measure the magnetic properties of CPs, SQUID technique,
“superconducting quantum interference device”, is a very sensitive magnetometer used
to measure the magnetization of a sample with a defined mass in various applied fields
(up to 7 T) and at various temperatures (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, plots of M (Magnetization) vs. H (applied magnetic field) in constant
temperature are also useful in magnetic characterization (Figure 1.17). A characteristic
of the curves 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
hysteresis behaviour (memory 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
remains 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 field (HC).
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Figure 1.16. Plots of (a) χm vs. T, (b) Plot of χmT vs. T and invers of χ m vs. T for different magnetic
materials.

Figure 1.17. Schematic of the hysteresis loop in ferromagnetic materials showing the saturation
magnetization, coercive field and remnant magnetization.
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In the context of magnetism, the study of magneto-structural correlations is aiming to
understand the structural and chemical factors that govern the exchange coupling between
paramagnetic centres through multiatomic bridges ligands.110, 111, 89 Carboxylic ligands
are one of the most frequently used ligands for the construction of CPs with different
magnetic properties.74, 85, 75, 86, 106, 88, 80, 89, 109 They can adopt a high variety bridging modes
such as syn-syn, anti-anti or syn-anti conformation. Therefore, they can bridge two or
more metal ions into coordination compounds with several dimensionalities ranged from
0D complexes to infinite arrays (1D, 2D and 3D) frameworks.112, 113, 89 Paddle-wheel
carboxylate-copper systems are one of the widely studied motifs, due to their versatility
and their novel magnetic systems with different dimensionalities when an appropriate coligand is used.114-117 Generally, the experimental and theoretical studies concerning
paddle-wheel species have also shown various magnetic interactions between adjacent
Cu(II) ions, range from moderate or strong antiferromagnetic to ferromagnetic coupling
between the unpaired electrons of the Cu(II) centres. The strength of these coupling are
measured by the coupling constant J within the usual isotropic Heisenberg–Dirac–van
Vleck model: H= -2 ∑ Jij Si Sj; Si = Sj = 1/2 (2J represents the singlet–triplet energy gap).
The nature of interactions, and hence magnitude of the exchange interaction, seem to be
depending on the M-O-C-O-M conformation, the nature of the carboxylate ligands, the
bond angles at the bridging atoms, the copper-bridge ligand bond lengths, and the apical
ligands.118, 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 radiation). The processes that occur between the
absorption and emission of light are usually illustrated by the Jablonski diagram
(Figure 1.18).121 The singlet ground electronic states are depicted by S0. Following light
absorption, several processes usually occur. A fluorophore is usually excited to some
higher vibrational level of either S1 or S2. Molecules in higher exited states are rapidly
relax to the lowest vibrational level of S1. This process is called internal conversion (IC).
IC process is non-radiative and generally occurs within 10–12 s or less. IC is complete
prior to emission. Return to an excited vibrational state at the level of the S 0 state is the
reason for the emission spectrum (fluorescence). Molecules in the S1 state can also
undergo a spin conversion to the first triplet state T1. Emission from T1 is termed as
phosphorescence, and is generally shifted to longer wavelengths (lower energy) relative
to the fluorescence emission. Conversion of S1 to T1 is called intersystem crossing (ISC).
Transition from T1 to the singlet ground state is forbidden, and as a result, the rate
constants for triplet emission are several orders of magnitude smaller than those for
fluorescence. Therefore, we can conclude that there are two basic types of luminescence:
fluorescence, which is spin-allowed between the energetic states and has typical lifetimes
approximately 10 ns; and phosphorescence, which is spin-forbidden and has lifetimes that
can be as long as several seconds.121
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Energy

S2
S1

IC

S: Singlet states
T: Triplet states
T2 A: Photon absorption
F: Fluorescence
T1 P: Phosphorescence
IC: Internal conversion
ISC: intersystem crossing

ISC
IC

A

F
P

S0
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
process and 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 state before
emitting a photon and is determined as being inversely proportional to the sum rate
constants of a radiative process and the non-radiative processes.121
CPs are very promising materials as photoluminescent materials 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 materials. Currently,
polynuclear d10 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 light-emitting diodes,122-126 and as stimuli responsive
materials.127-130 One of the prominent classes of photoluminescent coordination
compounds is the copper(I) halides131,

127, 128, 132, 133, 55, 134

and pseudo-halide

compounds.135-137 The variety of available coordination numbers and the flexibility of
halides coordination geometry (from terminal to 2- and up to 8- bridging modes), have
introduced great structural diversity in copper(I) halides complexes.138 Consequently,
copper(I) halides can adapt various structural motifs including square Cu2X2 dimers,
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cubane or stepped cubane Cu4X4 tetramers, zig-zag [CuX]n chains, and double stranded
[Cu2X2]n ladders (X = Cl, Br, or I anions, Scheme 1.1).139,

140, 138

They are easily

synthesized and tuneable in emission colour,131, 132, 141, 55, 134 with high emission quantum
yields in the solid state.142-144 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 metals.145
In general, possible assignments for the excited states that are responsible for emission
phenomena of Cu(I) complexes are ligand-centred (LC), π→ π* transitions and metalcentre (MC). In addition, ligand-to-metal charge transfer (LMCT), transition involves the
electronic transition from orbital of organic ligand to a metal-centred orbital, and metalto-ligand charge-transfer transitions (MLCT), corresponds to the electronic transition
from a metal centred orbital to an organic ligand orbital.132, 146-150 In the presence of
halides, Ford et al have showed that the photoluminescent behaviour and geometries of
copper(I) halides aggregates are strictly related.151-153, 134 Cu(I)-halides aggregates with
tetranuclear complexes {Cu4I4L4} (L is substituted pyridine)154-156 and rhombic {Cu2(X)2} (X= halides) dimeric unit,157 are of special interest as they have been known to be
emissive. Ford et al studied the case of the {Cu4I4py4} (py is pyridine) cluster, where two
different emission bands have been observed. The high-energy band (HE) dominating at
low temperature 77 K, was attributed to halide-to-ligand charge transfer (XLCT) that may
show up in the presence of unsaturated ligands with accessible π-orbitals.158, 153 The lowenergy band (LE), dominating at room temperature, has been assigned to an excited state
known as cluster centred (CC) transitions which is mixture of halide-to-metal charge
transfer (XMCT) and (d → s,p) metal centred character. The term ‘metal cluster centred’
was coined to emphasize that the transition is localized on the Cu4I4 cluster 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 2.8 Å.159, 134
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Scheme 1.1. Some coordination modes observed in copper (I) halides.

Table 1.2 Summarize of some reported double-stranded Cu(I) halides 1D-CPs and their photoluminescence
properties.

Complexes

formula

dCu···Cu (Å)

em/nm (298 K)

assigned to

Ref

1

[CuI(L1)]n

2.88

437

XLCT

152

2

[CuBr(L1)]n

2.91

509

XLCT

152

3

[CuI(L2)]n

2.80

454

XLCT

160

4

[CuI(L3)]n

2.89

612

XLCT

152

L1 = pyridine (Py); L2 = 3-methylpyridine (3-MePy); L3 = 4-acetylpyridine (4-ActPy).

On the other hand, a limited number of photoluminescent polymeric “double-stranded
staircase’’ copper(I) halides CPs with N-containing ligands have been reported.160, 151, 152,
141, 55, 134

Table 1.2 shows the photoluminescence assignments for a series of related,

double-stranded staircase CPs. According to Table 1.2, complexes 1 ([CuI(Py)]n) and
complex 2 ([CuBr(Py)]n) adopt similar double-stranded chains with different halide ion,
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I and Br anions for 1 and 2, respectively. The emissive properties have been assigned to
XLCT. The emission of 2 ([CuBr(Py)]n) is red shifted with respect to complex 1
([CuI(Py)]n) which does not follow the halides polarizability trend (I > Br). Additionally,
the longer Cu···Cu distance, dCu···Cu of 2 > 1, discards any contribution for CC that is
highly dependent on the Cu···Cu distance.160, 152 By comparing the emissive properties
of complexes 1 ([CuI(Py)]n), 3 ([CuI(3-MePy)]n), and 4 ([CuI(4-ActPy)]n), all are
structure related, one can observe that em for 4 > 3 >1. The authors assumed that the
electronic character of complex 4 was red shifted with respect for complexes 1 and 3 due
to the electron-withdrawing effect of the acetyl group. In a recent study for the doublestranded staircase polymers with formula [(CuX)2L]n ( X = I, Br or Cl and L = pyrazine
or pyrazine derivatives),55 the authors attribute the emissive properties of these series of
CPs, to cluster centred transition, XMCT mixed with MC (copper 3d–4s). In addition,
they demonstrated, using theoretical calculations, that the halides size and/or Cu–X
distances play a key role in the emissive properties.
In general, the emission properties of copper(I) halides complexes are expected to assign
for LMCT, MLCT, XLCT, XMCT and CC depending on the composition and the
structure parameters.152, 161, 141, 55, 162
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1.2.4. Coordination polymers as responsive materials
Currently, the design of stimuli-responsive materials is attracting considerable interest in
view of their potential applications including memories43 or molecular sensors.163, 164
Upon exposure the responsive materials to external physical or chemical stimuli (heat,
light, mechanical force, remove or exchange of solvents and guest molecules, exposure
to reactive vapours or more drastic by exchanging the metal ions or insertion of additional
ligands), gives raise for drastic structural transformations.165, 33 These transformations,
can be consequence of new bond formation or breakage which results in a change of
coordination number, geometry, dimensionality, etc., are often followed by changes in
physical properties such as magnetism,39 luminescence,166,

164

and/or electrical

conductivity. Single-crystal X-ray crystallography is the principal technique to
understand such structure dynamics.34 A major source for these dynamic materials is
provided by coordination polymers,43, 167, 36, 33 where they can be constructed as a result
of the combination of metal ions or clusters, and organic ligands through by means of
reversible coordination bonds.
In the following paragraphs, we illustrated few interesting examples for CPs stimuli
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, light, electrical field, absorption of gases …etc.168, 169
Interesting example of electrical responsive materials has been reported by Peter
McGrail1 et al. They have studied the electrical conductivity of one MOF formulated as
Cu(TCNQ) (TCNQ is 5,7,7,8,8-tetracyanoquinodimethane). This MOF has been
synthesized as two different polymorphs defined as phase I and phase II (Figure 1.19).170
The electrical measurements, by two contact method, of Cu(TCNQ) phases have shown
that these phases exhibiting significant difference in the charge transport properties,
showing a value of 4.8 × 10-3 S cm-1 for phase I while phase II showed a conductivity
value of 5.8 × 10-7 S cm-1. Studying the electrical conductivity, on thin film, of the lower
conductive phase (phase II) as a function of the applied electrical 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 increased. This process is completely reversible,
the material came back to the lower conducting phase when the electrical field has been
removed. X-ray powder diffraction studies have confirmed that the higher conducting
phase is matching with the pattern of phase I. Surprisingly, this study showed that the
structure transformation goes through intermediate phase, better conductor than phase II
but less conductor than phase I, at lower applied potentials, 3 V (Figure 1.19a). The
higher conducting phase (phase II) has been observed at higher applied potentials.170 In
fact, the authors attributed the large difference in conductivity between these two phases
to structural aspect. Remarkable, the TCNQ molecules, in phase I network, come together
to give a columnar stack with the closest distance being 3.24 Å as shown in Figure 1.19.
In contrast, in phase II, the TCNQ rings are ‘‘slid’’ and no  stacking has taken place
(closest distance is 6.8 Å).

(a)

Phase II
(b)

Intermediate
Phase III

Phase I

Figure 1.19. (a) Single crystal structure of Cu(TCNQ) state phase II (left), transitioning to a proposed new
‘‘on’’ state phase III (centre) at 3 V followed by a transition to phase I at 6 V (right). (b) Interpenetrating
networks in phase II (left) and phase I (right).170
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Figure 1.20. DC current-voltage plots showing bi-stable switching in a 10 m-thick Cu-TCNQ (phase II)
film placed between two electrodes in a sandwich structure. Each new scan was performed after a relaxation
period of about a minute.170

1.2.4.2. Magnetic responsive coordination complexes.
The design of responsive magnetic materials has recently attracted considerable attention
in the field of molecular magnetism.43 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 pressure.171, 77 Many examples
of copper(II) carboxylates, based CPs, undergo for reversible or irreversible structural
transformations in the presence of solvent molecules, temperature, and air.77, 172, 35 The
structural transformations of CPs containing paddle-wheel copper(II) carboxylates
present particular interest due to these transformations are accompanied by properties
modulations.38, 173 Jean-Marc Vincent et al. presented a magnetic transformation, induced
by humidity for fluorous copper(II) carboxylate complex formed as paddle-wheel
structure and formulated as [Cu2(C8F17COO)4(acetone)2]. By exposure the solid of
complex [Cu2(C8F17COO)4(acetone)2] to air, a dramatic decrease of the exchange
magnetic interaction within the dimer (strong antiferromagnetic) to hydrated form of
complex [Cu2(C8F17COO)4(acetone)2], in which the copper(II) ions behave as

32

Properties of Coordination Polymers

magnetically isolated ions with small antiferromagnetic coupling, has been observed
between the metal ions, 2J = -7 cm-1, at room temperature (Figure 1.21). In addition,
drastic changes of the spectroscopic properties (IR and EPR) have been observed.174

(a)

Hydrated

(b)

Figure 1.21. (a) Schematic representation for the expected structural rearrangement found in
[Cu2(C8F17COO)4(acetone)2] after water vapour exposition. (b) Experimental magnetic susceptibilities
plotted as χΤ versus T of crystals of [Cu2(C8F17COO)4(acetone)2]. (black), the hydrated form obtained from
powdered crystals of [Cu2(C8F17COO)4(acetone)2].exposed to the air for 24 h (red) and hydrated form that
has been dehydrated under vacuum (blue).39

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 carboxylates in the dimer units to afford a structure possessing
both bridging and monodentate carboxylates to produce the hydrated form of
[Cu2(C8F17COO)4(acetone)2] 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(II) ions as revealed by EPR and magnetic susceptibility
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measurements (Figure 1.21).39 These data show that the hydration/dehydration process
isn’t accompanied by a fully reversible structural rearrangement in the solid state as
reported for other paddle wheel complexes.38

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 the literature, there
are many examples where the photoluminescence properties can be switched by uptake
external gas or vapours of volatile solvents which known as vapochromism.129
The terms thermochromism and mechanochromism were coined when the external force,
responsible for switching the photoluminescence properties, are heat or mechanical forces
respectively.175 In fact, copper(I) halides have received huge attention as
photoluminescent responsive materials owning their structure diversity, rich
photophysical properties and adapt various geometry that can be attribute to the wide
range of their coordination numbers.160, 132, 140, 138, 148 In a recent report, Tae et al. have
presented a copper(I) iodide CPs that have shown dual responsive behaviours
(vapochromism and thermochromism).128 Figure 1.22a, presents the synthesis and crystal
to crystal transformations of coordination polymers that involve Cu4I4 cluster bridged by
organic ligand (L), L = 2-(tert-butyl-thio)-N-(pyridin-3-yl)acetamide. Upon exposure
[Cu4I4L2]n (defined as complex 2) into CH3CN (g), the CH3CN molecules attacked the
closed cubane Cu4I4 cluster to allow stair-step Cu4I4 clusters formation and gives raise to
1D, loop chain, structure formulated as [Cu4I4L2(CH3CN)2]n (defined as complex 1)
(Figure 1.22a). This transformation has been followed by colour change and blue shift in
the photoluminescence emission spectra (Figure 1.22a, c). Additionally, upon exposure
complex 1 ([Cu4I4L2(CH3CN)2]n) into MeOH (g), the stair-step Cu4I4 clusters came back
to closed cubane Cu4I4 cluster in drastic structure change to provide 3D network of
complex {[Cu4I4L2]·MeOH}n (defined as complex 3), that is structurally analogous for
complex 1 ([Cu4I4L2(CH3CN)2]n) but with MeOH molecules inside the pores of the
network (Figure 1.22a, c).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1.22. (a) Schematic representation for the preparation and crystal-to-crystal transformations of
cubane and stair-step Cu4I4 clusters in CPs, formulated as [Cu4I4L2(CH3CN)2]n (complex 1), [Cu4I4L2]n
(complex 2) and {[Cu4I4L2]·MeOH}n (complex 3), by heat or solvent vapour. Photographs of complexes
1–3 before heating without (b) and with (c) UV irradiation, and with UV irradiation after heating (d).
Photoluminescence spectra of polycrystalline complexes 1–3 before (e) and after (f) heating (ex=350 nm).
Taken from reference 128.
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These transformations had been followed by colour change and great red shift in the
photoluminescence emission spectra of complex 1 ([Cu4I4L2(CH3CN)2]n). On the other
hand,

when

solid

samples

of

complexes

1

([Cu4I4L2(CH3CN)2]n)

and

3

({[Cu4I4L2]·MeOH}n) were heated at 130 ºC, structural transformations have been
observed ongoing from complexes 1 or 3 to complex 2 and these transformations have
been confirmed further by the photoluminescence study, (Figure 1.22f, d). This example
strongly recommends photoluminescence responsive materials for applications such as
chemical sensor for detecting and separating volatile harmful gases.166, 176
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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 controlled and repeatable
way are ‘top-down’ and ‘bottom-up’ approaches.177-180 The strategy of ‘top-down’
employs tools that reduce the size of the bulk materials using different strategies to
produce nanostructures with the desired geometry. This approach faces many challenges
such as complexity, size limitation around 10–15 nm, and high cost of clean rooms,
operation and maintenance of the equipment.181 On the other hand, the ‘bottom-up’
strategies take the advantage of self-assemble processes of the atomic and molecular
components into nanoscale structures by means of covalent and/or non-covalent
interactions. This concept somehow tries to mimic the biological systems, for instance,
the formation of the double helix in the deoxyribonucleic acid (DNA) molecules is based
on the self-assemble of the DNA bases.
The research efforts devoted to create nanostructures of CPs with novel properties are
still very limited.16, 182, 183, 66, 184-188 In that regard, miniaturization of CPs to the nanometer
size is an area of growing interest to develop a new class of highly tailorable functional
materials that maintain the classical characteristic of bulk CPs with the advantages of
nanometer features. Nanoscale coordination polymers (NCPs) can be classified according
to their dimensionality to: 0D (particles),189,190 1D (fibres, tubes, rods, tapes,…),184, 191, 192
and 2D (thin films and membranes).193, 45 On the other hand, NCPs can be classified,
based on their structural regularity, into amorphous or crystalline. Crystalline NCPs offer
well understanding of their compositions, structures, and greatly facilitate the drawing of
structure-property relationships in these class of nanomaterials. Indeed, many strategies
have been reported to prepare crystalline NCPs. For instance, crystalline NCPs can be
achieved controlling the nucleation and growth of the building blocks through the selfassemble process, and their interactions at specific locations on surfaces.182, 194, 191, 192, 187
Among these strategies, the fast precipitation approach, where nanoparticles are insoluble
in the solvent system whereas the individual precursors are soluble, is widely used for the
synthesis of crystalline NCPs.182, 184 In addition, hydrothermal synthesis, water-in-oil, or
reverse, and microemulsions,195 (the micelles in the microemulsion act as “nanoreactors”
that assist in controlling the kinetics of particle nucleation and growth), have been
successfully used to prepare crystalline NCPs.
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Due to the important role that 1D nanostructures can play in many applications, including
electronics,191 optics,196 magnetic devices,197 sensor,198, 199 and as template for functional
species,192 much effort has also been directed toward the development of methods to get
control in the formation of 1D-CPs nanostructures (1D-NCPs), such as wires, rods, tubes,
and fibres, since they can play However still the number of samples is very limited.

Studies of electrical conductivity in 1D-NCPs 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 electronic devices. The
majority of nanotechnology interest is directed toward the precise organization of such
nanostructures, of electronic chips or electronic devices, into more complex nanoarchitectures and devices. In order to fabricate electronic devices or integrated circuits in
molecular scale different molecular components are required. Molecular wire candidates
have to fit some requirements meanly, good electrical properties, ease controllability of
synthesis, and nanoscale self-organization to inter-connect and organize them into a
molecular circuit.200, 201
On the other hand, the endless tailorability of CPs that result from the infinite choice of
building blocks suggest their potential use for electronic applications.104, 18, 59, 202, 12, 36, 203,
21, 32, 64

. Thus, conductive nanofibers or single chain of 1D-CPs are of great importance

for molecular electronics where they can act as molecular wires. The selected building
blocks, metal centres and organic ligands, have to produce 1D-NCPs with two essential
features, to be accessible for molecular electronics applications; (i) they have to possess
high electrical conductivity at nanometer scale, and (ii) they could be able to participate
in molecular recognitions processes to assemble complex structures.
New methodologies have been developed to isolated few/single chains of 1D-NCPs on
insulator substrate (Figure 1.23) in order to enable their electrical characterization.204, 205,
191, 186, 192, 187

. In that regard, few examples of 1D-NCPs have been tested as molecular

wires.206, 207, 66, 185, 208, 209
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Figure 1.23. Summary of some selected inorganic systems studied as molecular wires. 191

Zamora et al have been able to isolate nanoribbons of [Pt2I(dta)4]n (dta = dithioacetato)
on mica, by direct sublimation of [Pt2I(dta)4]n monocrystals, under high vacuum
conditions (Figure 1.24).188 The electrical conductivity measurements of these
nanoribbons suggest an inherent metallic character (Figure 1.24d). These results and the
high electrical conductivity found in close related MMX nanoribbons207,

66

strongly

support that 1D-CPs nanostructures are very promising systems for applications in
molecular electronics.
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(a)

(c)

(d)
I(nA)

(b)

V(V)
Figure 1.24. (a) Schematic representation of a single chain of [Pt2I(dta)4]n. (b) AFM image of single
nanoribbon on a highly ordered pyrolitic graphite surface directly sublimated from [Pt2I(dta)4]n crystals.
The inset shows its height profile taken across one of the nanoribbons. (c) Scheme of the electronic circuit
used to measure the current flowing through the nanoribbons. (d) Current versus voltage characteristic taken
by contacting the nanoribbon 100 nm from the gold electrode. 188

In an related system, Müller et al have studied the electronic properties of single polymer
strand of 1D-CP formulated as [Cu2(OAc)4(trans-bie)]n trans-bie(trans-bis(Nmethylimidazol-2-yl)ethylene) is a conjugated N,N donor ligand.210 This 1D-CP consists
of paddle wheel units of copper(II)acetate and trans-bie acting as bridging ligands
between the paddle wheel units (Figure 1.25a). The authors assume that such ligand
(trans-bie) exhibit -donor, -acceptor, and -donor capacities, thus 1D MML-type CPs
based on N,N donor ligands might exhibit promising physical properties related to the
MMX systems. To isolate single chain of this 1D-CP, an acetonitrile dilute solution of
[Cu2(OAc)4(trans-bie)]n 1D-CP was deposited on HOPG (highly ordered pyrolitic
graphite) surface (Figure 1.25b). STM/CITS (scanning tunnelling microscopy/current
imaging tunnelling spectroscopy), have been used to characterize the electronic properties
of single strand of this CP.206 CITS is a scanning tunnelling spectroscopy (STS) technique
where an I-V curve is recorded at each pixel in the STM topographic map while
maintaining a constant tip to surface distance.
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(a)

(b)

(c)

(d)

Figure 1.25. (a) Schematic representation of a single chain of [Cu2(OAc)4(trans-bie)]n. (b) and (c) STM
topography and CITS current images for Cu2(OAc)4(trans-bie)]n respectively (d) I–V characteristics
recorded for [Cu2(OAc)4(trans-bie)]n, blue and red (polymer), and green (HOPG) regions. 210

The current contrast changes significantly when, at certain bias voltages, new molecular
energy levels come into play. Therefore, these types of current imaging measurements
allow spatially resolved energy spectroscopy. The authors used STM/CITS to measure IV characteristics curve at three present points from STM topography (two along the 1DCP, blue and red rectangular, and one point on the surface, green rectangular). The
differential conductance (dI/dV) plots, calculated from the measured I–V measurements
of the polymer and the graphite surface, are presented in Figure 1.25d. Three main peaks
are observed approximately at -0.35, -0.55 and 0.50 V. The authors attributed these peaks
to the HOMO, HOMO-1 and LUMO states and the distances between the peaks above
and below 0 V define the HOMO–LUMO gap, which from these measurements, is
roughly 0.8 eV. These results suggested a semiconducting behaviour for single strand of
[Cu2(OAc)4(trans-bie)]n.
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Studies of 1D-NCPs for Bio-medical applications
NCPs involving biomolecules (Bio-NCPs) are of great interest for nanobiological
applications. Bio-NCPs present the typical structural features, as their bulk counterpart,
including structural diversity and tunability, but also exhibit particle dimensions in the
tens to hundreds of nanometers range, potential biocompatibility, and molecular
recognition properties. Thus, the applications of Bio-NCPs have been investigated in
biomedical applications such as biosensor211 and DNA delivery.212 In this context, Li
Wang et al have prepared Bio-NCPs combining (Tb+3) as metal ion and adenine (Ade) as
bridging ligand.211 They demonstrated the utility of this Bio-NCP for detection of
ciprofloxacin (CF) in tablet and urine samples. The Tb/Ade Bio-NCP exhibited no
fluorescence emission while Tb/Ade/CF system shows fluorescence properties acquired
from the fluorescence nature of CF molecule (Figure 1.26). These results strongly
support the possible applications of Bio-NCP as biosensor and open the door for further
investigation in the area of Bio-NCPs.

Figure 1.26. Schematic representation to illustrate the using of Tb/Ade Bio-NCP for CF detection.211

42

Objectives

1.3. Thesis objectives
The objective of the present PhD thesis is:
The design and synthesize 1D-CPs bearing terminal ligands with free substituents that
enable molecular recognition, as well as showing electronical, magnetic and
photoluminescence properties to explore their possible applications as Dynamic
Materials and the synthesis of nanostructure potentially useful for nanotechnological
applications.

To achieve these objective, we have selected the starting building blocks in order to get a
coordination polymer showing:

 Molecular recognition capacity based on the selection of the functional groups of the
organic terminal ligands.
 Electronical, magnetic and luminescent properties by suitable combination of metal
centres, with bridging and terminal ligands.

Based on these criteria, we have selected as terminal ligands modified nucleobases, such
as thymine-1-acetic acid and uracil-1-acetic acid. These biomolecules present rich
molecular recognition capabilities through H-bond interactions which are responsible for
the well-known base pairing interactions of the DNA bases, and potential
biocompatibility. In addition, we have studied pyridine derivative ligands, 2-amino-5nitropyridine (ANP), isonicotinic acid (HIN) and ethyl isonicotinate (EtIN), showing
close related donor-acceptor H-bonds, molecular recognition capabilities, as well as
multiple metal binding sites.
As bridging ligands we have used simple halides and pseudo-halides which have shown
excellent electronic connectors.
Finally, we have selected Cu(II), Cu(I), and Co(II) as metal ions since their combination
with the selected bridging and organic terminal ligands may produce 1D-CPs with
molecular recognitions capacity and interesting physical properties: it is known that Cu(I)
with halides can produce electrical conductive chains with emission based on the metal
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d10 centre, Cu(II) and Co(II) are candidates to produce 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, three specific objectives have been
developed:
1. Synthesis and characterization of 1D-CPs as multifunctional and dynamic
materials with molecular recognition capability:
a. Synthesis and structural characterization of the materials using complementary
techniques.
b. Characterization of their physical properties in bulk, including electrical
conductivity, magnetic, and optical properties.
c. Study the potential dynamic nature of the materials under different stimuli and the
changes in their physico-chemical properties.
2. Develop strategies to prepare nanostructures based on simple bottom-up
approaches:
a. We plan to prepare nanostructures of the obtained 1D-CPs testing several
methods.
b. The size and shape of the nanostructures will be establish by electronic
microscopies and atomic force microscopy (AFM) techniques.
3. Explore the molecular recognition capability of the nanostructures and 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 state-of-the-art in using metalnucleobases chemistry to design one dimensional coordination
polymers.
The carboxylic modified nucleobases thymine-1-acetic acid (TAcOH)
and uracil-1-acetic acid (UAcOH), and Cu(II) and Co(II) ions have been
selected as building blocks.
The electrical 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.

Chapter 2

2.1. Introduction to Metal Nucleobases Coordination Polymers
and its Potential Applications for Nanotechnology
Recently, metal–nucleobase coordination chemistry has been an active research area of
coordination chemistry that currently spreads into new fields of material science and
nanoscience.1-6
Nucleobases (NBs) are key constituents of nucleic acids that are normally involved in
base-pairing: adenine binds to thymine or uracil via two H-bonds, whereas guanine
specifically recognizes cytosine through three H-bonds. 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 potential –stacking, similar to that observed in helical
duplex DNA.7 These bond-making characteristics provide a rich basis for a variety of
supramolecular architectures.8 NBs, like other biomolecules, present many metal binding
sites, diverse structures, intrinsic self-assembly properties to direct the formation of
biologically compatible CPs with outstanding functionalities, and probably good
biocompatibility.3, 9, 10 Because of these unique properties and functionalities of NBs, it
is expected that they can replace the conventional synthetic molecules, as organic ligands,
to construct more biologically coordination polymers (Bio-CPs). Moreover, the
construction of Bio-CPs will be paramount not only for development of new materials
with novel properties but also for understanding of many bio-related self-assembly
processes.11 A diverse choice of metal nodes and biomolecule building blocks may
produce novel Bio-CPs with a broad range of compositions and properties. More
important, these high degree of structural and functional tailorabilities may lead to
biological nanoscale coordination polymers (Bio-NCPs) with interesting characteristics
for a variety of applications in many fields, especially in biology.3, 10 So far, although only
a few Bio-NCPs have been synthesized, the multifunctionality, and application value of
these type of novel materials have been broadly recognized.12, 13
Here, we will discuss the possible uses of Bio-CPs (using nucleobases or modified
nucleobases as organic ligands) in molecular electronic and bio-medical 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 features.14 Seeman, the father of
DNA nanotechnology, proposed the possibilities to use DNA and its nanostructures as
structural materials for bottom-up self-assembly.15 Since this date, the field of DNA
nanostructures became a hot topic for material science and nanotechnology,16 and many
DNA nanostructures, linear, branched, and complex motifs have been fabricated.17-19

Figure 2.1. (a) Structural features of DNA. (b) 2D and 3D objects constructed by manipulate DNA
strands.20

DNA molecule and DNA nanostructures gather several structural features making this
molecule and its motifs as unique constructing materials for molecular electronics.21-23
These structural features can be summarized as following:
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1. DNA presents a well-known nanoscale dimensions of the double-stranded helix,
2 nm diameter and a 3.4 nm helical repeat (10.5 base pairs) and ease of automated
synthesis (Figure 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 (thymine) (Figure 2.1a).
3. It is 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 aid of noncovalent interactions (Figure 2.1b).
4. The self-organizing and molecular recognition capability of DNA and its
nanostructures, may allow the design and formation of self-assembling complex
architectures such as nano-circuits.

Therefore, DNA and its nanostructures can contribute for molecular electronics
applications as templates or as an active wiring system. Unfortunately, the electronic
properties of DNA hinder its applications in molecular electronics.24, 25 The conductivity
measurements through the DNA molecule have been reported26 and it seem to be quite
dependent on the measurements methods27 and DNA base sequence.28, 29 It has been
concluded that DNA molecule can be described as a wide-gap semiconductor.30,

27

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 participation nature of DNA:
1. Templating conducting materials on duplex DNA.31-33
a. Incorporate metal nanoparticles in the DNA duplex by the reduction of
metal salts into its zero-valent state. This strategy allows the formation of
DNA based nanowires < 10 nm.34
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 DNA.35, 36
2. M-DNA model, the incorporate divalent cations in the DNA duplex by
substitution reaction of the protons of the nucleotides of the DNA lead to new
form of DNA named as M-DNA. This M-DNA has been proposed as molecular
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wire candidate by Prof. Lee.37, 23 This model of molecular wire, based on DNA,
facing many problems in particular its instability at acidic or neutral pH, unclear
position of the metal ions,38 unclear electronic properties.39, 40
3. Using DNA as scaffold for conducting polymers. In this model the selfrecognition, self-assembly and sequence programmability of DNA could enable
the production of unique nanoscale materials with tailored electronic properties.41

One interesting approach to create hybrid materials with 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 coordination polymers (1D-CPs).6 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 scale (single crystals or powder)42 suggested, in some cases, the
possible metallic or semi-conductive behaviour of isolated chains.43 Therefore, it is of
interest to develop strategies to isolate single chains of 1D-CPs on insulated surfaces to
measure the electrical transport in individual chain in order to test their potential
applications in nano-electronics.44, 45 On the other hand, the selected organic ligands, to
design conductive 1D-CPs, have to allow the molecular recognition process between
DNA and/or DNA nanostructures with the conductive 1D-CPs. By this way, nucleobases
(NBs) or modified NBs can be consider as a potential candidates as organic ligands to
construct 1D-CPs 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 pairing complementarity, the same structural feature of
DNA, that make them a powerful and skilful building blocks to construct conductive 1DCPs, with the visibility to fabricate well-defined hybrid complex nanostructure by the
molecular recognition between DNA and/or DNA nanostructures and single chains of
1D-CPs (Figure 2.2).
As a proof of concept, Zamora et al have studied 1D-CP (involve a nucleobase as ligand)
formulated as [Cd(6-MP)2]n (6-MP = 6-mercaptopurinato) which shows a structure close
related to the one suggested for M-DNA (Figure 2.3a).5 They were able to isolate single
chain of this 1D-CP over insulator surface and studied the electrical conductivity of single
chain (Figure 2.3b). Unfortunately, the single chain of this polymer was an insulator.5
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(a)

(b)

(c)

Figure 2.2. (a) Some of the non-covalent interactions, which are present in the nucleobase guanine. (b)
Arrows showing the major metal-binding 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
base-pairing interactions founded for some nucleobases.

These results prompted the same authors to study the electronic structure of coordination
polymers analogues to the [Cd(6-MP)2]n with a variety of 3d transition metal cations,
aiming at identifying candidates by density functional theory (DFT) for a rational
synthesis of candidates to molecular wires. These calculations have carried out using the
structure of [Cd(6-MP)2]n polymer and replacing the Cd atoms by different 3d transition
metals. The calculations suggested that polymers with FeII, NiII and CoII ions are
semiconductors while polymer containing CuII ion should show a metallic behaviour
(Table 2.1).46 The same group reported the synthesis and electrical characterization [M(6MP)2]n (Table 2.1) showing that the theoretical predictions were corrected (Table 2.1).
Therefore, theoretical calculations are suitable tool to predict and understand electrical
conductivity of CPs.
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Figure 2.3. (a) Schematic representations of the suggested M-DNA structure and [Cd(6-MP)2]n
coordination polymer.6 (b) AFM images of [Cd(6-MP)2]n fibres (right) and the size of individual chain
(left). (c) AFM images of a single chain connected to gold electrode (right) and applying a tip-sample bias
voltage of 4 V (left).5

Table 2.1. The calculated band gap for [M(L)2]n polymers and the metal-metal distances. L is 6mercaptopurine (6-MP) or 6-thioguanine (6-TG).

Metals

M-M (Å)
L

(II)

S/cm

S/cm

Eg

Cal

Exp

(273K)

(400K)

Cal

Exp

Ref

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

10-11

10-6 (f)

a

0.8

49

Ni

6-MP

3.60

3.68

1.1 10-5 (t)

a

0.77

0.66

1

Ni

6-TG

a

3.65

1.3 10-4 (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; means four
contacts method.
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The same authors demonstrated the nanoprocessability for [Cd(6-MP)2]n and [Ni(6MP)2]n polymers.1,

5

These results suggested that the uses of 1D-CPs, using organic

ligands, that allow molecular recognition with DNA, such as nucleobases or nucleobases
derivatives, might allow the construction of nanocircuits based on molecules through the
molecular recognition of 1D-CPs on well-organized nanoarrays of DNA via H-bonding
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.12,

13

Compared with non-biological components, biomolecules have good

biocompatibility and are environmentally friendly. These intrinsic properties might lead
to bulk production of biologically and environmentally compatible nanoscale biocoordination polymers (Bio-NCPs) that can be easily incorporated into biological
systems. With this aim many challenges need to be overcome,10 including the design and
construction of Bio-CPs with different dimensionalities, the chemical and physical
functionalization of these Bio-CPs for potential bio-applications, and, Bio-CPs
nanostructures formation.
There is no doubt that Bio-CPs have intrinsic advantages that make them attractive as
potential biosensors. First, the interactions between guest molecules and Bio-CPs might
induce changes in their physical properties. Second, some biomolecules (e.g.
nucleobases) have the ability to recognize specific analytes.
However, the selectivity of Bio-CPs remains quite challenge. One important strategy to
overcome the selectivity is introducing more specific intermolecular forces. In that regard,
the synthesis of Bio-CPs containing nucleobases able to interact with oligonucleotides
via H-bonding are an interesting approach. Taking into account the well-known base
pairing of nucleobases,7,

8

these Bio-CPs can be specifically used for developing

biosensors for DNA detection. Thus, Liu et al have used this strategy using CPs
nanoparticles for DNA detection.50 The selected nanoparticle was based on a coordination
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complex formed by the reaction of adenine and Au(III) metal ion. These Au/adenine
nanoparticles have been useful for DNA detection. Specifically, Au/adenine
nanoparticles were used for the detection of random sequences of DNA using the
fluorescence signal. The nanoparticles have shown high selectivity for poly-T DNA with
respect to poly-G DNA (Figure 2.4). The author demonstrated also that these Au/adenine
nanoparticles can be used for DNA sensing and for delivery DNA into cells.50

SS-DNA

F
Figure 2.4. Schematics of the adenine/Au complex binding to ss-DNA, where the DNA can interact with
both the base (blue polygons) and the metal ion (orange dots). Adsorption of ss-DNA probe induces
fluorescence quenching.50

On the other hand, some Bio-CPs have been directly used as drug carriers owing to their
good biocompatibility and tuneable structures. For instance, Rosi et al12 controlled the
drug release from [Zn8(Ade)4(bpdc)6.O.2Me2NH2] (Bio-MOF-1, Ade = adeninate; bpdc
= biphenyldicarboxylate). They exploited the anionic nature of this Bio-MOF by
demonstrating that it can host cationic drug molecules. In addition, this Bio-MOF is
biocompatibility, stable in water and biological buffers for several weeks. These features
allow its potential applications in cation-triggered drug release. Thus, procainamide,
which is a cationic drug molecule, was loaded into the pores of MOF-1 via cationic
exchange with the dimethylammonium cations that initially reside inside the pores. As
shows in Figure 2.5, the procainamide releases from the zinc–adeninate framework was
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triggered by exogenous cations, such as Na+ ions from biological buffers, owing to the
ionic interactions between procainamide and the framework. It is impressive that the
crystalline integrity of the framework could be maintained throughout the whole release
process.

(a)

(b)

Figure
2.5.
(a)
Scheme
depicting
cation-triggered
procainamide
release
from
[Zn8(Ade)4(bpdc)6·0.2Me2NH2]. (b) Procainamide release profiles from [Zn8(Ade)4(bpdc)6·0.2Me2NH2].
(c) X-ray powder diffraction patterns for [Zn8(Ade)4(bpdc)6·0.2Me2NH2] before and after drug loading.12

In this chapter, we have selected two modified nucleobases known as thymine-1-acetic
acid (TAcOH) and uracil-1-acetic acid (UAcOH) (Figure 2.6a), as essential ligands to
construct multifunctional 1D-CPs. These ligands contain different functional groups that
can participate in metal binding as well as in H-bond interactions and - stacking
through the pyrimidine moieties (Figure 2.6a). In addition, the presence of the carboxylic
group add advantages by increasing the diversity and tunability of the coordination to the
metal ions (Figure 2.6b).51,

52

Additionally, we have aimed to obtain extended

coordination polymers using auxiliaries ligands such as 2,6 diaminopurine (HDap) and
4,4′-bipyridine, (4,4′-bpy) (Figure 2.6c).
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(a)

(b)

(c)

Figure 2.6. (a) Schematic representation of the ligands used in this chapter. (b) Some common coordination
modes of the carboxylates group. (c) Selected auxiliary ligands known as 2,6 diaminopurine (HDap) and
4,4′-bipyridine, (4,4′-bpy). The arrows indicate potential metal-to-ligand binding sites.
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2.2. Results and discussion
2.2.1. Synthesis and Structural Characterization
The reactions of metal(II) salts with the two modified nucleobases TAcOH and/or
UAcOH at different conditions give raise to the isolation of complexes 1-18. 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(II) salts and (TAcOH)
and/or (UAcOH) as ligands. The synthesis and the reaction conditions of the obtained
complexes is summarized in Scheme 2.1. 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

complexes,

[Cu(TAcO)2(H2O)4]·4H2O (1) and [Cu(UAcO)2(H2O)4] (2), ii) dimetallic complexes,
[Cu2(TAcO)4(DMF)2]·2DMF (3), [Cu2(TAcO)4(DMF)2][Cu2(TAcO)4(DMF)(H2O)]
(4),

[Cu2(TAcO)4(DMSO)2]·6DMSO

(5),

[Cu2(TAcO)4(DMA)2]·DMA

(6),

[Cu2(TAcO)2(UAcO)2(DMF)2] (7) and [Cu2(UAcO)4(DMSO)2]·2DMSO (8); and iii)
1D-CPs, [Cu(TAcO)2(H2O)2]n (9) and [Cu1.5(TAcO)2(H2O)(OH)]n·4H2O (10).
Finally, the reactions between copper(II) nitrate with TAcOH in the presence of 4,4'bipyridine (4,4'-bipy) have allowed the isolation of two different complexes
[Cu(TAcO)2(4,4'-bipy)(H2O)]n·2H2O (11) and [Cu2(TAcO)2(4,4'-bipy)]n (12).
The purity of all the complexes have been confirmed by powder X-ray diffraction
(PXRD) (see appendix B).
The IR spectrum of complexes 1-12 have shown significant shifts in the (C=O) and (CO) stretching vibrations with respect to the free ligands that confirm the coordination of
the carboxylate groups of the TAcOH or/and UAcOH ligands to copper(II) ion.
Additionally, the coordination mode for the carboxylate groups can be inferred from the
difference between the asymmetric and symmetric vibrations of the COO- groups (∆ =
COOasym - COOsym) Table 2.2.51, 53-56
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H2O

(a)

Reflux
KOH (pH = 5.3)
X = AcO-

Solvent

[Cu(TAcO)2(H2O)4].4H2O (1)

[Cu2(TAcO)4(Solvent)2]. Solvent

25 ºC

Solvent = DMF and H2O for (4)
= DMSO for (5)
= DMA for (6)

Cu(X)2.H2O + TAcOH

H2O
25 ºC
KOH (pH = 5.3)
X = Cl,- H2O, 25 ºC

Solvent = DMF for (3)

[Cu1.5(TAcO)2(H2O)(OH)]n 4.H2O (10) + (1)

[Cu(TAcO)2(H2O)2]n (9)

KOH (pH = 4.5)
4,4 Bipy

H2O
25 ºC

X = (NO3)4,4 Bipy

[Cu(TAcO)2(4,4Bipy)(H2O)]n (11)

EtOH/H2O

[Cu(TAcO)(4,4Bipy)]n (12)

140 ºC / 4 day

KOH

(b)

[Cu(UAcO)2(H2O)4] (2)

H2O

25 ºC
Cu(AcO)2.H2O + UAcOH

H2O, 25 ºC

TAcOH

[Cu2(TAcO)2(UAcO)2(DMF)2] (7)

DMF

DMSO
[Cu2(UAcO)4(DMSO)2].DMSO (8)

Scheme 2.1. Schematic representation of complexes (1-12) obtained by the reactions of Cu(II) salts with
TAcOH and /or UAcOH ligands.
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Table 2.2. Shows the ∆ values of complexes 1-12 correlated with the coordination mode of the carboxylate
groups.

(COO)asym

(COO)sym

Δ(asym – sym)

Coordination

(cm-1)

(cm-1)

(cm-1)

modes

1

1678

1404

274

monodentate

2

1711

1411

300

monodentate

3

1626

1475

151

bridging (syn-syn)

4

1630

1467

163

bridging (syn-syn)

5

1645

1468

177

bridging (syn-syn)

6

1602

1436

166

bridging (syn-syn)

7

1630

1456

174

bridging (syn-syn)

8

1651

1459

192

bridging (syn-syn)

9

1647

1428

219

bridging

10

1696

1402/1475

294/221

bridging and monodentate

11

1704

1419

285

monodentate

12

1643

1427

216

bridging

Complexes
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Structure descriptions
The crystal structure of complex 1 consists of discrete complex with the formula
[Cu(TAcO)2(H2O)4] and crystallization water molecules (Figure 2.7). On the other hand,
the structural characterization of complex 2 indicates that its crystal structure is
isostructural with complex 1 and formulated as [Cu(UAcO)2(H2O)4] (Figure 2.8). The
metal centre, for complexes 1 and 2, present a CuO6 coordination environment with the
usual Jahn-Teller tetragonally elongated octahedral geometry. The basal plane implies
two carboxylate oxygen atoms from, two TAcO ligands for complex 1 or from two UAcO
ligands for complex 2, and two coordinated water molecules (O1w and O1wi) for
everyone in the both complexes (1 and 2). The two apical positions for both complexes
are occupied by additional coordination water molecules (O2w and O2wi) with longer
coordination bond distances (2.53(14) vs. 1.94(14) and 1.96(13) Å) in complex 1 and
(2.59(2) vs.1.94 (14) and 1.87(13) Å) for complex 2. The functionalized thymine moiety
in complex 1 and functionalized uracil moiety in complex 2 coordinate only through one
of its carboxylic oxygen atoms whereas the other are involved in an intramolecular
hydrogen bonding interaction with the apical coordination water molecules (Figure 2.7c
and Figure 2.8c). The thymine base in complex 1 and uracil base in complex 2 that 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 hydrogen bonding or aromatic interaction among the
nucleobases in complexes 1 and 2.
X-ray studies for complexes (3-8) confirm that all these complexes present a paddlewheel [Cu2(RAcO)4(solvent)2] entities where R = thymine (T) (3-6), R = T and uracil-1methyl (U) (7) and R = U (8); solvent = water and dimethylformamide (DMF) 4), (DMF,
3 and 7), dimethylacetamide (DMA, 6) and dimethyl sulfoxide (DMSO, 5 and 8)
(Figure 2.9).
For complexes (3-8), four bridging carboxylate ligands are linked to the copper(II) atoms,
through a syn-syn μ-1O:2O’ coordination mode, to provide the core of the paddlewheel 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 biological purposes, while the coordination bonds and angles are gathered
in (Table A.6, Appendix A).
In complexes (3-8), the intradinuclear copper···copper distances are between 2.64 to 2.68
Å. The major differences come from the supramolecular assembly through
complementary hydrogen bonding interactions involving the thymine and uracil residues
of the carboxylate ligands.
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Figure 2.7. Asymmetric unit (a), monomeric entity (b), and view of the crystal packing along the
crystallographic c axis (c) of complex 1. Hydrogens have been omitted for clarify. General colour code in
this chapter is; O, light blue, N, dark blue, Cu, red, C, grey and H, white.
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Figure 2.8 Asymmetric unit (a), monomeric entity (b), and view of the crystal packing along the
crystallographic c axis (c) of complex 2. Hydrogens have been omitted for clarify.

Figure 2.9. Dimeric entities found in complexes 3-8. The usually accepted numbering scheme of the
pyrimidinic nucleobases is indicated.

The crystal structure of complex 3, [Cu2(TAcO)4(DMF)2]·DMF, consists from a paddlewheel dimeric entity that is formed by the coordination of TAcO- ligands through its
carboxylate groups and having DMF capping the apical positions (Figure 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 N3-H···Ocarboxylate hydrogen bonds involving two trans arranged thymine-1acetato ligands, giving rise to a supramolecular linear chain that runs along the
crystallographic b axis. This supramolecular assembly is reinforced by π-π stacking
interactions between the thymine residues (Table A. 7, Appendix A). The two remaining
thymine-1-acetato ligands are hydrogen bonded through the N3-H donor position to the
oxygen atom of the crystallization DMF molecules.
The crystal structure of complex 4 (Figure 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 complex 3), 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 complex 3.
Double dashed lines indicate π−π stacking interactions.

The thymine residue is not involved in metal coordination and exposes its Watson-Crick
edge, ready to establish a recognition process with other thymines from adjacent dimeric
complexes. These interactions imply double N3-H···O2 and N3-H···O4 hydrogen bonds
involving the N3-H donor group and O2/O4 acceptor positions. These interactions
provide a supramolecular structure containing a 2D interconnected channel system
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comprising 71.1% of the unit cell volume (Figure 2.11b). However, the real crystal
structure implies two of these supramolecular networks mutually interpenetrated.
Interestingly, these two interpenetrated networks still left space for channels running
along the crystallographic a axis that represent 42.2% of the total volume. This void
volume in the channels implies a possible 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 complex 4 (Figure 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 resulted in an amorphous solid (Figure 2.12b), suggesting that the
structure has collapsed after removal of the guest solvents. In a second experiment, the
sample has been exposed to EtOH vapours for several days in order to check possible
solvent exchange. TGA analyses and X-ray powder diffraction data (Figure 2.12c, d)
have shown that after one week in these conditions there is no solvent exchange.

(a)

(b)

Figure 2.11. Complex 4: (a) Double interpenetrated supramolecular final structure. (b) Supramolecular
network sustained by base pairing interactions 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 of 4 under nitrogen gas with flow rate 90 mL/min and heating
rate 10 ºC/min (a), and after exposed to ethanol gas for 3 days (c). (b) DRX powder diffractogram of
simulated and solid of 4 (black and red lines respectively) and after exposed to vacuum for 24 h heating at
90ºC (blue line). (d) Simulated X-ray powder diffractogram of 4 (blue line) and X-ray powder diffractogram
of a polycrystalline sample of after exposure for ethanol gas for one week (red line).

Complex [Cu2(TAcO)4(DMSO)2]·4.5DMSO (5) presents again an assembly of
[Cu2(TAcO)4(DMSO)2] dimeric units into supramolecular chains through hydrogen
bonding interactions. Albeit, there are not direct hydrogen bonds between the dimeric
entities but crystallization DMSO mediated N3-H···ODMSO···H-N3 ones (Figure 2.13).
Nevertheless, there are clear evidences of π-π stacking interactions between the thymine
residues that reinforce the 1D supramolecular aggregate (Table A. 7, Appendix A). The
final 3D supramolecular structure of complex 5 is only sustained by weak van der Waals
interactions.
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Figure 2.13. Hydrogen bonded supramolecular 1D chain founded in complex 5. Double dashed lines
indicate π-π stacking interactions.

The crystal structure of complex [Cu2(TAcO)4(DMA)2]·DMA (6) is more complex as
two crystallographically independent [Cu2(TAcO)4(DMA)2] dimeric entities are
coexisted. The first one establishes complementary N3-H···O4 hydrogen bonding
interactions through two trans arranged thymine-1-acetato ligands. The remaining
carboxylato ligands are involved in a double N3-H···Ocarboxilato intermolecular hydrogen
bond that is reinforced by π-π stacking interactions between the thymine residues (Table
A. 7, Appendix A). The combination of all these interactions generates a 2D rectangular
grid of dimeric entities (Figure 2.14a). The crystallographically independent second
[Cu2(TAcO)4(DMA)2] dimeric units are held together into linear supramolecular chains,
through N3-H···Ocarboxilato intermolecular hydrogen bonds involving two trans arranged
thymine-1-acetato ligands (Figure 2.14b). These hydrogen bonds are reinforced by π-π
stacking interactions between the thymine residues. The two remaining thymine-1-acetato
ligands are hydrogen bonded through the N3-H donor position to the oxygen atom of the
crystallization DMA molecules. These supramolecular chains are sandwiched between
the previously described supramolecular sheets but there is no structural evidence of
additional interactions apart from weak van der Waals interactions.
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(a)

(b)

Figure 2.14. Supramolecular assemblies found in complex 6: (a) 2D rectangular grid of dimeric entities
and (b) supramolecular linear chains. Double dashed lines indicate π-π stacking interactions.

The building unit of complex 7, [Cu2(TAcO)2(UAcO)2(DMF)2], is similar to all the
previous cases, a paddle-wheel shaped dimeric complex, but now replacing two of the
thymine-1-acetato ligands by uracil analogues. The dimeric complex establishes
complementary N3-H···O4 hydrogen bonding interactions through two trans arranged
thymine-1-acetato ligands, whereas the remaining uracil-1-acetato ligand are involved in
a double N3-H···Ocarboxilato intermolecular hydrogen bond that is reinforced by π-π
stacking interactions between the aromatic rings of the uracil residues (Table A. 7,
Appendix A). The combination of both supramolecular interactions generated a 2D
rectangular grid of dimeric entities (Figure 2.15a). These sheets are held together by
means of weak van der Waals interactions.
Similar to all the previous cases, complex 8, [Cu2(UAcO)4(DMSO)2]·DMSO, is forming
from a paddle-wheel shaped dimeric unit where all the uracil residue forming the dimeric
entities of [Cu2(UAcO)4(DMSO)2], are involved in base pairing interactions (double N3-
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H···O2 hydrogen bond) to provide supramolecular sheets of the dimeric complex entities
(Figure 2.15b). Solvation DMSO molecules are placed in the space between adjacent
sheets.
Complex 9 consists of a 1D chain in which the copper(II):water ratio is reduced to that in
1, being the TAcO ligand forced to occupy the empty coordination sites of the elongated
octahedral geometry (Figure 2.16). The carboxylato group of the thymine adopted a µ1O:2O´ coordination mode in such a way it is coordinated through O1 to the equatorial
plane of one copper(II) atom and through O2 to the apical position of an adjacent
copper(II) atom, 1.945(2) and 2.624(2) Å respectively. The carboxylate group is almost
coplanar with the Cu1-O1 bond but almost perpendicular to Cu1ii-O2. Two trans water
molecules completed the coordination equatorial plane. These 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
O2 oxygen atoms as acceptors. The copper···copper distance within the chain is
4.5896(3) Å. The thymine bases are projected outward the 1D chain allowing the
establishment of complementary hydrogen bonding interactions (N3-H···O4) between
thymine 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 interactions.
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(a)

(b)

Figure 2.15. Supramolecular 2D rectangular grid of dimeric entities found in complex 7 (a) and 8 (b).
Double dashed lines indicate π-π stacking interactions.
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Figure 2.16. (a) Asymmetric unit of complex 9. (b) Fragment of the polymeric chain of complex 9. (c)
Supramolecular 2D network resulting from the base pairing between adjacent polymeric chains of complex
9.

Complex 10 corresponds to a 1D polymeric chain in which hydroxide anions help the
TAcO ligands to connect the copper(II) metal centres. In fact, two crystallographically
independent copper(II) centres are presented in the crystal structure of this complex
(Figure 2.17a-c). Both are octahedrally coordinated but Cu1, 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 anions, a 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 symmetrical fashion (bond distances: 1.963-1.966 Å).
There are two crystallographically independent TAcO ligands (TAcO-1 and, TAcO-2)
that bridge the adjacent metal centres showing different coordination modes
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(Figure 2.17a). The first ligand, TAcO-1, uses its two carboxylate oxygen atoms to bridge
three metal centres (µ3-1κO:2κO:1κO’), whereas the second ligand, TAcO-2 uses only
one carboxylate oxygen atom to bridge two metal centres (µ-1κO:2κO). The equatorial
positions of the Cu coordination spheres are occupied by the carboxylato oxygen atoms
of the TAcO-1 ligand, the hydroxide anion and the water molecule with short
coordination bond distances (1.93-1.99 Å). The TAcO-2 ligand and one carboxylato
oxygen atom from the TAcO-1 ligand occupy the apical positions (2.34-2.68 Å). 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 different metal···metal distances could
be identified (Cu1···Cu2: 3.003(2); Cu1···Cu2ii: 3.302(2) and Cu2···Cu2ii: 2.9734(14)
Å) (Figure 2.17c-b). The thymine residue of the TAcO 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 residues that hold chains together: i) a double
hydrogen bond (N3-H···O4i) between the TAcO-2 ligands and ii) two hydrogen bonds
established between the TAcO-1 ligand, and the coordinated water molecule and a
carboxylate oxygen atom from another TAcO-1 ligand. The crystallization water
molecules also reinforce previously described interactions by means of an extensive
network of hydrogen bonds (Figure 2.17d).
Complexes 11 and 12 have been obtained through a simple one-pot reaction between
Cu(II) nitrate, TAcOH, and 4,4´-bipy by hydrothermal reactions (see section 5.3).
Crystal structure of complex 11 is composed of linear 1D chains in which the metal
centres are bridged by 4,4´-bipyridine (4,4´-bipy) ligands that impose a Cu···Cu distance
of 11.124 Å. The coordination sphere of the copper(II) metal centre adopts an axially
elongated square pyramid geometry (Figure 2.18). The basal plane being occupied by the
two carboxylate oxygen atoms from two TAcO ligands in trans arrangement. The apical
position is occupied by a water molecule with a significantly longer coordination bond
distance than those placed in the basal plane (2.31 Å vs 1.97-2.01 Å). The metal centre is
displaced 0.140 Å from the basal plane towards the apical position. The 4,4´-bipy
bridging ligand is twisted 61.20º with 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 nm (Figure 2.18). The supramolecular 3D structure is sustained by a complex
network of hydrogen bonds (Figure 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-H position. There are also less strong C-H···O hydrogen
bonds involving the aromatic C-H positions of the 4,4´-bipy 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 thymine residues probably due to the
presence of water molecules that disrupt these interactions. There is no evidence of π-π
stacking interactions.
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Figure 2.17. (a) Asymmetric unit of complex 10, (b) Fragment of the polymeric chain of complex 10. (c)
Schematic representation of the chain topology. The rest of the TAcO ligand has been removed for clarity.
(d) Supramolecular structure founded in complex 10.
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Crystal structure of complex 12 is composed of linear 1D chains where the coordination
sphere of the copper(I) metal centres adopt trigonal geometry. The coordination sphere
of the Cu(I) ion consists of one nitrogen atom from 4,4´-bipy and two oxygen atoms from
two TAcO ligands (Figure 2.19a). Dimeric Cu2O2 core was formed by bridging copper
(I) centres by two oxygen atoms from carboxylate groups of two TAcO ligands1,1-oxo
bridging mode) and this dimer species are extended into 1D chains by linear ligands (4,4´bipy) (Figure 2.19b). The Cu···Cu distance is about 3.17 Å through the Cu2O2 dimeric
species, indicative of no direct Cu···Cu bonding, whereas the 4,4´-bipy ligands impose
the Cu···Cu distance between the dimeric species to 10.90 Å. The thymine bases are
projected outward the 1D chain allowing the establishment of complementary hydrogen
bonding interactions (N3-H···O4) between thymine 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 interactions (Figure 2.19c).

(a)

(b)

(c)

Figure 2.18. (a) Coordination sphere around the copper(II) metal centre. (b) Views of a fragment of the
infinite coordination polymer. (c) Fragment of the crystal packing showing 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(I) metal centre of complex 12. (b) Polymeric chain
of complex 12. (c) Supramolecular 2D network resulting from the base pairing between adjacent polymeric
chains of complex 12.
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Structural interconversion study between the mononuclear, dimetallic
and 1D-CP complexes
Interestingly,

when

a

microcrystalline

sample

of

[Cu2(TAcO)4(DMF)2]3[Cu2(TAcO)4(DMF)(H2O)] (4) is exposed to a saturated humidity
atmosphere it undergoes, within few hours, a quantitative non-trivial crystal-to-crystal
transformation, to the blue 1D coordination polymer [Cu(TAcO)2(H2O)2]n (9)
(Figure 2.20c, d). However the treatment of microcrystals of 4 with large excess of water,
immediately and quantitatively reverse to the starting mononuclear complex
[Cu(TAcO)2(H2O)4]·2H2O (1) (Figure 2.20a, b). The last transformation is also
corroborated for complexes 5 and 8, which after water addition transformed to complexes
[Cu(TAcO)2(H2O)4]·2H2O

(1)

and

[Cu(UAcO)2(H2O)4]·4H2O

(2), respectively

(Figure 2.21).
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Figure 2.20. Schematic representation of exposure of the dimetallic units fragment [Cu 2(TAcO)4(DMF)2]
in (4) to liquid water (a) or vapour of water (c) induced destruction of the [Cu 2(TAcO)4(DMF)2] (4) to
produce [Cu(TAcO)2(H2O)4].2H2O (1) or [Cu(TAcO)2(H2O)2]n.2H2O (9) respectively. (b) X-ray powder
diffractogram of complex [Cu(TAcO)2(H2O)4].2H2O (blue) and X-ray powder diffractogram of complex 4
after add liquid water (red line). (c) X-ray powder diffractogram of complex [Cu(TAcO)2(H2O)4].2H2O
(blue line) and X-ray powder diffractogram of complex 4 after 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(II) ions going from paddle-wheel dimetallic units in complexes 4, 5,
and 8 to an octahedral coordination sphere of [Cu(RAcO)2(H2O)4]·nH2O with R =
Thymine (1) or Uracil (2) (n= 2 (1), 4 (2)). The reversibility of these transformations were
proved by adding dry DMSO for complexes 1 and 2 that lead to the formation of
complexes 5 and 8 respectively (Figure 2.21)
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Figure 2.21. (a) Schematic representation of the reversible transformations, induced by solvents, of the
paddle wheel complexes (5 and 8) to the mononuclear complexes (1 and 2 respectively) and the reverse.
X-ray powder diffractograms of mononuclear complex 1 (b) and 2 (c) (blue lines) and X-ray powder of
polycrystalline samples of complex 5 (b) and 8 (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(II) salts and TAcOH or UAcOH as ligands (Scheme 2.2). The direct reactions of
TAcOH or UAcOH in the presence of cobalt acetate monohydrate give raise to the
formation of mononuclear complexes (13 and 14 respectively). On the other hand, the
direct reactions of TAcOH or UAcOH with cobalt acetate monohydrate in the presence
of another nucleobase, 2,6-diaminopurine (HDap), with the idea to obtain extended 1D
polymers and to get insights into possible molecular recognitions between
complementary nucleobases, allow the formation of mononuclear complexes (15 and 16
respectively). In addition, we extended our attempts to obtain extended 1D polymer using
4,4'-bipyridine (4,4'-bipy) as linear bridging ligand but we have gotten mononuclear
complex (17).

L = TAcOH

(a)
Co(AcO)2.H2O + L

[Co(TAcO)2(H2O)4] (13)

25 ºC
H2O
L = UAcOH

L = TAcOH

(b)
Co(AcO)2.H2O + L + L`

[Co(UAcO)2(H2O)4] (14)

{[Co(Hdap)2(H2O)4]·(TAcO)2·3H2O} (15)

L`= HDap

H2O
25 ºC

L = UAcOH

{[Co(Hdap)2(H2O)4]·(UAcO)2·3H2O} (16)

(c)
H2O

[Co(TAcO)(4,4'-bipy)(H2O)] (17)

Co(NO3)2.6H2O + TAcOH + 4,4'-bipy
120 ºC/2 days

Scheme 2.2. Schematic representation of synthetic methods of complexes (13-17).

The crystal structures of complexes 13 and 14 consist of discrete trans[Co(XAcO)2(H2O)4] units, (X=Thymine or Uracil for 13 and 14 respectively). The metal
centre in complexes 13 and 14 present a MO6 coordination environment that has been
formed from two carboxylate oxygen atoms from two ligands and four oxygen atoms
from water molecules (Figure 2.22). Complex 13 shows usual Jahn-Teller tetragonally
octahedral geometry with the coordination bond distance established by the carboxylate
oxygen atom being slightly shorter than those with the water molecules (2.07 vs 2.12 Å).
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Complex 14 shows less regular environment than that observed in complex 13 with a
bond distance difference of ca. 0.1 Å between the two crystallographically independent
water molecules (2.14 and 2.05 Å, respectively), whereas the carboxylate oxygen atom
coordination bond lies in between (2.10 Å). The functionalized nucleobase moieties
coordinated only through one of its carboxylic oxygens whereas the other is involved in
an intramolecular hydrogen bonding interaction with coordinated water molecules
(Figure 2.22). Therefore, the nucleobase substituents of these ligands are not involved in
the metal coordination but they are a key factor that determines the assembling of the
discrete complex entities through supramolecular interactions.
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Figure 2.22. Molecular structure of complexes 13 (a) and 14 (b). Dashed lines indicate to the intra H-bonds
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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(a)(a)

(b)
(b)
Figure 2.23. Complementary hydrogen bonding interactions involving the thymine residue in complex 13
(a) and the uracil residue in complex 14 (a). Dashed lines indicate to the H-bond.

In fact, there is a significant difference when analysing the supramolecular architectures
of complexes 13 and 14. The assembling of the discrete entities in complex 13 involves
the interaction of the thymine residue with the water molecules of the adjacent entities
without the presence of direct hydrogen bonding between the nucleobases. These
interactions involve the major groove N3-H and O4 positions to establish the double
hydrogen bond with two coordinated water molecules of an adjacent monomeric entity,
leading to a 2D supramolecular sheet (Figure 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 complex 14 the uracil residues are able to establish direct
complementary hydrogen bonds through its major groove N3-H and O4 positions. It gives
rise to 1D supramolecular chains (Figure 2.23b) that are held together through additional
Ow-H···O2 hydrogen bonds. The different supramolecular assemblies present in both
complexes and similarly of their synthesis, seems indicate a stronger uracil···uracil base
pairing interaction than the thymine···thymine one.
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In complexes 15 and 16, the coordination environment of the metal centre is quite
different with respect to complexes 13 and 14, as two 2,6-diaminopurine ligands are
coordinated to the metal centre in a trans arrangement, whereas the TAcO-/UAcO- anions
remain non-coordinated (Figure 2.24). The coordination sphere (in both complexes) is
completed by four water molecules to form a cationic [Co(HDap)2(H2O)4]2+ entities that
exhibit octahedral environment (CoN2O4). Two of the water molecules help stabilizing
the 2,6-diaminopurine coordination mode through N9 position by establishing an
intramolecular hydrogen bond with the N3 position of the purine as acceptor.
The difference of supramolecular crystal structure between complexes 14 and 15 coming
from the different regimen of H-bond interactions established between Hdap, H2O, and
TAcO- ion in 15 or UAcO- ion for 16.
In case of complex 15, three H-bonding interactions are responsible for the
supramolecular crystal structure: (i) double hydrogen bond involving two cis-arranged
water molecules as donors and the two oxygen atoms of the TAcO carboxylate group, (ii)
base pairing interaction between the major groove edge of the thymine residues, and (iii)
base pairing interaction between the HDap N1 and N6-H positions. The combination of
these three recognition H-bond interactions leads to 2D supramolecular assemblies
(Figure 2.25a) which are piled up through additional N7-H···Ocarboxylate hydrogen bonds.
In complex 16, two H-bonding interactions are responsible for the supramolecular crystal
structure: (i) double hydrogen bond involving two cis-arranged water molecules as donors
and the two oxygen atoms of the UAcO carboxylate group (the same observed for
complex 15), and (ii) base pairing interaction between the uracil residue and the N1/N6H positions of the 2,6-diaminopurine ligand involving three hydrogen bonds (uracil: O12,
N13-H, O14 and 2,6-diaminopurine: N2-H, N1, N6-H). The combination of these two
supramolecular complementary interactions generates 1D supramolecular chains
(Figure 2.25b) that are connected through additional Ow-H···Ocarboxylate and N7H···Ocarboxylate hydrogen bonds.
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Figure 2.24. Molecular structure of complexes 15 (a) and 16 (b). Dash lines represent the H-bonds.

(a)
(a)

(b)(b)
Figure 2.25. Complementary hydrogen bonding interactions involving the thymine residue in complex 15
(a) and the uracil residue in complex 16 (b). Dash lines represent the H-bonds.
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For complex 17, as shown in Figure 2.26, similar to 13 and 14, TAcOH coordinate to
Co(II) ion as monodentate ligand through the carboxylate group. The Co(II) atom is sixcoordinated by four oxygen atoms, from two water molecules and two TAcO anions, and
two nitrogen atoms from two 4,4'-bipy ligands (Figure 2.26a, b). The Co-O1 bond length
[2.081 Å] is close to Co-O bond length that was observed for some monodentate
carboxylate ligands.57 The Co-N [2.195 Å] bond length is longer than those of other
Co(II) complexes with 4,4'-bipy bridging linker. The O-H···N hydrogen bonds between
thymine residues allow the formation of supramolecular 1D chains in the direction of a
axis (Figure 2.26c). Additionally, the O-H···N hydrogen bonds between oxygen atoms
of water molecules and nitrogen atoms of 4,4'-bipy, from the adjacent supramolecular
chain, lead to a 2D layer supramolecular structure (Figure 2.26d).
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Figure 2.26. (a) Molecular structure of 17 with atoms labelling. (c) Supramolecular 1D chain resulting
from the base pairing of thymine fragments. (d) 2D supramolecular network established in complex 17.
Dash lines represent the H-bonds established in complex 17.

102

Results and Discussion; Synthesis and Structural Characterization

Insights in the H-bonding interactions in complexes 13-16
The study of crystal structures in complexes 13-16 allow us to make comparative study
and conclude some insights in H-bond directionality, in the presence of strong
donor/acceptor molecules such as water molecules, versus the molecular recognitions
between complementary nucleobases through the well-known base pairing and/or
between pairs of the same nucleobase.
Although double stranded DNA structure is a clear example of the stability of
complementary nucleobases interactions, previous works have shown that water
molecules can disrupt these direct hydrogen bonds between the nucleobases.58 The
underlying issue seems to be a competition between the strength of the
nucleobase···nucleobase and nucleobase···water hydrogen bonding interactions
The four Co(II)-nucleobase complexes (13-16) show a close structural resemblance at the
molecular level (13-14 and 15-16, respectively) but slight different in the supramolecular
arrangements. The methyl group present in the thymine residue (the only difference
between TAcOH and UAcOH) leads to the formations of different supramolecular
synthons that organize the crystal structure in different ways in these complexes and
providing the opportunity to estimate the relative strength of the H-bonding
supramolecular interactions (Figure 2.27). It allows determining their hierarchy 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.
Complexes 13-16 show a constant structural feature: the presence of two cis coordinated
water molecules that play a predominant role in the hydrogen-bonding network. Complex
13 displays direct hydrogen bonds between the thymine and water molecules (H2O-T) but
not thymine-thymine (T-T) interactions, while complex 14 shows non-canonical uraciluracil (U-U) base pairing interactions. This fact suggests that T-T interactions are weaker
than those established between H2O-T and probably even weaker than those between UU (Figure 2.27).
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Figure 2.27. Scheme of the relative supramolecular synthon strength as deduced from the crystal structures
of complexes 13-16.

In fact, one of the reason proposed by the 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 self-pairing.59 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.60
On the other hand, complexes 15 and 16 also display a cis arrangement of the coordinated
water molecules but the hydrogen bonding interactions take place between the water
ligands and the free carboxylate group of the modified nucleobases (H2O-COO-). It
implies that this interaction is stronger than those established between the pyrimidines (T
or U) and the coordinated water molecules. Additionally, the HDap-U interactions are
stronger than the HDap-HDap and U-U combination but the HDap-HDap and T-T
combination is stronger than the HDap-T interactions. It also seems indicate that the
HDap-U interaction is stronger than the HDap-T one.
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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 complexes 9-12 (see section 5.1.6). The
conductivity values at 300 K were obtained applying voltages from +10 V to –10 V. The
room temperature DC conductivity values, for complexes 9-12, suggesting a
semiconductor behaviour in all cases (Table 2.3). Table 2.3, shows the conductivity of
complexes (9-12). The conductivity values founded in these four 1D-CPs can be
explained looking at the copper···copper distances. Complexes 9 and 10 present shorter
copper···copper distances than these founded in complexes 11 and 12. These difference,
of the copper···copper distances, can be attributed to the nature of the bridging ligands
that interconnect the Cu atoms. TAcO- ligand, the acting bridging ligand in complex 9,
and TAcO- and OH- ion, the responsible bridging ligands in complex 10, lead to shorter
copper···copper distances comparing with complexes 11 and 12 where 4,4'-bipy is the
bridging ligand.. The better conductivity of complex 10 comparing with complex 9 can
be attribute to the existence of small bridging ligand such as OH- ion beside TAcO- ligand
making the copper···copper distances shorter and hence better electrical conductivity
(Table 2.3).
For complexes 9 and 10, we have also performed dc electrical measurements with the
four contacts method in the temperature range 300-400 K in order to confirm the
semiconducting behaviour and determine the activation energy. These measurements
showed a semiconductor behaviour (Figure 2.28) and activation energies of ca. 1.3 eV
for both complexes. As expected for semiconductors, at 400 K the conductivity is higher
with values of 1x10-6 and 5x10-7 S·cm-1 in complexes 9 and 10 respectively with to the
conductivity values at 300 K (Table 2.3).
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Table 2.3. The DC electrical conductivity measurements at 300 K and 400 K for complexes 9-12.

Complexes

Cu···Cu (Å)

 S/cm (300 K) (t)

 S/cm (400 K) (f)

9

4.59

1.1×10-9

1.0×10-6

10

3.00, 3.30, 2.97

6.8×10-6

5×10-7

11

11.12

1.78×10-9

-

12

3.18, 10.90

1.9×10-9

-

t: two contact method, f: four contact method, -: non measured.

(a)

(b)

Figure 2.28. Thermal variation of the dc conductivity of single crystals of complexes (a) 9 and (b) 10 in
the warming (red points) and cooling scans (blue points). Inset shows the corresponding Arrhenius plot.
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2.2.2.2. Magnetic characterization
The magnetic measurements of Cu(II) monomeric complexes 1 and 2 containing isolated
CuO6 monomers present mT values at room temperature of ca. 0.43-0.45 cm3 K mol-1
(Figure 2.29a), which are the expected values for isolated S = ½ Cu(II) complexes with
g slightly higher than complexes 3-8 (Table 2.4). The mT product remains constant in
complexes 1 and 2, down to very low temperatures (ca.10 K) where it presents a smooth
decrease to reach values of ca. 0.41-0.42 cm3 K mol-1 at 2 K. This behaviour clearly
indicates that both complexes are essentially paramagnetic although there is a very weak
antiferromagnetic interaction as suggested by the decrease in mT at low temperatures.
Since the structure of both complexes shows the presence of - interactions connecting
the monomers along the [101] direction, giving rise to a regular chain, we have used the
model proposed by Hatfield et al. for a regular S = ½ chain.61 This model reproduced very
satisfactorily the magnetic properties of both complexes in the whole temperature range
with the parameters displayed in Table 2.4 (solid lines in Figure 2.29a). As expected,
both complexes showed similar g and J values, given their very close structures.
The thermal variation of the molar magnetic susceptibility per Cu dimer (m) for
complexes 3-8 shows very similar behaviour (Figure 2.29b). They present a rounded
maximum near room temperature and a decrease with decreasing temperature to reach a
minimum at ca. 50 K and a divergence at lower temperatures. This behaviour suggests
the presence of a strong antiferromagnetic Cu-Cu interaction, as expected from the
structure of complexes 3-8. The divergence at low temperatures indicates the presence of
a paramagnetic contribution arising from monomeric Cu(II) units resulting from defects
and vacancies in the Cu dimers or from other Cu(II) monomeric complexes. The
confirmation of the strong antiferromagnetic coupling in these dimers is provided by the
thermal variation of the mT product (Figure 2.29c) that shows at room temperature a
value of ca. 0.6 cm3 K mol-1, well below the expected one for two non-interacting Cu(II)
ions (ca. 0.75 cm3 K mol-1). When the temperature is decreased, the mT value decreases
and reaches a value close to zero below ca. 50 K. The very small residual value agrees
with the presence of a small paramagnetic contribution.
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(a)

(b)

(c)

(d)

Figure 2.29. Thermal variation of the mT product for complexes 1 and 2 (a) and for complexes 3-8 (b).
Solid lines are the best fit to the S = ½ dimer model (see text) for complexes 3-8. (c) Thermal variation of
m for complexes 3-8. Solid lines are the best fit to the S = ½ dimer model (see text). Inset shows the low
region. (d) Isothermal magnetization at 2 K of complexes 3-8.

As already indicated in the structural description of complexes 3-8, they all present the
same dimeric [Cu2(OOCR)4] core and, accordingly, we have fitted the magnetic
properties of complexes 3-8 to the classical Bleaney and Bowers S = ½ dimer model.62 In
order to reproduce the divergence at low temperatures, we have included a paramagnetic
S = ½ contribution () with the same g value that the Cu(II) ions in the dimer. This model
reproduces very satisfactorily the magnetic properties of complexes 3-8 in the whole
temperature range, including the divergence at low temperatures with the parameters
displayed in Table 2.4 (solid lines in Figure 2.29b, c; the Hamiltonian is written as H =
-JS1S2). As expected, the S = 0 spin ground state of complexes 3-8 as a result of the strong
intradimer antiferromagnetic coupling is confirmed by the isothermal magnetizations at
2 K (Figure 2.29d) that show, in all cases, very low values arising from the weak
paramagnetic contribution observed in the low temperature m data.

108

Results and Discussion; Physical Properties

Table 2.4. Magnetic parameters of complexes 1-10.

Complex

J (cm-1)

1

-0.16

2

-0.15

3

-320

4

-311

5

-298

6

-326

7

-313

8

-278

9

-0.2

10

28, 36, -8

As can be seen in Table 2.4, the coupling constants in the six paddle-wheel complexes
are very similar (in the range -278 cm-1 to -326 cm-1), in agreement with the almost
identical dimeric structure observed in all cases. These values also agree with the reported
values for many other similar Cu(II) paddle wheel dimers including the original acetate
complex (J = -296 cm-1) and with the values obtained from DFT calculations.63
Interestingly, these theoretical calculations also show that changing the axial ligand L
(Figure 2.9) is not expected to produce big variations in the exchange constants of the
copper dimer, in agreement with our observations. Thus, in complexes 3-8, changes in L
(DMF in 4, H2O/DMF in 4, DMSO in 5, DMA in 6, DMF in 7 and DMSO in 8) only give
rise to slight changes in the J values (Table 2.4). These J values suggest that the effect of
DMSO is to decrease J (the two lowest J coupling constant in absolute value are found in
5 and 8, both with DMSO as axial ligand). DMA seems to increase J (the highest J value
is found in 6, the only dimer with DMA) and DMF has an intermediate effect as shown
by the intermediate J values found in 3, 4 and 7). Note that these changes have to be
attributed to structural effects of the axial ligands rather to electronic ones since, due to
symmetry reasons, the orbitals of the axial ligands do not participate in the SOMO of the
Cu(II) dimer (which has a  character).
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Complex 9 presents a typical magnetic behaviour of isolated copper(II) metal centres, the
mT curve remains constant upon cooling (0.425 cm3.K.mol-1) and only at temperatures
below 15 K decreases slightly (0.410 cm3.K.mol-1 at 5 K) (Figure 2.30a). Considering
the structural features, the experimental data were least-squared fitted with a numerical
expression proposed for an antiferromagnetic copper(II) uniform chain64 that leads to J
(triplet-singlet gap) = –0.2 cm-1, g = 2.14 and R = 1.7·10–6, R being the agreement factor
defined as

  T 
i

M

obs

(i)   M T calc (i) / i M T obs (i) . This almost negligible
2

2

antiferromagnetic coupling can be understood in terms of the nature of the orbital
involved in the exchange interactions, together with the arrangement of the bridging
ligand. The unpaired electron of the copper(II) ion is essentially described by a magnetic
orbital built from the dx2-y2 metallic orbital and located mainly in the basal plane. The
carboxylato, with a basal (short, 1.945(2) Å)-axial (long, 2.624(2) Å) bridging mode leads
to an almost nil overlap between the two metal centres magnetic orbitals, resulting in a
weak anti- or ferromagnetic (when the overlap is zero, accidental orthogonality)
coupling.65, 66

(a)

(b)

Figure 2.30. Thermal variation of the mT product for complexes (a) 9 and (b) 10.

The mT value per copper(II) atom for complex 10 at room temperature is 0.430
cm3.K.mol-1. This value remained almost constant until 120 K and shows a sharp decrease
upon cooling to reach a value of 0.012 cm3.K.mol-1 at 2 K. The thermal evolution of the
magnetic susceptibility shows the presence of a rounded maximum around 43 K
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(Figure 2.30b). This behaviour is indicative of dominant moderate antiferromagnetic
interactions between the Cu(II) atoms. Figure 2.31 depicts the different exchange
coupling constants taking place in complex 10 that should be taken into account in order
to model its magnetic behaviour. As far as we know, no available mathematical
expression could account for the scheme of magnetic interactions taking place within the
polymeric chains of these kind of complexes. Therefore, we have estimated the individual
J magnetic coupling constant for each magnetic exchange pathway (J1, J2, J3) from
quantum computational calculations performed over simplified fragments of the
polymeric chains.

Figure 2.31. Magnetic exchange pathways in complex 10. Thinner bonds represent the elongated
coordination bonds due to the Jahn-Teller effect of the copper(II) metal centres. Only the carboxylate group
of the TAcO- ligands are represented for clarity.

The results indicate that the double hydroxide bridge mediated exchange interaction (J1)
should be weakly ferromagnetic (J1 = +28 cm-1) for complex 10 according to the
computational simulation. These results are in good agreement with previous
experimental results that show the exchange coupling constants mediated by hydroxide
ligands range from -700 to +300 cm–1.67-69 For di--hydroxido-bridged Cu(II) binuclear
complexes the classical magneto-structural correlation between the Cu-O-Cu bond angle
() and the experimental exchange constant (J) (J= –74.538 7270 cm–1) indicates that
this complex is antiferromagnetic for  > 98º, but ferromagnetic for smaller angles.70
However, more recently advanced theoretical calculations using different density
functional methods have demonstrated that another structural parameters, such as small
variances in the Cu-O (bridge) distances, the out of plane displacement of the hydroxo
hydrogen atoms, the non-planarity of the Cu2O2 core and the distance from copper atom
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to the basal plane, can play an important role on the fine tuning of the exchange
coupling.71, 72 On the other hand the ferromagnetic interaction predicted in complex 10
for the second exchange pathway (J2) is explained by means of the orbital countercomplementary between the µ-carboxylato-κO:κO´ bridge and the hydroxide bridge with
 > 98º. 73
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2.2.3. Nano-structures of complex 11
The electrical conductivity of the obtained 1D-CPs (9-12) are too low to be of interest for
practical applications including the nanoscale. However, their structure suggest potential
molecular recognition capabilities, and their pseudo-biological nature encourage us to
draw our attention on their potential use in bio-nanotechnology.
Therefore, we focused on the production of nanostructures. To this end, we have been
able to prepare nanoribbons using fast-precipitation reaction of complex 11, under similar
synthetic conditions to that used in the bulk synthesis, but at lower concentration, 0.05 M
(see section 5.3). The X-ray powder diffraction, as well as spectroscopic and analytical
data, confirm the composition and structure of the nanoribbons which are in agreement
to those observed for the as-synthesized bulk material (Figure 2.33).
In order to study the morphology of these nanoribbons, we carried out field emission
scanning electron microscopy (FESEM) (Figure 2.32) and atomic force microscopy
(AFM) analyses (Figure 2.34) for the solid obtained upon fast precipitation.
The FESEM images confirm its nanoribbon-like structure with a high homogeneity in
dimensions. Figure 2.32 clearly shows nanoribbons with ca. 100-150 nm width and
length of over tens of microns. We do not observe significant changes neither in the width
nor in shape of the nanoribbons upon varying the concentration of the reactants from 0.05
to 0.1 mol/L. However, using lower concentrations the length becomes slightly shorter
(Figure 2.32b, f). Additionally, we observe that upon standing the colloid in contact with
solution, for up to 1 month, the width increases in about one order of magnitude while
length decrease (Figure 2.32b, d-f). We cannot still explain this is latter phenome.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.32. FESEM images of 11. Pictures (a-c) taken at time 0 (recently prepared) to show the general
size and homogeneity of the sample at different zooms.(a)10 µm, (b) 500 nm and (c) 100 nm, showing the
medium diameter size of 100-150 nm. The inset in (c) shows the thickness of the nanoribbons. (d and e)
Show the FESEM images of nanoribbons for complex 11 recorded at time 48 h and one month respectively.

(f) FESEM images for the preparation carried out with Cu(II) concentration of 0.1 M at time 0.
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Figure 2.33. X-Ray powder diffraction patterns of simulated pattern of complex 11 (black), as-synthesized
bulk counterpart (red), and nanoribbons (blue).
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Finally, the AFM images (see section 5.1.10) obtained upon drop-casting deposition of a
diluted suspension of the initial colloid on mica confirm the width of the nanoribbons
characterized by SEM, while allowed to measure a minimum height of ca. 3.5 nm for the
nanoribbons and shows a very smooth roughness (Figure 2.34a). This 3.5 nm height is
compatible with the isolation of ribbons consisting of just ca. two molecules, in
comparison with the X-ray diffraction data (Figure 2.34b). Additionally, based on the Xray structure we assume that the nanoribbons are formed by means of complementary
thymine hydrogen bond interactions between the chains (Figure 2.18).
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Figure 2.34. AFM images of nanoribbons from complex 11 on mica surface recorded at time 0 for the
preparation carried out with Cu(II) concentration of 0.05 M.

As a proof-of-concept, of the potential molecular recognition capability of the
nanoribbons of 11, we have evaluated their interaction with four different oligonucleotide
sequences

Table 2.5. Thus, the corresponding mixtures of the nanoribbons and the oligonucleotides
were incubated at room temperature for two hours. Then, the mixtures were centrifuged
using standard dialysis eppendorfs (Amicon10 kDa, 0.5 mL) to remove the unbound
material, and the eluted solutions were used to quantify the unbound amount of
oligonucleotides. We found that the nanoribbons have a significant selectivity for the
PolyA sequence, as initially expected, where ca. 60 % of the PolyA was attached to the
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nanoribbons (Figure 2.35), while PolyT, PolyC and PolyG showed significant amount of
free oligonucleotide, 68%, 59% and 53% respectively.

Table 2.5. Selected oligonucleotides sequences.
Name

Sequence

PolyA

5’-dAdAdAdAdAdAdAdAdAdA-3’

PolyC

5’-dCdCdCdCdCdCdCdCdCdC-3’

PolyG

5’-dGdGdGdGdGdGdGdGdGdG-3’

PolyT

5’-dTdTdTdTdTdTdTdTdTdT-3’

These results suggested that the interaction of the nanoribbons with an oligonucleotide
bearing adenines is much stronger than in the other cases. The preferred interaction with
PolyG vs PolyT and PolyC, might be due to the formation of a wobble base pairing
between the guanines and thymines stabilized through two hydrogen bonds.
The results obtained highlight the potential applications of CPs with nucleobases or
modified nucleobases, since these CPs could be easily functionalized with
oligonucleotides bearing a PolyA sequence, such as RNA derivatives involved in gen
regulation (microRNA or siRNAs).
Interestingly, PolyA is presented in messenger RNA (mRNA) and has implications in its
stability. For this reason, we envision that some of the future applications of these type of
CPs might deal with the delivery of nucleic acids to control biological processes.
However, the presence of copper in the polymer might limit this use due to its potential
toxicity.
For this reason, we decided to evaluate the toxicity of nanoribbons of 11 vs MCF-7 cells
(see section 5.1.12). Interestingly, we only observed high toxicity when the concentration
of the polymer was very high (>100 µM), while concentrations below this threshold did
not affect the viability of the cells (Figure 2.36).
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Figure 2.35. The affinity of the different sequences represented as % of the unbound material. The PolyA
sequence has the highest affinity for the polymer due to the efficient interaction between thymines and
adenines.
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Figure 2.36. Cell viability study in MCF7 using different concentrations of the polymer.
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Copper(I) Coordination Polymers
with Pyridine Derivative Ligands

In this chapter, we show the versatility of the Cu(I) metal centre to form
1D-CPs with multifunctional properties. Thus, the synthesis and
structural characterization of a series of 1D-CPs formulated as
[CuX(L)]n, L = 2-amino-5-nitropyridine (ANP) and X = Cl, Br, I, CN
and SCN ions, are discussed. Additionally, the synthesis and structural
characterization of two isostructural 1D-CPs, [CuI(L)]n [L = ethylisonicotinate (EtIN) or isonicotinic acid (INH)] are be presented. Their
electrical and photoluminescence properties have been studied and
rationalized with the assistance of DFT calculations.
Interestingly, the dynamic and reversible structure of [CuX(ANP)]n (X
= Br or I) show an electrical response in the reversible absorptiondesorption processes of some organic volatile solvents. This feature
suggest the potential use of materials for sensing applications.
Finally, a method of nanostructures fabrication of [CuI(ANP)]n has been
developed.

Chapter 3

3.1. Introduction
Some metal compounds containing two or more metal atoms separated by a shorter
distance than the sum of their covalent radii may show what is named as metallophilic
interactions. This field has attracted much attention during last years in materials science
because the short metal-to-metal distance can act as a driving force to form one
dimensional structures with unusual electronic and optoelectronic properties.1, 2 However,
the metallophilic interactions have been observed for closed shell d10 metal ions, mostly
for Au and Ag centres3-5, but it was pointed out that, even for CuI···CuI separations as
short as 2.35 Å,6 the existence of a weak bonding interaction between copper(I) atoms
remains controversial7-9, and the effect of the bridging ligands on CuI···CuI separations is
crucial.10-12
1D-CPs based on copper(I) halides have attracted great attention as potential candidates
for electronic and optoelectronic applications13-19 owning to their remarkable structural
diversity,20, 21 based on the soft-acceptor features of copper(I) ion giving rise to relatively
flexible coordination sphere and the flexibility of halides as bridging ligands (eg. 2-, 3, or4-bridging modes). These features produces chains with tuneable architectures and
CuI···CuI distances. Consequently, halides play an important role in the fine-tuning of the
CuI···CuI separation, making copper(I) halides excellent candidates as multi-stimuli
responsive materials since they can respond to various external stimuli and then indicing
a marked change in their physical properties.22 In that regard, copper(I) halides stimuliresponsive luminescent materials have received attention as chemical sensors.23, 24
However, few stimuli-responsive luminescence CP based on copper(I) halides have been
reported so far. They have shown switching of the luminescence upon application of an
either

physical,

temperature

(thermochromism)25,

26

and/or

pressure

(mechanochromism),27 or chemical external stimuli (vapochromism).28, 29 The stimuliresponsive phenomena that observed for non-porous copper(I) complexes, provided by
structure transformations in the targeting material, result in mostly changes in the
CuI···CuI distance,27 coordination core (breaking and forming of new bonds around the
metal centre),23 change in the metal geometry and/or the packing forces.28, 25
The resulting properties and final structure of copper(I) halides complexes depend
crucially on the molar ratio, reactions conditions, and selected organic ligands.30, 22, 21, 31
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In particular, the photoluminescence of copper(I) halides with N-organic ligands have
been studied experimentally and theoretically.14, 15, 19
On the other hand, the electrical conductivities in some 1D-CPs based on copper(I)
halides with sulfur-containing ligands have been reported.17 In addition, the electrical
conductivities found in some of the CuX-double chains with N-organic ligands have
suggested their potential use as electronic materials.32
Recently, Amo et al have shown the physical properties of [CuBr(INH)]n (INH=
isonicotinic acid) and its isolation of few chains on several substrates (Figure 3.1).

Figure 3.1. Schematic representation of a [CuBr(INH)]n polymer chain (right). AFM topography image of
[CuBr(INH)]n deposited on mica (left).32

The authors rationalized the selection of isonicotinic acid because this ligand can bind to
the metal centre through the carboxyl group and/ or pyridine nitrogen atom keeping, in
the last case, the carboxylic group available to participate in molecular recognition
process via H-bond interactions with others molecules, eg. DNA or DNA
nanostructures.32
These results prompted us to investigate the electronic properties of novel 1D-CPs based
on copper(I) halides with functionalized pyridines with substituents able to present
molecular recognition via H-bonds, and study their potential as molecular wires.33
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In this chapter, we study the self-assemble of CuX or CuX2 salts (X = Cl, Br, I, CN or
SCN anions) and pyridine derivatives ligands (Figure 3.2), named as 2-amino-5nitropyridine (ANP), Ethyl-isonicotinate (EtIN) and Isonicotinic acid (INH), that give
rise to a series of halides and pseudo-halides 1D-CPs with general formula [CuXL]n. (L=
pyridine organic ligands and X = X = Cl, Br, I, CN or SCN anions). The selection of the
ligands coming on the basis of their capabilities to participate in the formation of
supramolecular structures by means of weak interactions mostly H-bonds that are highly
desirable for the molecular recognition interactions with others biological structures as
DNA nanostructures.

H-bonding and metal binding site

H-bonding and
metal binding site
···

metal binding site
2-Amino-5-nitropyridine (ANP)

···

metal binding site
Isonicotinic acid ( HIN)

···

metal binding site
Ethyl-isonicotinate (EIN)

Figure 3.2. Schematic representation of the selected ligands for this chapter with their metals and H-bond
binding sites.
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3.2. Results and discussion
3.2.1. Synthesis and Structural Characterization
Due to the instability of copper (I) halides and lack of solubility in common organic
solvents except acetonitrile, hydro(solvo)thermal methods remarkably have been used as
synthetic method for this family.34 It is well established that copper (II) salts may undergo
for a reduction reactions in the presence of pyridine like ligands or N-containing
heteroaromatic ligands under hydro(solvo)thermal conditions.35-37 In some cases, these
methods produce mixed-valence copper coordination polymers.38 In addition, saturated
alkali metal halide aqueous solutions have been used to dissolve the copper (I) halide.39
In this chapter, prepare a series of 1D-CPs, based on copper(I) halides, using different
synthetic procedure.
The reactions of CuX (where X is Cl, Br I, CN or SCN anions) and pyridine derivatives
ligands at different conditions allow the separation of complexes 18-24 (Scheme 3.1).
Complexes 18 and 19 have been synthetized by direct reactions between the
corresponding CuX or CuX2 salts (X= Cl, Br anions for complexes 18 and 19
respectively) with ANP under solvothermal or microwave conditions (Figure 3.3), (see
section 5.3). When CuX2 have been used, reduction of Cu(II) ions were taken place in
presence of pyridine ligand (ANP), and under these energetic conditions as in many
reported examples.36 The direct reaction carried out between CuI and ANP in acetonitrile
at 25 ºC leads to the isolation of complex (20RT) (Figure 3.3). A similar reaction between
CuI and ANP but using solvothermal conditions in acetonitrile-water (2:1) affords the
structural polymorph (20a) (Figure 3.3). Additionally, the study of the physical
properties of complex 20 indicates a phase transition at ca. 267 K. This transition has
been studied in detail by solving the structure of 20 at 200 K (20LT) and at 298 K (20RT).
In a reaction carried out under similar synthetic solvothermal conditions to those used for
complex 20a, but with an oxygen saturated acetonitrile-water (2:1) solution, a few
crystals of complex 20b are isolated (Figure 3.4). Complexes 21 and 22 have been
synthetized by direct reactions between the corresponding CuX salts (X= CN, SCN anions
for complexes21 and 22 respectively) and ANP under mild conditions.
On the other hand, the reactions between CuI and EtIN or HIN lead to the separation of
complexes 23 and 24 respectively (Scheme 3.1).
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X = Cl
EtOH/H2O
160 ºC/ 4 day

X = Br

L = ANP

[Cu(ANP)Cl]n (18)
[Cu(ANP)Br]n (19)

X=I
X = CN
MeCN
25 ºC

CuX + L

[Cu(ANP)CN]n (21)

X = SCN [Cu(ANP)SCN]n (22)
KSCN
L = EtIN
MeCN

MeCN

[Cu(ANP)I]n (20RT)

25 ºC
Polymorphs
MeCN/H2O
160 ºC/ 4 day

MeCN/H2O
160 ºC/ 4 day

[Cu(ANP)I]n (20a)

{[Cu(ANP)I]n nCH3COOH}
(20b)

O2 gas bubbled
for 20 min

[Cu(EtIN)I]n

(23)

[Cu(HIN)I]n

(24)

X=I
25 ºC
L = HIN
MeCN/EtOH

Scheme 3.1. Schematic representation of complexes (18-24) obtained by the reactions of Cu(I) salts with
pyridine derivatives ligands.

All the complexes have been characterized by single crystals X-ray diffraction and their
purity have been confirmed by X-ray powder diffraction techniques (see appendices A
and B).
Complexes 18, 19, 20LT, 20RT and 20a present a similar structural feature where they
consist of a double-stranded stair motif (Figure 3.3), in which copper(I) metal centres are
bridged by µ3-halides. Three bridging halides and the iminic nitrogen atom of the ANP
ligand complete the tetrahedral coordination environment around the metal centre.
Whereas complex 20b shows a similar double-stranded stair chain with the incorporation
of acetic acid molecules in its crystal backing (Figure 3.4). All the complexes (18-20)
show an almost identical Cu-X double-chain structure with the expected lengthening
along the propagation direction, affecting the dimension of the unit cell a edge as the
bridging halide size increases. The a edge are 3.7060(2) Å for X = Cl (18), 3.7808(1) Å
for X = Br (19), and 4.2284(1), 4.1982(1), 4.0708(1), 4.1444(1) Å for X = I in complexes
20LT, 20RT, 20a, and 20b respectively (see appendix A). The copper-halides and copperpyridine nitrogen bond distances are similar to those of other known [CuX(L)] n stairs.4044

Figure 3.5 and Table 3.1 collect the Cu-X, Cu-N, and Cu···Cu distances for complexes

18, 19, and 20. Most of the intra-chain Cu···Cu distances found are close to the sum of
the van der Waals radii (2.80 Å)45, indicating the possible metallic Cu···Cu interactions
that could explain the conductivity results founded in some of these complexes (see
electrical properties section).
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Cu1iii

Cu1iv

N1

N1

X = Cl (18), Br (19), I (20RT, 20LT, 20a)
Figure 3.3. View of the polymeric chain [CuX(ANP)]n in complexes 18, 19, 20RT, 20LT and 20a.
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Figure 3.4. View of the polymeric chain {[CuI(ANP)]n×nCH3COOH}in 20b.
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The halides are tri-coordinated in a distorted pyramidal geometry. The bond distances
asymmetry decreased on going from chloride to iodide as can be seen in (Figure 3.5 and
Table 3.1). The stair type chain can be also described as formed by planar Cu2I2 squares
that share two opposite sides with dihedral angles show slight variations between these
complexes. These differences observed mainly between the polymorphs of complex 20
and 20b (117.4º for 20RT, 117.3º and 116.8º for 20LT, 114.1º for 20a, and 112.2º for 20b)
suggest that the inter-chain interactions are important in determining the overall structure
of these complexes and these data support the idea that the ANP ligand plays a crucial
structural role. Surprisingly, the intra-chain Cu-X-Cu and X-Cu-X angles did not show
the expected increase as the size of halide anions (X) increase. Thus, these angles decrease
from 104.9º to 98.7º when passing from Cl (18) to Br (19) and then increase for I to,
105.3º for (20RT), 104.55º for (20LT), 100.1º for (20a), and 101.8º for (20b). This lack of
size-angle trend indicates that in this series of complexes, the halogen size is not the only
factor determining the geometry of the chain but strongly suggests that the packing forces
and interchain interactions are also important in determining the structure of these
complexes.

Table 3.1. Bond lengths (Å) and bond angles (°) for 18, 19, 20RT, 20LT, 20a, and 20b.

20LT

20a

20b

(X= I)

(X= I)

(X= I)

18

19

(X=Cl)

(X=Br)

20RT
(X=I)

Cu1—X1

2.2902(8)

2.4561(7)

2.6220(1)

2.6180(8) 2.6205(7) 2.6930(1)

Cu1—X1i

2.3854(8)

2.5260(8)

2.6970(1)

2.6895(8) 2.6886(7) 2.6490(1)

Cu1—Cu1iii

2.7641(8) 2.7678(12)

2.8490(2)

2.8020(8) 2.7722(9) 2.7140(1)

Cu1—Cu1iv

3.1774(8) 2.7793(12)

3.1610(2)

3.1660(8) 2.8994(9) 3.2780(1)

Cu1—X1ii

2.5256(9)

2.5260(8)

2.6980(1)

2.6576(8) 2.6517(7) 2.6500(1)

X1—Cu1—X1i

104.85(3)

98.72(3)

105.30(30) 104.55(3) 100.12(2) 101.76(3)

X1i—Cu1—X1ii

111.56(3)

113.48(3)

116.24(4)

···

3.297

3.374

3.332

117.97(3) 117.46(2) 118.39(6)
3.307

3.520

3.464

Symmetry codes for complex 18: (i) -1+x, y, z; (ii) 3-x, -y, 2-z; (iii) 2-x, -y, 2-z; (iv) 1+x, y, z.; for complex
19: (i) 2-x, 1-y, 1-z; (ii) 1+x, y, z; (iii) -1+x, y, z; (iv) 1-x, 1-y, 1-z; for complex 20RT: i) x+1, y, z; ii) -x+1,
-y+1, -z; iii) -x, -y+1, -z; 20LT: (i) 1+x, y, z; (ii) -x, 2-y, 1-z; (iii) 1-x, 2-y, 1-z; (iv) -1+x, y, z. for complex
20a: i) -x+2, -y, -z+1; ii) -x+3, -y, -z+1; i) -x+2, -y, -z+1; ii) -x+3, -y, -z+1; for complex 20b: i) x+1, y, z;
ii) -x, -y+2, -z+1; iii) -x+1, -y+2, -z+1; iv) -x, -y+2, -z+1.
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18

19

20RT

20LT

20a

20b

Figure 3.5. Fragment of the double-stranded stair in complexes 18.19, 20RT, 20LT, 20a, and 20b showing
the bond angles (°) and distances (Å).

Note that the main change between the structures of 20LT, 20RT, and 20a reside in the CuI
double chain: in 20LT, this chain contains two crystallographically independent Cu and I
atoms resulting in a dimerized chain, whereas in 20RT and 20a the chains contain only
one Cu and I independent atoms. Interestingly, the average intra-chain Cu···Cu distances
are shorter in the dimerized phase (20LT) that in the regular one (20RT) (Figure 3.5 and
Table 3.1). Complex 20a shows intra-chain Cu···Cu distances shorter than 20LT and
20RT, but longer than those found in 20b.

133

Chapter 3

The ANP ring is tilted (78.2º for 18, 80.9º for 19, 78.2º for 20RT, 79.0º for 20LT 77.6º for
20a, and 89.3º for 20b) and twisted (57.4º for 20RT, 56.0º for 20LT, and 67.1º for 20a)
relative to the propagation direction of the chain. The chain cohesion is also ensured by
the presence of π···π stacking interactions at each side of the chain between the adjacent
ANP ligands with interplanar distances of 3.297 Å (18), 3.374 Å (19), 3.332 Å (20RT),
3.307 Å (20LT), 3.520 Å (20a), and 3.464 Å (20b) (Table 3.1). Note again that these
interplanar distances do not always follow the expected increase when the halogen size
increases since the complexes are not isostructural and, as noted before, the Cu-X-Cu and
X-Cu-X angles do not vary in a regular form. Additionally, all complexes show weak
intra-chain hydrogen bonds involving the halide as acceptor and the NH2/CH groups as
donor thanks to the twisting of the ANP ligands.
Despite the great similarity between the chains of complexes 18, 19, 20RT, 20LT, and 20a,
the overall crystal structure clearly shows the influence of the different hydrogen bond
acceptor capacity of the halides (Figure 3.6, Figure 3.7 and Figure 3.8). In complexes
19, 19, 20RT, 20LT, and 20a, the supramolecular architectures are directed by the hydrogen
bonding interactions established between the NH2 and C-H donor groups and the NO2
and halide acceptor groups of neighbouring chains. In fact, the number of hydrogen bond
donor positions of the ANP ligand involved in the supramolecular hydrogen bonding
scheme reduces on going from 18 to 20, in agreement with the weaker hydrogen bond
acceptor capacity of the halides on going from chloride to iodide.
In complex 20b, the inclusion of acetic acid molecules, a strong hydrogen bond donor
and acceptor molecule, between the [CuI(ANP)]n chains, disrupts the previous described
hydrogen bonding schemes. The intramolecular π-π stacking and N-H···I interactions are
retained, but the C-H···I ones are removed (Figure 3.8). The inter-chain interactions are
dominated by the hydrogen bonds established between the amino group of the ANP
ligands and the acetic acid molecules, giving rise to a crystal packing with 1D channels,
occupied by highly disordered solvent molecules. These channels of ca. 5 Å diameter
occupy a 14.0 % of the total volume. No evidence of inter-chain I···I or π-π interactions
are observed.
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(a)

(b)

Figure 3.6. Packing of complexes 18 (a), and 19 (b), viewed along the a axis. Dashed lines indicate
hydrogen bonding interactions. Colour code: C; grey, O; red, N; blue, Cl; green, Br; brown, Cu; orange.
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(a)

(b)

Figure 3.7. Packing of complexes 20RT (a), and 20LT (b), viewed along the a axis. Dashed lines indicate
hydrogen bonding interactions. Colour code: C; grey, O; red, N; blue, I; violet, Cu; orange.
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(a)

(b)

Figure 3.8. Packing of complexes 20a (a), and 20b (b), viewed along the a axis. Dashed lines indicate
hydrogen bonding interactions. Colour code: C; grey, O; red, N; blue, I; violet, Cu; orange.
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(a)

(b)

(c)

Figure 3.9. Fragment of the polymeric chain of complex 21 (a) and detail of the helical shape of the chain
core b), where ANP ligands have been omitted for clarify. Packing of complex 21 viewed along the a axis
(c). Dashed lines indicate hydrogen bonding interactions. Colour code: C; grey, O; red, N; blue, Cu; orange.

Complex 21 crystallizes in the monoclinic P2/n space group with cell parameters a =
14.6169(3) Å, b = 7.2367(2) Å, c = 16.1212(3) Å, and β = 110.554(1) °. Its crystal
structure is formed by helical polymeric chains [CuCN(ANP)]n running parallel to the
[100] direction (Figure 3.9). The packing of these chains is accomplished through a dense
net of hydrogen interactions involving the NO2 and NH2 groups from neighbouring
chains. The copper atoms within the same chain are located at longer distances than the
ones found in complexes bridged by halides due to the longer length of the CN ligand
that coordinates in a linear Cu-CN-Cu mode: Cu1-Cu1 = 4.866 Å, Cu2-Cu2 = 4.930 Å
and Cu1-Cu2 = 4.946 Å. Some statistical disorder can be found in two of the three
crystalographicaly independent CN groups acting as bridging ligands (involving atoms
C4-N4 and C4i-N4i).
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(a)

(b)

Figure 3.10. Fragment of the polymeric chain of complex 22 (a). Packing of complex 22 viewed along the
a axis (b). Dashed lines indicate hydrogen bonding interactions. Colour code: C; grey, O; red, N; blue, S;
yellow, Cu; orange.

Complex 22 crystallizes in the monoclinic P21/n space group with cell parameters a =
5.8985(1) Å, b = 14.2513(3) Å, c = 10.8843(2) Å, and β = 105.129(1) °. The crystal
structure is formed by chains (Figure 3.10a) similar to the ones found in complexes 1820 with the double-stranded stair motif. In this case the copper(I) metal centres are
bridged by µ3-1N, 2:32S ligands, where the sulphur atom is bridging two neighbour
copper centres to form Cu2S2 squares, and the nitrogen atom is coordinated to a metal
atom from another Cu2S2 square. This coordination mode gives rise to alternating long
and short rectangles along the chain. The corresponding short and long Cu···Cu distances
within the chain are 2.861 Å and 5.245 Å, much longer than the ones found in complexes
18-20 (Figure 3.5 and Table 3.1). The packing of the chains is achieved through
hydrogen bonds involving the NH2 groups from the ANP ligand and the SCN bridges of
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adjacent chains (Figure 3.10c). There are also intra-chain hydrogen bonds between the
other amino hydrogen atom and the SCN ligand.
As we have previously mentioned that the reactions of CuI with EtIN or HIN have
produced complexes 23 and 24 respectively. These complexes present the common
feature of their double-stranded stair motif formulated as [CuI(L)]n similar to those
observed in complexes 18-20, with L = EtIN, for (23) (Figure 3.11a), or HIN, for (24)
(Figure 3.12a), where copper(I) metal centres are bridged by µ3-iodides. Three bridging
iodides and the iminic nitrogen atom of the pyridinic ligands formed the tetrahedral
coordination environment around the metal centres. These complexes are not isostructural
but the core of the chains is almost identical. The copper-iodide and copper-pyridinic
nitrogen bond distances are similar to those of other known similar [CuI(L)] n stairs.40-44
Table 3.2 collects the most relevant Cu-I, Cu-N and Cu···Cu bond distances and angles
for complexes 23 and 24. The Cu···Cu distances within the chains found in these
complexes are close to or above the sum of the van der Waals radii (2.80 Å). The iodide
is tricoordinated in a distorted pyramidal geometry. The stair type chain can also be
described as composed of planar Cu2X2 squares, as found in polymorphs of complex 20,
that share two opposite sides with angles between adjacent squares of 120.9º (23) and
119.3º (24), respectively. The EtIN, and HIN ligands are arranged in such a way that they
are tilted [82.0º (23), and 90.6º (24)] and twisted [63.5º (23), and 61.0º (24)] (Table 3.2)
relative to the propagation direction of the chain. Despite the similarity of the double
ladder polymeric chains of complexes 23 and 24, their supramolecular architecture differs
considerably. The ethoxy residue of the pyridinic ligand in complex 23, precludes a close
approach of the chains to establish π-π stacking interactions between the pyridinic rings.
Therefore, the final 3D cohesiveness is achieved only by means of weak van der Waals
interactions (Figure 3.11b). On the other hand, complex 24 presents a supramolecular
crystal structure directed by the presence of complementary hydrogen bonds between the
carboxylic groups of adjacent isonicotinic acids, giving rise to 2D supramolecular sheets
parallel to the (102) plane that assemble together by means of weak van der Waals
interactions (Figure 3.12b). This complementary hydrogen bonding scheme between
carboxylic groups is a well-known supramolecular synthon that usually directs the
supramolecular crystal structure of organic molecules containing carboxylic groups.46
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Table 3.2. Selected distances (Å) bond angles (°) for complexes 23 and 24.

Complexes

23

24

Cu-I1

2.7056(6)

2.6323(10)

Cu-I1i

2.6180(6)

2.6313(10)

[Cu-I1rail] = [(C-I1) – (Cu-I1i)]

0.0876

0.0010

Cu-I1ii

2.6432(6)

2.6583(10)

Cu-N1

2.044(4)

2.054(5)

Cu···Cuii

2.7971(11)

2.8715(12)

Cu···Cuiii

2.8133(11)

2.8715(12)

[Cu···Cu]

0.0162

0.0000

I1-Cu1-I1i

102.69(2)

103.01(3)

I1-Cu1-I1ii

116.95(2)

114.24(3)

I1i-Cu1-I1ii

115.35(2)

114.27(4)

Cu1-I1-Cu1ii

63.05(2)

65.74(3)

Cu1-I1-Cu1iii

102.69(2)

103.01(3)

Cu1ii-I1-Cu1iii

64.65(2)

65.75(3)

dihedral anglea

120.9

118.3

tilt angleb

82.0

90.6

twist anglec

63.5

61.0

Symmetry codes for 23: i) x-1, y, z; ii) -x+1, -y+2, -z-1; iii) -x, -y+2, -z-1; for 2: i) x-1, y, z; ii) x, -y, -z+1;
iii) -x+1, -y, -z+1and for 24: i) x, y+1, z; ii) -x+1, y+1/2, -z+3/2; iii) -x+1, y 1/2, -z+3/2. a Dihedral angle
between adjacent Cu2I2 squares. b,c Tiling and twist angles of the pyridinic ring relative to the propagation
direction of the chain.
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(a)

(b)

Figure 3.11. Fragment of the polymeric of complex 23 (a). Weak van der Waals interactions predominate
the packing of complex 23 (b). Colour code: C; grey, O; red, N; blue, I; violet, Cu; orange.
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(a)

(b)

Figure 3.12. Fragment of the polymeric of complex 24 (a). Packing of complex 24 viewed along the a axis
(b). Dashed lines indicate hydrogen bonding interactions. Colour code: C; grey, O; red, N; blue, I; violet,
Cu; orange.
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3.2.2. Physical Properties
3.2.2.1. Electrical properties
Two probe direct current (d c) electrical conductivity measurements at 300 K are
performed in several single crystals of complexes 18-24. The conductivity values at 300
K are obtained applying voltages from +10 V to -10 V.
The room temperature average dc conductivity values for complexes 18-20 are strongly
dependent on the structure and on the bridging ligand. The variation observed in the
conductivity values:  (18) <  (19) < 20) <  (20a) <  (20b), (Table 3.3),
suggesting, in all cases, that this family of polymers are semiconductors. In order to
confirm this behaviour and to determine their activation energies, we performed a dc
conductivity measurements as a function of temperature for at least four single crystals
of each complex. These measurements show that complexes 18,19, 21, and 22, with X =
Cl, Br, CN, and SCN ions, respectively, display very similar thermal behaviours
(Figure 3.13) where the resistivity decrease with increasing the temperature and
following a classical Arrhenius law above ca. 350 K (Inset in Figure 3.13). The activation
energies determined for the four complexes are also very close to each other and in range
1.09-1.37 eV (Table 3.3).
Complex 20 presented a reversible semiconducting-semiconducting transition with an
abrupt transition at ca. 267 K in the cooling scan and ca. 282 K in the heating one and a
hysteresis of ca. 15 K (Figure 3.14). Interestingly, this transition implies a decrease in
the resistivity by a factor of ca. 30 when passing from high to low temperature. Although
the sample remains semiconducting before and after the transition, the activation energy
decreases from ca. 0.40 eV at high temperatures to ca. 0.08 eV at low temperatures
(Table 3.3).
These values indicate that the low temperature phase is a better conductor and has a lower
activation energy, in contrast with the usual behaviour observed in chain complexes,
where the Peierls transitions imply a decrease of the resistivity and an increase of the
energy gap in the low temperature phase.47-51
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Figure 3.13. Thermal variation of the resistivity (logarithmic scale) of complexes 18 (blue), 19 (red), 21
(green) and 22 (violet) in the temperature range 350-400 K. Inset shows the Arrhenius plot for the same
complexes.

This unexpected result can be easily explained with the structural data obtained for 20LT
and 20RT above and below the transition temperature. The main difference between 20RT
and 20LT is the presence of two independent Cu and I atoms in 20LT, compared to only
one in 20RT and 20a, resulting in a dimerized chain in 20LT. A second interesting result
shown by the electrical conductivity of complex 20 is the presence of strong oscillations
in the resistivity when the sample is heated above ca. 370 K, suggesting that some kind
of degradation or transformation is taking place at high temperatures (Figure 3.14). This
transformation leads to a state with a much higher conductivity and even a metallic-like
behaviour from 400 K down to ca. 300 K. At lower temperatures, the crystals show again
a semiconducting behaviour with a very small activation energy of ca. 10 meV. In the
successive heating and cooling scans the samples show similar semiconducting
behaviours from low temperatures to ca. 300 K and metallic-like behaviours above ca.
300 K. In the metallic-like phase, the conductivity is four to six orders of magnitude
higher than the original values. This behaviour is observed in at least four different
crystals of complex 20. Complexes 20, 20a and 20b show very similar behaviours except
for the transition at ca. 267-282 K, that is only observed in complex 20 (Figure 3.14 and
Figure 3.15). Thus, 20a and 20b show semiconducting behaviours with activation
energies of 0.37 and 0.20 eV (Table 3.3) respectively but no transition around 275 K
(Table 3.3 and Figure 3.15). Similar to complex 20, complexes 20a and 20b also show
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an important increase in the conductivity of ca. four orders of magnitude after heating at
400 K and display a metallic-like behaviour at high temperatures and semiconducting
regimes with lower activation energies at low temperatures (Table 3.3). Unfortunately,
the crystals loos the crystallinity when heated to 400 K, precluding a structural study of
this highly conducting phase. Nevertheless, given the relative easiness of the CuI chain
to slightly modify its structure and the important consequences of these small
modifications on the electrical properties, we can anticipate that the transition that taken
place at high temperatures must imply a change inside the CuI chain. This change would
lead to shorter Cu···Cu distances and better overlaps of the copper orbitals, resulting in
the enhanced conductivity observed experimentally.

Figure 3.14. Thermal variation of the normalized resistance (logarithmic scale) of complex 20RT after
successive heating and cooling scans (1-4) in the 2-400 K range. Inset shows the transition taking place at
268-281 K.

In complexes 20 (20RT and 20LT), 20a, and 20b, the variations observed in the
conductivity values, (20) <  (20a) <  (20b), (Table 3.3), suggest that the main factors
determining the conductivity must be the structural parameters in these chains as the
average Cu···Cu distance (3.01 Å in 20RT, 2.98 Å in 20LT, 2.88 Å in 20a and 2.714 Å in
20b) and the dihedral angle between adjacent Cu2I2 units which is closer to 90º in 20a
(114.1º) than in 20RT (116.8-117.4º) (Table 3.3), resulting in a better orbital overlap in
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20a. Furthermore, the high conductivity values displayed by complexes 20a and 20b,
where the Cu···Cu distances are shorter than the sum of the van der Waals radii (2.8 Å),
confirm that this short Cu···Cu distances play a key role in the electronic properties. At
400 K the conductivities reach values in the range 1x10-8 to 1x10-3 S cm-1 (Table 3.3).

Table 3.3. DC conductivity values at 300 and 400 K and experimental and calculated activation energies
in complexes 18-24.

Complexes

300 (S/cm)

400 (S/cm)

Ea (eV) exp.

Ea (eV) calc.

18

2.0x10-9

2.1x10-7

1.09

1.17

19

3.0x10-9

4.4x10-7

1.34

0.75

20RT

1.1x10-8

1.0x10-5 *

0.40

0.59

0.08

0.18

20LT
20a

5.0x10-6

1.0x10-4 *

0.37

0.31

20b

1.4x10-3

5.0x10-3 *

0.20

0.29

21

2.9x10-10

6.7x10-8

1.25

1.26

22

2.0x10-12

1.2x10-8

1.37

2.31

23

2.0x10-6

0.08

0.04

24

3×10-3

0.2

0.13

* The crystals decompose at 400 K and show a metallic-like behaviour in the cooling scan from 400 to ca.
250 K.

In complexes 18-20 the conductivity values follow the expected order from orbital
overlap considerations (Cl < Br < I)52 and Cu···Cu and Cu-X bond distances. Albeit, the
conductivity for complex 19 is only 1.5 times higher than that of the complex 18
derivative. Furthermore, in the Br derivative the Cu-X bond distances are more regular
than in the Cl derivative and, therefore, its conductivity should be much better than that
of the Cl complex. This unexpected small increase may be attributed to the significantly
smaller Cu-X-Cu bond angle observed in the Br derivative (98.7º) compared with the one
observed in the Cl derivative (104.9º). Complex 20 is better conductor than complexes
18 and 19 since the orbital overlap is larger for X = I.
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Complexes 21 and 22 present, as expected, the lower conductivities since both bridges
give rise to much larger Cu···Cu distances. The order (22) < (21) also agrees with a
longer Cu···Cu distance (5.245 Å) and the longer bridge along the chain in the SCNderivative (22) compared with the CN- one.
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Figure 3.15. Thermal variation of the normalized resistance (logarithmic scale) for complexes 20a (a) and
20b (b) after successive heating and cooling scans (1-4) in the 2-400 K range.
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Complex 23 shows a dc conductivity of ca. 2×10-6 S/cm at room temperature and a
classical semiconducting behaviour (the resistivity increases as the temperature is
decreased, (Figure 3.16a) with an activation energy of ca. 80 meV. When the crystals of
complex 23 are heated to 400 K they all show an abrupt and irreversible drop of the
resistivity of more than four orders of magnitude at ca. 360 K (Figure 3.16a). After the
transition, the conductivity of the sample at room temperature observed in the successive
cooling and warming scans is also ca. four orders of magnitude higher (ca. 5×10-2 S/cm
at 300 K). Besides the increase of the conductivity, complex 23 shows a quasi-metallic
behaviour in the temperature range of 400-250 K and a classical semiconducting
behaviour below 250 K with a very low activation energy of ca. 20 meV. This behaviour
suggests that complex 23 suffers an irreversible transition to a highly conducting state at
high temperatures and remains in this state in the successive scans. Once the sample has
been heated to 400 K the transparent yellow crystals become opaque and white.
Furthermore, as can be observed in Figure 3.16a, after the transition the conductivity
shows large oscillations. These facts suggest that the transition could consists of a partial
degradation/transformation of the crystals due to the irreversible release of some CO2 at
high temperatures. The released CO2 would be formed by oxidation of the carboxylate
groups of the ligands and would imply the reduction of some Cu(I) centres to Cu(0). This
hypothesis is confirmed by TGA analysis coupled to a mass spectrometer (Figure 3.19)
and explains the irreversible formation of a highly conducting phase with a quasi-metallic
behaviour. The amount of released CO2 must be small since the overall crystallinity is
kept after the transition at 380 K, as clearly demonstrated by the X-ray powder
diffractogram at 380 K which is identical to the experimental and simulated ones from
the structure at 296 K (Figure 3.17). An additional proof of the reduction of a small
fraction of Cu(I) into Cu(0) is provided by magnetic measurements performed at 400 K
on a sample of complex 23 (Figure 3.21).
Complex 24 shows a dc room temperature conductivity of ca. 3×10-3 S/cm (Figure 3.16b)
and a semiconducting behaviour with an activation energy of ca. 200 meV. When the
crystals of 24 are heated up to 400 K they remain semiconductors although at ca. 380 K
they show a small increase of the resistivity probably due to sample degradation or
disorder induced in the sample. When the sample is cooled again, complex 24 remains
semiconducting although with a much lower activation energy 25 meV. Additionally,
complex 24 shows higher resistivity values in the temperature range 400-150 K and a
small transition at ca. 288 K only observed in the cooling scan. When the sample is heated
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again, it shows lower resistivity values in the temperature range 160-390 K. At ca. 390
K, it shows again a smooth increase in the resistivity (as the one observed in the first
heating scan) and at 400 K it recovers the resistivity value observed in the first heating
scan. This behaviour contrasts with the one observed in complex 23 and suggests that
complex 24 has a much higher thermal stability (probably due to the presence of the
strong H-bonds between adjacent chains), in agreement with the thermogravimetric
analysis (Figure 3.20). Unfortunately, the crystals of complex 24 also partially
decompose upon heating, precluding a structural analysis at high temperatures.
Nevertheless, we can suppose that after heating at 400 K the crystals of 24 release very
small amounts of CO2 with the simultaneous formation of Cu(0). The presence of very
small amounts of Cu(0) would be responsible for the decrease of the activation energy
but would not result in a sharp increase of the conductivity nor in a quasi-metallic
behaviour (as observed in 23) probably because the amount of Cu(0) is well below the
percolation limit. Although the two structures are very similar, their room temperature
conductivities are quite different (24 is almost three orders of magnitude better conductor
than 23 before the high temperature transition).These differences in conductivity values
can be rationalized taken into account the small variations in the Cu-I bond distances and
angles and/or the Cu···Cu distances (Table 3.2). As can be seen in Table 3.2, the Cu···Cu
distances are significantly shorter in complexes 23 (average values of 2.805 Å) than in 24
(average value of 2.872 Å). These Cu···Cu distances disagree with the conductivity
values observed in complex 23. Although it could be argued that the dimerization of the
Cu···Cu distances (measured as the difference between the two Cu···Cu distances,
Table 3.2) agrees with the observed conductivity values, both Cu···Cu distances are
longer in 24 than in 23. Therefore, the most plausible pathway for the electronic
delocalization must be the Cu-Irail [(Cu-I1) and (Cu-I1i)] bonds along the chain
(Table 3.2). These bond distances are shorter in 24 (average value 2.632 Å) than in 23
(2.659 Å), in agreement with the lower resistivity value found in 24. Furthermore, the
dimerization of these Cu-Irail bonds along the chain is also much shorter in 24 (0.001 Å)
than in 23 (0.0876 Å), also in agreement with the observed conductivity values.
Additionally, although the differences are shorter, the I-Cu-I bond angle along the chain
is larger in 24 (103.01(3) º) than in 23 (102.69(2) º) (Table 3.2). This larger angle is
expected to lead to a better orbital overlap and, therefore, to a high electrical conductivity,
again in agreement with the observed values. Finally, the dihedral angle between the Cu2I2
rectangular units forming the chain also suggests that complex 24 should be a better
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conductor since this angle is shorter in 24 (119.3º) than in 23 (120.9º), Table 3.2, giving
rise to a better orbital overlap in 24 (Figure 3.18).

(a)

(b)

Figure 3.16. Thermal variation of the electrical conductivity of complex 23 (a) and 24 (b) in four successive
scans (1-4). The horizontal resistivity values indicate that the resistance has reached the measuring limit of
our equipment (5x1011 ) with inset, Arrhenius plot (Ln  vs 1/T) for the successive cooling and heating
scans (1 4).
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Figure 3.17. Experimental (at 298 and 380 K) and simulated powder diffractograms of 23.
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Figure 3.18. Schematic representation of the Overlap simulation between the d z2 orbitals of Cu centre and
the pz orbitals of iodine.

In order to gain insights into the chemical processes taking place during the thermal
treatment of complexes 23 and 24 and how they influence their conductivity, we have
characterized samples of complexes 23 and 24 with TGA-MS under an inert atmosphere
of helium. It was hence possible to unambiguously identify the fragments cleaved from
the isonicotinato derivatives at moderate temperatures (Figure 3.19 and Figure 3.20).
Analysis of complex 23 from room temperature to 300 °C revealed an abrupt mass loss
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around 180 °C. Continuous MS enabled the allocation of the molecular fragments that
were being detached from the sample as a function of temperature. Four characteristic
fragments of the ethyl isonicotinate ligands with m/z = 78, 106, 123, and 151, were found
to cause the mass reduction. Moreover, an intense continuous release of CO and CO2 was
detected during all the studied temperature range, probably arising from the carboxylic
moieties, highlighting the smaller thermal stability of complex 23. In stark contrast,
complex 24 exhibited a remarkable higher stability with almost no appearance of any
peak in the total ion current until about 250 ºC (523 K), with the characteristic fragments
of the isonicotinic ligands at m/z =78, 106 and 123 the being detected; moreover, a less
intense evolution of CO and CO2 (m/z =44) was detected, probably arising from the
cleavage of carboxylic moieties of the pyridinic ring.
On the other hand, in order to confirm the possible reduction of a fraction of Cu(I) to
Cu(0), we have performed magnetic measurements with two different samples of
complex 23, using a plastic bag and a porous paper bag. These measurements indicate
that complex 23 is, as expected, diamagnetic, but when it is heated to 400 K, it shows the
appearance of a paramagnetic signal that increases with time (Figure 3.21). This increase
is much faster when the sample is placed in a paper bag than in a non-sealed plastic one,
suggesting that the increase is related with a gas release that is more effective in the paper
bag. The signal initially increases in a linear way and reaches saturation after ca. 1 hour
(more than 5 hours in the plastic bag) at a magnetic moment of ca. 0.03 cm3 K mol-1,
corresponding to ca. 8 % of the contribution of one electron. These measurements agree
with the formation of paramagnetic Cu(0), with one unpaired electron, and CO2 release,
suggesting that this redox reaction is probably limited by diffusion of the CO2 in the solid.
In fact, the appearance of the weak paramagnetic contribution may be explained by the
reduction of Cu(I) to Cu(0), which has one unpaired electron. The delocalization of the
Cu(0) unpaired electron would give rise, on one hand, to the very high conductivity and
the quasi metallic behaviour observed in this complex after the transition and, on the other
hand, to a Pauli-type paramagnetic contribution accounting for the increase in the
paramagnetic signal with time.
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Figure 3.19. TGA-MS analysis of the complex 23 using a heating rate of 10K/min under helium. A
continuous release of CO (m/z = 28) and CO2 (m/z = 44) can be detected. The intense peak mass loss takes
place at ca. 180 °C. Depicted MS traces can be attributed to the ethyl isonicotinate fragments – m/z (78,
106, 123, and 151).

Figure 3.20. TGA-MS analysis of the complex 24 using a heating rate of 10 K/min under helium. A
continuous release of CO (m/z = 28) and CO2 (m/z = 44) can be detected. The first peak mass loss takes
place at ca. 250 °C. Depicted MS traces can be attributed to the isonicotinic acid fragments – m/z (78, 106,
and 123).
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Figure 3.21. Temporal evolution of the product of the magnetic susceptibility times the temperature for
complex 23 at 400.
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3.2.2.2. Electrical responsive properties of [Cu(X)ANP]n polymers
Attempts

to

reproduce

complex

20b,

through

single-crystal-to-single-crystal

transformation from 20RT to 20b using acetic acid vapours, failed. This is probably
consequence of the non-porous nature of 20RT. However, when a microcrystalline powder
of 20RT is immersed in glacial acetic acid the colour of crystals changed from yellow to
orange and loose the crystallinity, becoming amorphous (Figure 3.22). This can be
explained as a sorption process that has taken place thanks to structure flexibility of 20RT
associated with the presence of ANP ligand with donor and acceptor H-bonds groups.
Surprisingly, this change is reversible and when the acetic acid is removed and the sample
is dried in air during several days, the crystals become yellow and recover the
crystallinity, and the dried sample presents a powder X-ray diffractogram very similar to
the original (Figure 3.22). This reversible interaction has also been proven by the change
in the electrical conductivity of 20RT. Thus, a device was built up consisting of a pellet of
20RT electrically contacted with two copper wires (Figure 3.23). Electrical
characterization of this pellet (complex 20RT) was done at room temperature by
Electrochemical Impedance Spectroscopy (EIS) measurements (Figure 3.24). The
samples were exposed to HAcO vapour at different times and the total pellet resistance
(R) was obtained from the intercept of the arc (at the low frequency end) on the Z′ axis.
The conductivity σ in S cm-1 is calculated from Z´ value by using Eq. (3.1), where “l” is
the pellet thickness in cm, “R” is the resistance in Ω and “A“ is the electrode area in cm2.
The calculated conductivities of the samples are presented in Table 3.4.


l
R·A

Eq (3.1)

Typical Nyquist plot for complex 20RT, after 24 h exposed to HAcO vapour, in the
frequency range 1 Hz-1 MHz is shown in Figure 3.24a. A careful observation indicates
the presence of depressed semicircular arc at high-medium frequencies (1 MHz-30 Hz)
that is attributed to the bulk properties of the complex and a line in the low frequency
region typical of materials that show the capacitive behaviour occurring between the
mobile ion (that are blocked by the electrode-electrolyte interphase).53
The Nyquist plots recorded after different exposure times (45, 20 and 15 min) are similar
to those obtained after 24 h exposure (Figure 3.25) but the intercept of the semicircle
with the Z′ axis shifts towards higher values. The pristine sample of 20RT (t = 0 min in
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HAcO vapour), loses the semicircle shape and, in addition, the experimental
measurements have a lot of dispersion from 100 Hz (Figure 3.25), suggesting that the
material does not possess any inherent route for electrical conduction.
Table 3.4. AC conductivity values of complex 20RT at room temperature and different exposition times to
HAcO or CHCl3 (vapour).

HAcO(g) time

298K (Scm

-1

)

Time in the air

298K

(S/cm)

0 min

∼10-11

15 min

2.2 x10-7

20 min

9.6 x10-7

45 min

2.2 x10-6

60 min

∼10-11

24 h

2.5 x 10-6

30 min

4.5 x 10-10

CHCl3(g) time

298K (Scm-1)

24 h

3.59 x 10-10

(b)

(c)
(a)

(c)
(a)

Figure 3.22. Simulated (a) and experimental X-ray powder diffractogram of a polycrystalline sample of
complex 20RT immersed in acetic glacial acid (b) and after removal of the acetic acid (c). Inset shows a
zoom of the 18-40º 2 range.
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Figure 3.23. View of the yellow pellet of complex 20RT contacted with two electrodes (right) and the cell
used to expose the pellet to vapours of acetic acid (left).

The conductivity increases with increasing the exposure times to acetic acid vapours
(Table 3.4) and reaches saturation after ca. 45 minutes of exposure. In agreement with
the Bode diagram, the semicircle representing the bulk properties of complex 20RT is
shifted to higher frequencies when the HAcO exposure time increases. This fact indicates
that the material/electrode interphase capacitive character becomes less important and the
high conductive phase of 20RT appears (Figure 3.25). When saturated acetic acid pellets
were exposed to air (30 min. or longer times) the Nyquist plots lost the characteristics
depressed semicircle shape and a poor value of conductivity is obtained (ca. 10-11 Scm-1).
If we compare those results with the experiments involving different exposure times in
HAcO vapour, the behaviour clearly indicates the crucial role of the HAcO molecules in
establishing the conductivity pathway
In order to check the reversibility and cycling capacity of the observed drastic change in
the conductivity, after 12 h in air the sample was re-exposed to HAcO vapours for 3 h.
The Nyquist plot and the conductivity value (ca. 10-6 Scm-1) were similar to the first ones,
confirming the total reversibility of the HAcO capture/release process and its effect on
the conductivity of 20RT. Successive on/off cycles (10 min in HAcO vapour followed by
70 min in air) yielded reproducible results (Figure 3.26) confirming the stability of the
device. Furthermore, we have verified that after several weeks in air the device still
presents the reproducible on/off cycles.
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Figure 3.26. Conductivity variation vs on-off cycling of complex 20RT at 298K.

(a)

(b)

Figure 3.27. X-ray powder diffractogram in the 5-40º 2 range (right) and in the 18-40º 2 range (left) of
a polycrystalline sample of complex 20RT exposed during 24, 48 and 72 h to HAcO vapour.
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Finally, in order to confirm that the absorbed acetic acid molecules induce any relevant
structural change in 20RT, we have performed a powder X-ray diffraction study with a
polycrystalline sample of 20RT that was exposed to HAcO vapours during 24, 48 and 72
h. As expected, this study shows no dramatic structural changes in 20RT upon HAcO
absorption (powder X-ray diffractograms remain unchanged, Figure 3.27), indicating
that the number of absorbed HAcO molecules is low and/or that they are disordered
between the chains. Obviously the adsorption should be essentially at the surface level of
the pellet in a non-structurally perfect organization since these are non-porous materials,
therefore desorption takes place after they are again expose to air for some time (30 min)
and they recover the initial conductivity values.
In a separate experiment, a pellet of 20RT was exposed to CHCl3 vapours for 24 h at 298
K (Table 3.4). The EIS study at 298 K shows a conductivity of ca. 10-10 Scm-1, indicating
the poor influence of the chloroform vapours in contrast to the HAcO ones. This results
agrees with the idea that CHCl3 presents a much lower capacity to interact with the ANP
ligands in 20RT (it has no H-bonding capacity) and, accordingly, has a negligible ability
to modify the structural parameters of the CuI chain. In contrast, HAcO has a high Hbonding capacity and, accordingly is expected to interact with the amino group of the
ANP ligand and to modify the structural parameters of the CuI chain, resulting in a drastic
change of the conductivity value.
In fact, these results recommend strongly the application of complex 20RT as sensor for
HAcO molecules. Thus, we have decided to extend our studies to involve more solvents
and other Cu2X2 double chains, and compare the results with the previous observations
founded in 20RT. Since complexes 18 and 19 present quite similar structures and
conductivity values, we have selected complexes 19 and 20RT in order to make
comparative study for their electrical response versus vapours of several organic solvents.
By this way, different pressed pellets of complexes 19 and 20RT have been prepared and
tested in saturated vapour atmospheres of ethanol (EtOH), methanol (MeOH), diethyl
ether ((CH3CH2)2O), dimethyl methylphosphonate (DMMP) and dichloromethane
(CH2Cl2), at 25 ºC for 1, 14, 24 and 70 h. A simple prototype device, similar to the one
used to study the electrical response in complex 20RT (Figure 3.23), was built and used
for these measurements. The initial ac conductivity values for the pristine pellets of both
complexes are ca. 10-11 S/cm, respectively.
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Figure 3.28. Comparison of the electrical response of complexes 19 (blue dashed line) and 20RT (gray
dashed line) with different time exposition to vapours of MeOH.

Figure 3.29. Electrical response of complex 20RT (pristine in red) with different time exposition to vapours
of MeOH (blue), EtOH (gray), and acetic acid (yellow).
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Table 3.5. AC conductivity values (S/cm) of complexes 19 and 20RT versus different solvents (g) at 25 ºC.

 (S/cm) of 19
Time(h)

MeOH

0.5

 (S/cm) of 20RT

HAcO

MeOH

HAcO

EtOH

—

1.60 x10-10

2.20 x10-7

1.90 x10-10

1

1.33 x10-8

1.40E-08

1.00 x10-8

2.20 x10-6

1.51 x10-8

14

1.70 x10-8

5.50E-06

6.39 x10-8

—

2.24 x10-7

24

3.10 x10-8

6.00E-06

8.80 x10-8

2.50 x10-6

8.00 x10-8

70

—

4.14 x10-7

9.00 x10-8

After each exposition time, the samples were left in air for 30 min. In all the experiments,
the solvent released and the samples recover the initial low conductivity values. In case
of DMMP, (CH3CH2)2O and CH2Cl2, no electrical change was measured for both
complexes 19 and 20RT. However, upon exposition of pellets of 19 and 20RT to vapours
of MeOH or HAcO, different responds are measured (Figure 3.28). In both cases the
presence of MeOH produce a response in ca. 1h enhancing the electrical conductivity in
ca. 2 order of magnitude from the initial values. However, while in case of 19 the
electrical conductivity does not undergo any significant change with longer exposition
time (14h and 24h), complex 20RT enhanced ca. 3.5 orders of magnitude its conductivity
up to 70 h of exposure to MeOH (Figure 3.28 and Table 3.5).
Additionally, complex 20RT has been exposed to vapours of EtOH using the same
experimental conditions that have been used for HAcO, and MeOH (Figure 3.29).
Ethanol also produces a response in the electrical conductivity of 20RT increasing in ca.
2 orders of magnitude upon 1h of exposition and more than 3 orders of magnitude after
14 h (Figure 3.29 and Table 3.5). We observed that longer exposition times to vapour of
ethanol do not increase the electrical response but produce some disaggregation of the
pellet, without any chemical degradation.
Similarly to complex 20RT, complex 19 has exposed to the vapours of HAcO for ca. 15
min showing an increase in the conductivity of 3 orders of magnitude compared with an
increase of 4 orders of magnitude in case of complex 20RT (Table 3.5 and
Figure 3.30).The faster and stronger response founded in complex 20RT is related with
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the shorter Cu-Cu distances found in its double chain and the higher flexibility of the
Cu2I2 double chain in comparison to the Cu2Br2 double chain. In fact, this enhancement
of conductivity induced by the absorption of such polar solvent (chemical response) can
be explained by comparing the structure parameter of complex 20b and that of complex
20RT. According to the crystallographic data (Figure 3.5 and Table 3.1 ) and the
conductivity measurement (Table 3.3), we can obviously state that the hydrogen-bond
interactions between the acetic acid molecules absorbed by the complex with the ANP
ligand (see complex 20b in), can slightly decrease the Cu−Cu and Cu−I distances
resulting in a dramatic enhance of the conductivity. Similarly, we can suggest that the
interaction with H-bonding donor molecules such as MeOH or EtOH can induce
structural changes in the Cu2X2 double chains shortening the Cu-Cu distances and
inducing an electrical response.

Figure 3.30. Electrical response of complexes 19 (blue dashed line) and 20RT (grey dashed line) with
different time exposition to vapours of acetic acid vapours at 25 ºC.
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3.2.2.3. Photoluminescence properties.
Research interest has recently focused on the luminescent properties of coordination
polymers in particular, the derivatives of metal ions with d10 electronic configuration
owing to their usual electronic properties.54, 55, 18, 56
Mostly, the luminescence emission of [Cu(I)XL] (X = halide and L = N-donor ligand)
complexes can be assigned to ligand centred (LC), metal to ligand charge transfer
(MLCT) (d10→d9π*), ligand to metal charge transfer (LMCT), halide to metal charge
transfer (XMCT), metal to halide charge transfer or metal-metal (Cu-Cu) interactions.57,
58

In this context, the solid-state luminescent properties of the complexes 18-24 were

investigated. At room temperature, excitation of solid samples 18-22, at λ = 380, produces
very weak red emission with several peaks and maximum values centred at ca. 530, 624,
and 687 nm, together with the characteristics bands due to transitions of the ANP ligand
(450-520 nm range) (Figure 3.31). The similar emission spectra observed in the blue
emission region between the ANP free ligand and the 18-22 complexes suggests that these
transitions could be assigned to ligand-centred π→ π* transitions and/or intra-ligand
transitions. The presence of a halide or pseudohalide in complexes 18-22 gives rise to
weak low-energy red emissions that could be due to a triplet “cluster-centred” (CC)
excited state and might be assigned to a combination of halide-to-metal charge transfer
(XMCT), and/or metal cluster centred transitions [MCC, d Cu →(s,p) Cu] in orbital
parentage.59, 57, 58 The existence of a MCC contribution could be supported by the short
Cu−Cu distances observed for complexes 18-20, and 22 (range: 2.764 - 2.861 Å), of the
same order than twice the van der Waals radius of Cu (i.e., 2.8 Å)45 implying strong metalmetal interactions. However, complex 22, showing a similar spectrum but having larger
Cu···Cu distances (d Cu···Cu = 4.866 Å), seems to indicate that this MCC contribution
does not have a significant participation. In addition, the weaker emission observed for
all complexes respect to free ligand may indicate the participation of the halides in the
emissive excited states, in the form of halide-to-metal charge transfer (XMCT).58
The excitation of a solid sample of 23, at λ = 380 nm produces strong emission with a
slightly asymmetric single band, with maxima centred at 567 nm (Figure 3.32). In order
to understand the photoluminescent nature of these complexes, we have compared these
results with the emission spectra of the free ligand. Thus, ethyl isonicotinate shows three
weak emission bands at 412, 437 and 462 nm, while 23 display just a single band at 567
nm, so the observed emission bands in 23 cannot be assigned to ligand-centred π →π*
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transitions taking into account the emission of the free ligand with bands around 410−460.
The low-energy emission observed at 567, are most likely originated from an iodide-tocopper charge transfer transition (IMCT) excited state. Moreover, the Cu···Cu distance
found in 23 is close to the sum of the van der Waals radii (2.80 Å), therefore a MCC
contribution to the emission involving the CuI skeleton, probably mixed with the
transition (IMCT), can be expected. The existence of this metal–centred (d–s) (MCC)
contribution is consistent with previous reported results found in related CuxIy clusters.60,
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Figure 3.31. Luminescent spectra of ANP ligand (black) and complexes 18 (pink), 19 (deep blue), 20
(blue), 21 (violet) and 22 (brown) (λexc= 380 nm).

Finally, the weak emission observed at 415 nm for 24, (Figure 3.32) can be assigned to
intraligand transitions of the isonicotinic acid. The free ligand exhibits two broad weak
emission bands at 420 and 489 nm. The significant maximum blue shift observed in 24,
relative to the free isonicotinic acid, could be due to the emission of ligand-to-metal
charge transfer (LMCT) which could probably be mixed with a metal–centred (d–s) triplet
state emission (CC). This last contribution, assigned to Cu–Cu interactions, is supported
on the evidence that the luminescent properties can involve more than one metal centre
when the Cu–Cu distance is shorter than the sum of the van der Waals radii (ca. 2.80 Å)
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as in complex 24 (with Cu–Cu distances of 2.8715(12)Å, Table 3.2). A similar behaviour
has been previously reported for the closely related coordination polymer
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[CuBr(INH)]n.13
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Figure 3.32. Luminescent spectra of complexes 23 (blue) and 24 (red) (λexc= 380 nm). Inset shows graphical
photo for the photoluminescence emission under UV lamp ( = 364 nm).
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3.2.2.4. Theoretical calculations
In order to rationalize, from a theoretical point of view, the electronic conductivity results
obtained for the complexes 18-24, we have carried out a set of first-principles density
functional theory (DFT)-based calculations. For the theoretical simulations, we have used
the structures obtained by X-ray diffraction for complexes (18-24). For all these CPs
(complexes 18-24), the residual forces acting on each atom in all the calculations were
below 0.2 eV/Å, which is low enough to guarantee perfectly converged and realistic
results for such complexes systems from a theoretical point of view. This noticeably good
geometrical transferability between the experimental configurations and our theoretical
implementation has already provided successful results for other similar polymer
crystals.62
The electronic structure calculations yield minimum values of the transport gaps at Γ
points ranging between 0.18 and 2.31 eV for all complexes (18-24) (Figure 3.33 and
Figure 3.34). It is important to remark the excellent agreement (and relative ordering)
between the experimental and theoretical activation energies. Therefore, theory also
predicts all the complexes as classical narrow band-gap semiconductors. These
calculations also show that 20RT behaves as a typical p-type semiconductor with the Fermi
level very close to the valence band. To check the possible influence in the electronic
conduction process of the hydrogen bonds stabilizing the whole bulk-crystal structure
found in complexes 20RT, 20LT, 20a and 20b, we have also performed electronic structure
calculations of the isolated monodimensional polymeric chains for all the complexes.
This strategy will permit understanding the hydrogen bonds, formed between ligands,
contribution within the electronic structure calculation. The result of these calculations
reveal that the electronic structure of the isolated chains does not show any significant
variation with respect to the electronic structure of the bulks, except for a slight electronic
gap-opening below 5% of their corresponding bulk value. These findings corroborate that
the hydrogen bonds between neighbouring ligands do not contribute to the electronic
conduction. To get a deeper insight on this issue, Figure 3.35 shows the valence and
conduction band orbital electron isodensities (with values of 10−4 e−Å−3) for the 20LT and
20RT complexes. In this Figure 3.35, it is possible to appreciate that the valence electron
isodensity forms as a continuous hybridization band mostly located along the Cu-I
skeleton, whilst the conduction electron isodensity shows a continuous orbital side-toside hybridization formed between the ligands. Thus, the conduction will be produced
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along the monodimensional chains exclusively. The effect of the increasing temperature
will enable the charge migration from the valence band towards the conduction band, as
well as a temperature-induced overlapping between both bands that will ease the carrier
mobility and the electronic conduction along the chains. This effect is similarly observed
for 20a and 20b complexes in this study but not shown in Figure 3.35. Similar to complex
20, Figure 3.36 shows the valence and conduction band orbital electron isodensities (with
values of 10−4 e−Å−3) for the complexes 23 and 24. According to Figure 3.36, the valence
electron isodensity is mostly located along the Cu-I skeleton, whilst the conduction
electron isodensity shows a continuous orbital side-to-side hybridization formed between
the ligands. Thus, the conduction will be produced mainly along the monodimensional
chains and increasing temperature will enable the charge migration from the valence band
towards the conduction band, as well as a temperature-induced overlapping between both
bands that will ease the carrier mobility and the electronic conduction along the chains.
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(a)
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Eg = 1.46 eV
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Figure 3.33. Calculated density of electronic states (in eV-1) for the coordination polymers 18 (a), 19 (b),
20LT (c), 20RT (d), 20a (e), 20b (f), 21 (f) and 22 (h) as a function of the energy, relative to the Fermi level.
Each energy level has been broadened by a Lorentzian profile with a line-width of 0.2 eV, and the valence
and conduction bands for all the polymers have been shaded in blue and red, respectively. Transport gap is
also indicated in each panel.
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Figure 3.34. Calculated density of electronic states (in eV-1) for the coordination polymers 23 (a) and 24
(b) as a function of the energy, relative to the Fermi level. Each energy level has been broadened by a
Lorentzian profile with a line-width of 0.01 eV, and the valence and conduction bands for all the polymers
have been shaded in blue and red, respectively. Transport gap is also indicated in each panel.
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Figure 3.35. Computed valence (up) and conduction (down) band orbital electron isodensities (10 −4 e−Å−3)
for the complexes 21LT (a), 21RT (b), and 21a (c).
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(a)

(b)

Figure 3.36. Computed valence (up panels) and conduction (down panels) band orbital electron
isodensities (10−4 e−Å−3) for the complexes 23 (a) and 24 (b).
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3.2.3. Nano-processability of complex [CuI(ANP)]n (20RT)
The processability of 1D-CPs is restricted by their lack of solubility being a major
drawback for the formation of nanomaterials.63 One of the objectives of this thesis is the
formation of nanostructures of electrical conductive 1D-CPs with the aim to form suitable
nano-wires with potential molecular recognition with final goal to be attached to DNA to
produce new hybrid conductive structures or to test them as nanocarriers of selected
oligonucleotides.
To this end, we have been able to prepare very long coordination polymer nanoribbons
of complex 20RT by controlling the kinetics of its formation (bottom-up technique) under
ambient conditions (for further information, see section 5.3). The nanofibers were
prepared by fast precipitation strategies using water as anti-solvent (Figure 3.37).

Figure 3.37. Schematic representation of the synthetic method of complex 20RT nanofibers.

The sample uniformity and narrow diameter distribution were confirmed by field
emission scanning electron microscopy (FESEM). Figure 3.38 a-c, shows a typical
FESEM images of a nanofibers obtained from a colloidal suspension of complex 20RT
(Figure 3.38a). According to the FESEM images, the nanoribbons have diameters
between 100 and 200 nm, and lenghth of several hundreds of µm. In order to get more
insights on the size and morphology of the nanofibers, AFM image of diluted colloidal
suspension of complex 20RT was obtained upon drop casting on SiO2 substrate.
Figure 3.38 d-f, shows an AFM topography image of nanofibers with a heights ranged
between ca. 5 to 16 nm, suggesting that these nanofibers composed of few polymeric
chains ca. 4-12.
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Figure 3.38. FESEM images of complexes 20RT nanofibers at different magnifications (b-d).
Representative AFM topographic image of complexes 20RT nanofibers(d) and their heights profiles (e and
f) obtained upon drop-casting adsorption, on mica, of the diluted colloidal suspension formed by diluted 15
L of 20RT suspensions by dilution factor of 6.
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4. Chapter 4. Conclusions
General Conclusions:
i)

Coordination polymers based on double Copper-Iodide chains bearing
terminal ligands with functional groups free-available for supramolecular
interactions are excellent candidates as Stimulus-Responsive materials
potentially useful for sensible device fabrication for instance as selective
sensors.

ii)

Nanomaterials of coordination polymers bearing modified nucleobases are
excellent candidates as selective oligonucleotides carriers.

Detailed Conclusions by Chapters
1. The direct reactions between the two building blocks, Cu(II) metal ions and
thymine-1-acetic acid, have allowed the isolation of two unprecedented onedimensional coordination polymers showing antiferromagnetic interactions and
semiconductor behaviour, being rare examples of polymeric magnetic
semiconductors. These physical properties and linear structures of these polymers
showing their H-bonding donor and acceptor sites potentially available for
supramolecular interactions with suitable molecules suggest potential application
of these coordination polymers for the construction of functional complex
structures by supramolecular interaction with specific DNA or oligonucleotides
sequences.

2. A series of dimetallic complexes based on uracil- or thymine-1-acetate of the type
[Cu2(TAcO)4(G)2]·2DMF (3), [Cu2(TAcO)4(G)2][Cu2(TAcO)4(G)(G´)] (4),
[Cu2(TAcO)4(G)2]·6DMSO

(5),

[Cu2(TAcO)4(G)2]·DMA

(6),

[Cu2(TAcO)2(UAcO)2(G)2] (7) and [Cu2(UAcO)4(DMSO)2]·2DMSO (8),
(where, TAcO = thymine-1-acetate, UAcO = uracil-1-acetate and G = DMF,
water, DMA and DMSO) have been prepared and characterized. As expected, the
presence of the pyrimidinic nucleobases generates many different intermolecular
interactions,

main

H-bonds.

Compound

[Cu2(TAcO)4(G)2][Cu2(TAcO)4(G)(G´)] (4) constitutes one of the very rare (less
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than 0.1 %) examples of heteroleptic paddle wheel Cu dimer. All the dimeric
complexes show strong intradimer antiferromagnetic Cu-Cu interaction
independently of the apical ligands, in agreement with previous observations in
similar dimeric complexes and with DFT calculations. On the other side, the
monomeric

Cu(II)

complexes

([Cu(TAcO)2(H2O)4]·4H2O

(1)

and

[Cu(UAcO)2(H2O)4] (2)) are essentially paramagnetic with a very weak
antiferromagnetic interaction attributed to the presence of similar intermolecular
- interactions in both compounds. Finally, we have observed reversible
transformations from the dimetallic Cu(II) units to a mononuclear complexes by
water and/or DMSO or DMF addition. Moreover the exposition of compound
[Cu2(TAcO)4(DMF)2][Cu2(TAcO)4(DMF)(H2O)] (4) (in solid state) to water
vapour evolves to a [Cu(TAcO)2(H2O)2]n (9) 1D coordination polymer and with
excess of liquid water the transformation is to [Cu(TAcO)2(H2O)4]·4H2O (1).
Interestingly, this transformation implies a chemical stimuli magnetic response
going from strong antiferromagnetic to almost paramagnetic, respectively.

3. Four Co(II)-nucleobase compounds have been isolated and characterized showing
a close structural resemblance at the molecular level but slight molecular changes
(the methyl group present in the thymine residue) produce different
supramolecular synthons that organize the crystal structure in different ways
providing the opportunity to estimate the relative strength of the H-bonding
supramolecular interactions (Scheme A). It allows determining their hierarchy
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.

183

Chapter 4

R

Co

>

H2O···COO-

R

>

Co

R

H2O···T

R

R

R

Co

>

R

H2O···COO-

U···U
R

+R

Co

2(

Co

R

R

>2(

Co

)>

Co

HDAP···U

)

HDAP···T

T···T
R

Co

>

H2O···U

Co

HDAP···HDAP

T···T

R

+

R

Co

HDAP···HDAP

U···U

Scheme A. Relative supramolecular synthon strength as deduced from the crystal structures of compounds
[Co(TAcO)2(H2O)4],

(13)

[Co(UAcO)2(H2O)4]

(14),

[Co(HDap)2(H2O)4](TAcO)2·3H2O

(15)

y

[Co(HDap)2(H2O)4](UAcO)2·3H2O (16).

All these compounds show a constant structural feature: the presence of two cis
coordinated water molecules that play a predominant role in the hydrogenbonding network. Their structural detailed analysis shows that T-T interactions
are weaker than those established between H2O-T and probably even weaker than
those between U-U (Scheme A). In fact, one of the reason proposed by the
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 self-pairing. 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.

4. CuI double chain compounds with ANP as terminal ligand are very sensitive to
external physical and chemical stimuli. We have prepared two polymorphs of
[CuI(ANP)]n (20RT and 20a) that allow a detailed study of the key role played by
the structural parameters of the CuI chain in the electrical properties. One of them
shows a reversible thermally-induced transition with a hysteresis of ca. 15 K near
room temperature that implies an unprecedented increase of a factor ca. 30 of the
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conductivity in the low temperature phase. This transition is due to slight
reversible variations in the Cu/I bond distances and angles. The theoretical
calculations suggest that the conduction mechanism seems to be produced along
the one-dimensional chains exclusively. Furthermore, the extraordinary capacity
of these chains to respond to chemical stimuli is exemplified by the behaviour
observed in a device prepared with [CuI((ANP)]n. that shows a reversible
increase/decrease of the conductivity of ca. 4 orders of magnitude due to the
uptake/release of HOAc in the structure. The high capacity of [CuI((ANP)]n. to
respond to external stimuli is attributed to two facts: i) the softness of the double
CuI chains that renders these chains very dynamic and easy to distort, leading to
huge changes in the electrical conductivity; and ii) the presence of ANP as
terminal ligand directly connected to the CuI chains that acts as an antenna for the
external chemical stimuli.

5. Two CuI double-chain coordination polymers have been synthetized by direct
reactions between CuI and isonicotinic acid (HIN) or the corresponding ester
ethyl-isonicotinate (EtIN) give rise to the formation of the coordination polymers
[CuI(L)]n with L = EtIN and HIN. The structure of these compounds is based on
a CuI double-chain in which ethyl or isonicotinic acid coordinated as terminal
ligands. Albeit, their supramolecular architecture differs considerably affecting
the distances and angles of the central CuI double-chains and thereby their
physical properties. Interestingly they are multifunctional materials at room
temperature

showing

a

combination

of

electrical

conductivity

and

photoluminescence. However, the structural flexibility of the CuI double-chain
modulate these properties. Thus, while remarkable strong yellow emission is
observed for [CuI(EtIN)]n, compound [CuI(HIN)]n is a weaker emitter material.
Additionally, these CPs are semiconductors but [CuI(HIN)]n shows a much
higher electrical conductivity at room temperature than that observed for
[CuI(EtIN)]n. Thus, small structural differences inside the CuI chains seem to be
at the origin of these different properties. This is confirmed by DFT calculations
on the structures that show remarkable differences in their density of electronic
states as well as in their projected density of electronic states allowing their
rationalization. These two examples point out that the use of simple CuI doublechains for the production of CPs seems to be of interest for the formation of new
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multifunctional materials and optoelectronic components, which, along with the
investigation of their assembly and operation constitute a central theme in physics,
chemistry, biochemistry, materials science and especially nanoscience and
nanotechnology.
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Capítulo 4. Conclusiones
Conclusiones Generales

iii) Los Polímeros de Coordinación basados en dobles cadenas “Cobre-Yodo”
conteniendo ligandos terminales con grupos funcionales disponibles para interaccionar
supramolecularmente, son excelentes candidatos como materiales “Estimulo-Respuesta”
con potenciales aplicaciones en el diseño de dispositivos sensibles, como por ejemplo
sensores selectivos.

iv) Los Nanomateriales basados en Polímeros de Coordinación conteniendo nucleobases
modificadas

son

excelentes

candidatos

como

transportadores

selectivos

de

oligonucleótidos.

Conclusiones detalladas por Capítulos.

6. Por reacción directa entre los dos bloques de construcción, (el ion Cu(II) y la timina1-ácido acético), hemos podido obtener dos nuevos polímeros de coordinación
monodimensionales que poseen interacciones antiferromagnéticas y comportamiento
semiconductor. Siendo ambos, ejemplos de los escasos polímeros publicados hasta la
fecha que presentan ambas propiedades, “magnetismo y semiconductividad”. Estas
propiedades físicas y sus estructuras lineales, unido a la presencia de las nucleobases con
posibles lugares para generar enlaces de hidrógeno y lugares aceptores, potencialmente
disponibles para formar interacciones supramoleculares con moléculas adecuadas,
permiten la posibilidad de construir estructuras funcionales complejas gracias a
interacciones supramoleculares con secuencias específicas de oligonucleótidos o de
ADN.

7. Hemos preparado y caracterizado una serie de complejos dimetálicos basados en
uracilo y/o timina-1-ácido acético de fórmulas, [Cu2(TAcO)4(G)2]·2DMF (3),
[Cu2(TAcO)4(G)2][Cu2(TAcO)4(G)(G´)]
[Cu2(TAcO)4(G)2]·DMA

(6),

(4),

[Cu2(TAcO)4(G)2]·6DMSO

[Cu2(TAcO)2(UAcO)2(G)2]

(7)

(5),
y

[Cu2(UAcO)4(DMSO)2]·2DMSO (8); (donde, TAcO = timina-1-acetato, UAcO =
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uracilo-1-acetato y G y G´ = DMF, agua, DMA y DMSO). Como era de esperar, la
presencia de las nucleobases pirimidínicas genera diferentes tipos de interacciones
intermoleculares gracias a la formación de enlaces de hidrógeno. Mencionar que el
compuesto [Cu2(TAcO)4(G)2][Cu2(TAcO)4(G)(G´)] (4) constituye uno de los escasos
ejemplos (menos del 0.1%) de unidades tipo “Paddle-Wheel” heterolépticas. Estas
unidades dimetálicas presentan fuertes interacciones antiferromagnéticas intra-dímeros
Cu-Cu, independientemente de los ligandos apicales, lo que está de acuerdo con
observaciones previas en complejos dimetálicos similares y en concordancia con los
cálculos de DFT. Si comparamos las propiedades magnéticas de las unidades dimetálicas
con las obtenidas para los complejos monoméricos de Cu(II) de fórmulas
[Cu(TAcO)2(H2O)4]·4H2O (1) y [Cu(UAcO)2(H2O)4] (2), (TAcO, UAcO= Timina y
Uracilo-1-acetato) nos encontramos que estos últimos son esencialmente paramagnéticos
con una débil interacción antiferromagnética atribuida a la presencia de interacciones
intermoleculares tipo -, presentes en ambos complejos.
Además hemos observado transformaciones reversibles desde las unidades dimetálicas
de Cu(II) a los complejos mononucleares, gracias a la adicción de agua, DMSO o DMF.
Mencionar

también

que

cuando

el

compuesto

[Cu2(TAcO)4(DMF)2][Cu2(TAcO)4(DMF)(H2O)] (4) se expone a vapores de agua
evoluciona al polímero de coordinación monodimensional [Cu(TAcO)2(H2O)2]n (9) y en
exceso de agua líquida la evolución es al compuesto [Cu(TAcO)2(H2O)4]·4H2O (1). Esa
transformación, implica una respuesta magnética yendo desde un compuesto fuertemente
antiferromagnético a un compuesto prácticamente paramagnético.

8. En este trabajo también hemos obtenido y caracterizado varios compuestos de
Cobalto(II) con nucleobases (con uracilo-1 ácido acético y con timina-1-acido acético)
que presentan una fuerte semejanza estructural a nivel molecular, con pequeños cambios
(la presencia de un grupo metilo en el ligando timina coordinado) que tienen como
consecuencia diferentes sintones supramoleculares los cuales, organizan la estructura
cristalina de forma diferente, dándonos la oportunidad de estimar la fortaleza relativa de
las interacciones supramoleculares a través de los enlaces de hidrógeno (esquema A).
Estos resultados permiten la determinación de la jerarquía entre los sintones
supramoleculares y pueden ser una herramienta útil en el diseño de nuevas arquitecturas
cristalinas basadas en este tipo de ligandos biológicamente activos.
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Esquema A: Fortaleza relativa entre los sintones supramoleculares deducida de las estructuras cristalinas de los
compuestos [Co(TAcO)2(H2O)4], (13) [Co(UAcO)2(H2O)4] (14), [Co(HDap)2(H2O)4](TAcO)2.3H2O (15) y
[Co(HDap)2(H2O)4](UAcO)2.3H2O (16).

Estos compuestos muestran una característica estructural constante: la presencia de dos
moléculas de agua coordinadas en posición cis, jugando un papel predomínate en la red
que se forma a través de los enlaces de hidrógeno. Un estudio estructural detallado, nos
muestra que las interacciones timina-timina son más débiles que las que se establecen
entre la timina y el agua y probablemente más débiles que las que se forman entre los
uracilos (ver esquema A). De hecho, una de las razones propuestas por los biólogos que
trata de explicar el por qué tenemos timina en el ADN en vez de uracilo es la mayor
tendencia de uracilo a formar pares de bases con la adenina, o con cualquier otra base,
incluyendo su auto-emparejamiento. El hecho de que la timina posea un grupo metilo
hidrófobo que tiende a ser repelido por el resto del ADN, podría explicar la diferencia de
comportamiento y la selección.

9. Hemos comprobado que los polímeros de doble cadena, basados en CuI con ANP (2amino-5-nitropiridina) como ligando terminal, son muy sensibles a estímulos físicos y
químicos. La posibilidad de preparar dos estructuras polimorfas de fórmula [CuI(ANP)]n
(20RT y 20a) nos ha permitido realizar un estudio minucioso para demostrar que pequeños
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cambios en los parámetros estructurales son un factor clave en las propiedades eléctricas
de estos compuestos. Uno de los compuestos sintetizados presenta una transición térmica
reversible cercana a la temperatura ambiente con una histéresis de unos 15 K que implica
un aumento de la conductividad en la fase de baja temperatura. Esta transición es debida
a pequeñas variaciones en las distancias y ángulos de las cadenas Cu/I. Los cálculos
teóricos sugieren que el mecanismo de conducción se produce solamente a través de la
cadena monodimensional. Estas cadenas muestran además una extraordinaria capacidad
para responder a estímulos químicos, como hemos demostrado creando un prototipo de
dispositivo con el compuesto [CuI((ANP)]n. Este compuesto muestra un comportamiento
reversible (aumento/disminución) de la conductividad en más de 4 órdenes de magnitud
en presencia/ausencia de ácido acético gas. La alta capacidad de este compuesto para
responder a estímulos externos se atribuye principalmente a dos factores: i) la flexibilidad
de la doble cadena Cu/I que hace que sea dinámica y de fácil distorsión. Estas
características conllevan a que pequeños cambios estructurales darán lugar a grandes
cambios en las propiedades eléctricas y ii) el ANP conectado directamente a las cadenas
CuI como ligando terminal actúa como antena a los estímulos externos.

10. En esta tesis también hemos sido capaces de sintetizar y caracterizar mediante
reacciones directas entre el CuI y los ligandos, ácido isonicotínico (INH) e isonicotinato
isonicotinato de etilo (EtIN), polímeros de coordinación basados en cadenas dobles Cu/I
de fórmula genérica [CuI(L)]n donde L = EtIN, e HIN. Como hemos mencionado la
estructura de estos compuestos está basada en una doble cadena CuI en la que el
isonicotinato de etilo además del isonicotinato actúan como ligandos terminales. A pesar
de su semejanza estructural presentan arquitecturas supramoleculares muy diferentes lo
cual afecta a las distancias y ángulos de las cadenas Cu/I y por consiguiente a sus
propiedades físicas. Estos materiales presentan multifuncionalidad gracias a la
combinación de propiedades eléctricas y luminiscentes. De nuevo, la flexibilidad de las
Cadenas Cu/I modula esas propiedades. Así tenemos una fuerte emisión en el amarillo en
el caso del compuesto [CuI(EtIN)]n,(23) y sin embargo el compuesto [CuI(HIN)]n (24)
prácticamente no emite. En relación a sus propiedades eléctricas estos polímeros son
semiconductores aunque el compuesto [CuI(HIN)]n muestra un valor mucho más alto de
conductividad que el encontrado para el polímero [CuI(EtIN)]n. Un estudio detallado de
sus propiedades nos permite concluir que de nuevo se producen cambios en las distancias
de enlace Cu-I a lo largo de la doble cadena, que como ya hemos mencionado, parece
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jugar un papel determinante en las propiedades eléctricas de estos polímeros. Estos datos
se han confirmado mediante el cálculo de DFT de sus estructuras, mostrando remarcadas
diferencias en los valores de la densidad de estados y en su densidad de estados
proyectada, lo cual ha permitido su racionalización. Así, volvemos a concluir que el uso
de cadenas dobles Cu/I para producir polímeros de coordinación es relevante en la
fabricación de nuevos materiales multifuncionales y para la fabricación de componentes
optoelectrónicos. La posibilidad de todos estos polímeros de presentar reconocimiento
molecular los hace marcadamente interesantes en el área de la ciencia de materiales y
especialmente en nanociencia y nanotecnología.
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5. Chapter 5. Experimental section
5.1. Physical techniques
5.1.1. Single crystals X-ray diffraction (SCXRD)
The crystal structures of the complexes have been realized using different diffractometers.
Complexes (1-3 and 9, 10, 14-17) were done at 296(2) K on a Bruker Kappa Apex II
diffractometer with graphite-monochromated Cu Kα radiation (λ = 1.54178 Å) at
Salamanca University. Complexes (4-6) were done at 100(2) K and complexes (7, 8, 11,
12, 20-24) at 296(2) K, on a Bruker Kappa Apex II diffractometer with graphitemonochromated Mo Kα radiation (λ = 0.71073 Å) at Autonomous University of Madrid.
Complexes (18 and 19) were done at 100(2) K on an Oxford Diffraction Xcalibur with a
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at University of País Vasco.

5.1.2. Infrared spectroscopy (IR spectroscopy)
IR spectra were recorded on a PerkinElmer 100 spectrophotometer using a universal
ATR sampling accessory and on a Bruker FT-IR Vector 22 model from 4000-400 cm-1
in KBr pellets.

5.1.3. Elemental analyses
Elemental analyses were performed on an LECO CHNS-932 Elemental Analyzer.

5.1.4. X-ray Powder diffraction (XRPD)
Powder X-ray diffraction of all the compounds, except compounds (3-8), has been done
using a Diffractometer PANalyticalX'Pert PRO /2 primary monochromator and
detector with fast X'Celerator. The samples have been analyzed with scanning /2. Scan
conditions /2, 3-50 degrees, with an angular increment of 0, 0167 and increasing time
of 100 seconds. The powder X-ray diffraction of compounds 3-8 have been done using
special cover to avoid the contact of the samples with air and all the manipulations of the
samples have been done under argon gas using Atmosbag glove bag from Sigma.

Experimental section

5.1.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) tests for complexes 3, 20RT, 20a, 23 and 24 were
performed in a thermobalance oven equipped with a TA Instruments Q500. We were used
Pt sample holder and N2 as a purge gas at a flow of 90 mL/min. The samples were heated
at 10 °C /min from room temperature to 1000 °C.

5.1.6. Electrical Conductivity
Preliminary direct current (DC) electrical conductivity measurements were performed on
different single crystals of complexes 9-12 and 19-25, with carbon paint at 300 K and two
contacts method. The contacts were made with wolframium wires (25 m diameter). The
samples were measured at 300 K applying an electrical current with voltages form +10 to
-10 V. The measurements were performed in the complexes along the crystallographic a
axis. The thermal dependence of the DC electrical conductivity was measured with the
four or two contacts method, depending on the size of the crystals, on up to four crystals
of every complex. The thermal dependence of the conductivity was performed in
temperature range depending on the resistance at room temperature and hence the
detection limit of the device. Complexes 9 and 10 were measured at temperature range
300-400 K. Complexes 19-23 were measured at temperature range 50-400 K. Complexes
24 and 25 were measured at temperature range 2-400 K. The contacts were made with Pt
wires (25 m diameter) using graphite paste. The samples were measured in a Quantum
Design PPMS-9 equipment connected to an external voltage source (Keithley model 2450
source-meter) and amperometer (Keithley model 6514 electrometer). All the conductivity
quoted values have been measured in the voltage range where the crystals are Ohmic
conductors. The cooling and warming rates were 1 and 2 K/min respectively.
Electrochemical Impedance Spectroscopy data of complex 21 were collected at 298 K
using an Autolab electrochemical system II PGSTAT30 (Ecochemie, The Netherlands)
impedance analyser over the frequency range from 1 Hz to 1 MHz with an applied voltage
of 0.01 V. The two-probe method was used in all the measurements. AC measurements
through path and in line were performed to determine the conductivity parameters. The
electrode samples were pressed pellets of thickness ranging between 1 and 2 mm. A
powder sample (20 mg) was pressed by applying about 6 Tons/m2 to form disks into a
pellet with an area about 0.13-0.16 cm2. The electrical contact between the sample and
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the symmetric stainless steel disk electrodes was made by applying pressure, about 10
Tons/m2, with a conductivity cell configuration SS/1/SS, where SS refers to stainless steel
and 1 refers to the solid pellet of complex 21.

5.1.7. Photoluminescence
Luminescence excitation and emission spectra of the solid compounds were performed,
in the department of Photonic Materials at Institute of Materials Science CSIC, at 25 °C
on a 48000s (T-Optics) spectrofluorometer from SLM-Aminco. A front face sample
holder was used for data collection and oriented at 60° to minimize light scattering from
the excitation beam on the cooled R-928 photomultiplier tube. Appropriate filters were
used to eliminate Rayleigh and Raman scatters from the emission. Excitation and
emission spectra were corrected for the wavelength dependence of the 450 W xenon arc
excitation but not for the wavelength dependence of the detection system. Spectroscopic
properties were measured by reflection (frontface mode) on finely ground samples and
placed in quartz cells of 1 mm path length. No attempt was made to remove adsorbed or
dissolved molecular oxygen from the materials. Reference samples that do not contain
any fluorescent dopant were used to check the background and optical properties of the
samples.

5.1.8. Magnetism
Magnetic measurements were performed on polycrystalline samples of the complexes
taken from the same uniform batches used for the structural determinations with a
Quantum Design MPMS-XL5 SQUID susceptometer in the temperature range 5−300 K
with an applied magnetic field of 5000 G. The susceptibility data were corrected for the
sample holder previously measured using the same conditions and for the diamagnetic
contribution of the salt as deduced by using Pascal’s constant tables.

5.1.9. Felid Emission Scanning Electron Microscope (SEM)
The FESEM images of complexes 11 and 20RT were taken by XL30 scanning electron
microscope. The samples were prepared by drop casting the diluted suspension of the
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target complex over glass substrate. Then, the samples were covered by 10 nm layer of
conductive Cr to improve the resolution of the images.

5.1.10. Atomic Force Microscope (AFM)
Atomic Force Microscope (AFM) images were acquired in dynamic mode using a
Nanotec Electronica system operating at room temperature in ambient air conditions. For
AFM measurements, Olympus cantilevers were used with a nominal force constant of
0.75 N/m. The images were processed using WSxM. The surfaces used for AFM were
Moscovita mica (E.M.S Company).

I. Surface preparations
In order to obtain reproducible results, very flat substrates were used with precisely
controlled chemical functionalities, freshly prepared just before the chemical deposition.
Muscovite Mica was cleaved with adhesive tape.

II. AFM Sample preparations

 Complex 11
Diluted suspension of complex 11 was prepared by adding 20 ml of the original
suspension of nanoribbons of complex 11 over 1mL of Milli-Q water. 15 L of the
diluted suspension were deposited by drop casting over freshly delaminated mica
surface. The drop was allow to stand without movements for 15 minutes, avoid the
total elimination of the solvent, then dried by argon flow.

 Complex 20RT
We have used the same procedure of complex 11 but using diluted suspension of
complex 20RT.
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5.1.11. Theoretical Density Functional Theory (DFT)
DFT calculations were performed using the efficient plane-wave code QUANTUM
ESPRESSO.1 In this atomistic simulation package the Kohn-Sham equations are solved
using a periodic supercell geometry. The ion-electron interaction is modeled by ultrasoft
pseudopotentials,2 and exchange-correlation (XC) effects are treated by the generalizedgradient-approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE).3 The oneelectron wave-functions are expanded in a basis of plane-waves with energy cut-offs of
400 and 500 eV for the kinetic energy and for the electronic density, respectively, which
have been adjusted to achieve sufficient accuracy in the total energy. The Brillouin zones
of the different bulk-systems were sampled by using a k-space of Δk ≤ 0.01Å-1.4

5.1.12. Biological Experiment of complex 11
I. Modified oligonucleotide synthesis
The oligonucleotides were prepared using a MerMade4 DNA Synthesizer using
commercial phosphoramidites (Link Technologies). After solid-phase synthesis, the solid
support was transferred to a screw-cap glass vial and incubated at 55 ºC for 4 h with 2
mL of ammonia solution (33%). After the vial was cooled on ice the supernatant was
transferred by pipet to microcentrifuge tubes and the solid support and the vial were rinsed
with water. The combined solutions were evapourated to dryness using an evapourating
centrifuge.
The samples were purified by polyacrylamide gel electrophoresis 20% and the
oligonucleotides were eluted from gel fractions using an elutrap system. The solutions
were desalted using a NAP-10 column and concentrated in an evapourating

II. Affinity studies.
The oligonucleotides (0.0055 µmol) were incubated with complex 11 (0.011 µmol) for 2
hours at room temperature in 600 µL in ultrapure water. Then, the mixture was
centrifuged using standard dialysis eppendorfs (Amicon 10 K, 0.5 mL) to remove the
unbound material.
The interaction between the nanoribbons and the oligonucleotides was monitored by
absorbance at 260 nm of the mixture before, after 2 hours of reaction and the eluted
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solutions. The absorbance was recorded in a Synergy H4 microplate reader, using a 96
well plate at room temperature.

III. Cell Viability Assay:
The cytotoxicity of the polymer was evaluated in MCF7 cell line using the resazurin
assay. Cells were seeded onto 24-well plates at a density of 2 x 104 cells/well in
supplemented DMEM medium (10% Fetal Bovine Serum (FBS), 1% L-Glutamine and
1% Streptomycin/Penicillin), and incubated overnight at standard conditions (37ºC, 5%
CO2). Then, the medium was replaced with fresh culture medium containing 25 μM, 50
μM, 75 μM, 100 μM, 150μM and 200μM of. After 24h of incubation, cells were washed
twice with PBS, and incubated 48h more. Then, the medium was replace by fresh medium
containing 1% of a resazurin reagent solution (1mg/mL of resazurin in PBS pH = 7.4).
Cells were incubated for 3h, and the fluorescence was measured with excitation
wavelength at 550 nm and emission wavelength at 590 nm using a plate reader Synergy
H4. Cytotoxicity was expressed as a percentage of the control. All the experiments were
performed in triplicates and the standar deviation is represented in the error bars.
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5.2. Material
All the reagents and solvents were purchased commercially from standards and used
without further purification. Uracil-1-acetic acid (UAcOH) was prepared according to the
literature.5 CuSCN was prepared according to the literature.6 Dry DMF has been
purchased from Acros Company. The rest of the solvents were dried according to standard
methods.7-9

5.3. Synthesis
In this thesis we have been working mainly with Cu(II), Cu(I), and Co(II) as metal
centres. Based on the used metal centre, the thesis can be divided in three different blocks
(A, B, and C). Block A and B involve synthesis of the complexes described in chapter 2
while, block C involves synthesis of the complexes described in chapter 3.

Block A; This block involve the compounds obtained with Cu(II) and thymine-1-acetic
acid (TAcOH) and/or uracil-1-acetic acid (UAcOH) as ligands where, the direct reactions
of TAcOH and/or UAcOH in the presence of copper(II) salts lead to the formation of
different

compounds

ranged

between

(i)

mononuclear

compounds,

[Cu(TAcO)2(H2O)4]·4H2O (1) and [Cu(UAcO)2(H2O)4] (2), (ii) dimetallic compounds,
[Cu2(TAcO)4(DMF)2]·2DMF (3), [Cu2(TAcO)4(DMF)2][Cu2(TAcO)4(DMF)(H2O)]
(4),

[Cu2(TAcO)4(DMSO)2]·6DMSO

(5),

[Cu2(TAcO)4(DMA)2]·DMA

(6),

[Cu2(TAcO)2(UAcO)2(DMF)2] (7) and [Cu2(UAcO)4(DMSO)2]·2DMSO (8) and (iii)
1D

extended

systems

as

[Cu(TAcO)2(H2O)2]n

(9)

and

[Cu1.5(TAcO)2(H2O)(OH)]n·4H2O (10), depending on the reaction conditions.
Moreover, the reactions of copper(II) nitrate trihydrate with TAcOH the presence of 4,4'bipyridine (4,4'-bipy) as linear bridging ligand. allow the formation of new 1D
coordination

polymers,

[Cu(TAcO)2(4,4'-bipy)(H2O)]n·2H2O

(11)

and

[Cu2(TAcO)2(4,4'-bipy)]n (12).
The purity of all the compounds have been confirmed by X-ray powder diffraction (see
appendix A).
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Mononuclear complexes
[Cu(TAcO)2(H2O)4]·4H2O (1)
Cu(AcO)2·H2O (0.100 g, 0.50 mmol) was added over a solution of TAcOH (0.184 g, 1.0
mmol) and KOH (0.056 g, 1.0 mmol) in 10 mL of water. Then, the mixture was stirred
for 3 h at 110 ºC, (pH = 5.3). Upon cooling, blue crystals of complex 1 appeared. Then
the blue crystals were filtered off, washed with water, ethanol, diethyl ether, and dried by
vacuum. The yield of complex 1 is 38.3 % (0.11 g, based on Cu).
Elemental analysis calculated (found) for C14H30CuN4O16 (1): C, 29.30 (30.09); H, 5.27
(5.07); N, 9.76 (9.71).
IR selected data (KBr, cm-1): 3430 (m), 1678 (s), 1603 (w), 1479 (w), 1404 (w), 1350
(w), 1247 (w), 869 (w).

[Cu(UAcO)2(H2O)4] (2)
A mixture of Cu(AcO)2·H2O (0.100 g, 0.50 mmol) and UAcOH (0.170 g, 1.0 mmol) was
dissolved in 15 mL of water and fully stirred at 25 ºC for 3 hr, (pH = 3.7). The resulting
blue solution was filtered off. Then, the blue solution was allowed to stand at 25ºC for
crystallization. After 3 weeks, blue crystals of complex 2 were grown by slow
evapouration of the blue solutions. The blue crystals were filtered off, washed with water,
ethanol, diethyl ether, and dried by vacuum. The yield of complex 2 is 38.8 % (0.092 g,
based on Cu).
Elemental analysis calculated (found) for C12H18CuN4O12 (2): C, 30.42 (30.74): H, 3.41
(3.87): N, 11.82 (12.52).
IR selected data (KBr, cm-1): 3051 (w), 1711 (s), 1647 (m), 1592 (m), 1411 (m), 1387
(m), 1349 (m), 1326 (m), 1254 (w), 813 (w).

Dimetallic complexes
[Cu2(TAcO)4(DMF)2]·DMF (3)
A (0.2 g, 0.35 mmol) of complex 1 was dissolved in 8 mL of dry DMF and stirred for 2
hr at 25 ºC under argon gas. Then, 20 mL of mixture of dry acetone and dry diethyl ether
(1:1) has been layered over the resulting deep green solution. Green crystals of complex
3 were grown after one week. The solvents were removed under argon gas using cannula
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system. The green crystals were dried under vacuum for 3 hours and have been kept under
argon atmosphere. The yield of complex 3 is 6.1 % (0.0114 g, based Cu).
Elemental analysis calculated (found) for C40H44Cu2N12O20 (3): C, 42.14 (41.35); H, 3.89
(5.20); N, 14.47 (14.35).
IR selected data (KBr, cm-1): 3030 (w), 1707 (s), 1666 (s), 1630 (m), 1467 (w), 1435 (w),
1408 (m), 1384 (m), 1297 (m), 1250 (m), 1107 (m), 878 (w), 763 (w).

[Cu2(TAcO)4(DMF)2]3[Cu2(TAcO)4(DMF)(H2O)]2

(4)

[Cu2(TAcO)4(DMSO)2]·4.5DMSO (5) and [Cu2(TAcO)4(DMA)2]·DMA (6).
Complexes 4, 5 and 6 were prepared by the same procedure but using different solvents.
In general, a mixture of Cu(AcO)2·H2O (0.050 g, 0.25 mmol) and TAcOH (0.092 g, 0.50
mmol) was dissolved in 8 mL of dry DMF (N,N-dimethylformamide) for complex 4,
DMSO (Dimethyl sulfoxide) for complex 5 and DMA (N,N-dimethylacetamide) for
compound 6. The resulting green solutions of complexes 4, 5 and 6 were stirred for 2 h
under argon gas at 25ºC. Then, 20 mL of mixture of dry acetone and dry diethyl ether
(1:1) has been layered over the resulting green solutions of complexes 4, 5 and 6. Green
crystals of complexes 4, 5 and 6 were grown after one week. The solvents were removed
under argon gas using cannula system and the green crystals of complexes 4, 5 and 6 were
dried under vacuum for 3 hours and were kept under argon atmosphere.
The yield of complex 4 is 61.3 % (0.075 g, based on Cu).
Elemental analysis calculated (found) for C65H79Cu4N19O36 (4): C, 39.90 (41.20); H, 4.07
(4.60); N, 13.60 (14.40).
IR selected data (KBr, cm-1): 3438 (w), 3164 (w), 3027 (w), 1706 (s), 1667 (s), 1626 (s),
1475 (w), 1435 (m), 1408 (m), 1384 (m), 1296 (m), 1250 (m), 1107 (w), 879 (w), 762
(w).
The yield of complex 5 is 38.8 % (0.072 g, based on the Cu).
Elemental analysis calculated (found) for C44H76Cu2N8O24S8 (5): C, 35.59 (34.76); H,
5.16 (5.14); N, 7.55 (7.30); S, 17.28 (16.59).
IR selected data (KBr, cm-1): 3450 (w), 3177 (w), 3047 (w), 1692 (s), 1645 (s), 1468 (m),
1441 (m), 1414 (m), 1250 (m), 1228 (m), 1012 (s), 956 (w), 765 (w).
The yield of complex 6 is 39.25 % (0.055 g, based on Cu)
Elemental analysis calculated (found) for C40H55Cu2N11O19 (6): C, 42.86 (43.27); H,
4.95(4.27); N, 13.74 (13.55).
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IR selected data (KBr, cm-1): 3421 (w), 3195 (w), 3057 (w), 1697 (s), 1602 (s), 1436 (w),
1405 (m), 1249 (w), 1229 (w), 1018 (w), 970 (w), 846 (w), 766 (w).

[Cu2(TAcO)2(UAcO)2(DMF)2] (7)
A mixture of Cu(AcO)2·H2O (0.050 g, 0.25 mmol), UAcOH (0.043 g, 0.25 mmol) and
TAcOH (0.046 g, 0.25 mmol) was dissolved in 8 mL of dry DMF for 2 hr at 25 ºC. Then,
20 mL of mixture of dry acetone and dry diethyl ether (1:1) has been layered over the
resulting green solution of complex 7. Green crystals of complex 7 were grown after one
week. The solvents were removed under argon gas using cannula system and the green
crystals were dried under vacuum for 3 hr and were kept under argon atmosphere. The
yield of complex 7 is 40.91 % (0.05 g, based on Cu).
Elemental analysis calculated (found) for C32H38Cu2N10O18 (7): C, 39.31 (39.34); H, 3.92
(4.17); N, 13.32 (14.10).
IR selected data (KBr, cm-1): 3298 (w), 3165 (w), 3012 (w), 1710 (s), 1648 (s), 1630 (s),
1456 (w), 1434 (m), 1400 (m), 1300 (w), 1312 (w), 1246 (w), 1105 (m), 898 (w), 820
(w), 758 (w).

[Cu2(UAcO)4(DMSO)2] DMSO (8)
The preparation of complex 8 is analogous to that described for complexes 4-6 but using
UAcOH (0.085 g, 0.50 mmol) instead of TAcOH.
The yield of complex 8 is 47.31 % (0.066 g, based on Cu).
Elemental analysis calculated (found) for C32H44Cu2N8O20S4 (8): C, 34.44 (34.15); H,
3.97 (3.57); N, 10.04 (10.20); S, 11.49 (12.55).
IR selected data (KBr, cm-1): 3428 (w) 3050 (w), 1698 (s), 1651 (m), 1459 (w), 1242 (w),
1024 (w), 809 (w).

1D coordination polymers
[Cu(TAcO)2(H2O)2]n (9)
A mixture of CuCl2·2H2O (0.100 g, 0.59 mmol), TAcOH (0.216 g, 1.17 mmol) and KOH
(0.066 g, 1.17 mmol) was dissolved in 20 mL of water and stirred for 3 h at 25 ºC, (pH =
4.5). The resulting blue mixture was filtered off and the resulting blue solid of complex 9
was washed with water, methanol, diethyl ether, and dried by vacuum. Blue crystals of 9
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were obtained after the filtrate was allowed to stand at room temperature for one week.
The blue crystals were filtered off, washed with water, methanol, diethyl ether, and dried
by vacuum.
The yield of complex 9 is 35.7 % (0.098 g, based on Cu).
Elemental analysis calculated (found) for C14H18CuN4O10 (9): C, 36.09 (36.20); H, 3.89
(3.89); N, 12.03 (12.39).
IR selected data (KBr, cm-1): 3458 (w), 3091 (w), 1694 (s), 1647 (s), 1468 (w), 1428 (w),
1353 (m), 1254 (m), 881 (w).

[Cu1.5(TAcO)2(H2O)(OH)]n·4H2O (10)
Complex 10 was obtained by the same procedure mentioned for complex 1 but doing the
reaction at 25 ºC instead of 110 ºC, (pH = 5.3). The resulting blue suspension was filtered
off to get blue solid and blue solution. The blue solution was allowed to stand at 25 ºC
for crystallization. After 5 days, blue crystals of complex 10 were obtained then, the blue
crystals were filtered off, washed with water, ethanol, diethyl ether, and dried by vacuum.
The blue solid was a mixture of complexes 1 and 10.
The yield of complex 10 is 34 % (0.11 g, based on Cu).
Elemental analysis calculated (found) for C28H42Cu3N8O24 (10): C, 31.57 (31.10); H, 3.97
(3.92); N, 10.52 (10.82).
IR selected data (KBr, cm-1): 3458 (w), 3091 (w), 1694 (s), 1647 (s), 1468 (w), 1428 (w),
1353 (m), 1254 (m), 881 (w).

[Cu(TAcO)2(4,4'-bipy)(H2O)]n·2H2O (11) and [Cu2(TAcO)2(4,4'-bipy)]n (12)
A mixture of Cu(NO3)2·3H2O (0.100 g, 0.41 mmol), TAcOH (0.152 g, 0.82 mmol) and
4,4'-bipy (0.065 g, 0.41 mmol) was dissolved in 18 mL of H2O and stirred for 10 minutes
at 25 ºC, (pH = 4.8). The deep blue mixture was sealed in a 23 mL Teflon-lined steel
autoclave and heated at 140 ºC for 3 days then, cooled to 30 ºC in 24 hours. Blue and
yellow crystals of complexes 11 and 12 respectively were obtained. The blue and yellow
crystals were separated manually under lens. The crystals were washed by water, ethanol,
diethyl ether, and dried by vacuum. The yield of complex 11 is 41.9 % (0.11 g, based on
Cu) while the yield of complex 12 is 15.02 % (0.02 g, based on Cu).
Pure phase of complex 11 was obtained by dissolving Cu(NO3)2·3H2O (0.100 g, 0.41
mmol), TAcOH (0.152 g, 0.82 mmol), NaOH (0.033 g, 0.82 mmol) and 4,4'-bipy (0.065
g, 0.20 mmol) in 18 mL of water for one hr. at 25 º C, (pH = 5.8). The blue solid obtained
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(complex 11), was filtered off and washed with water, ethanol, diethyl ether, and dried
by vacuum. The yield of complex 11 is 76.2 % (0.200 g, based on Cu).
Pure phase of complex 12 was obtained by dissolving a mixture of Cu(NO3)2·3H2O
(0.100 g, 0.41 mmol), TAcOH (0.076 g, 0.41 mmol) and 4,4'-bipy (0.065 g, 0.41 mmol)
in 12 mL of ethanol and 1 mL of water then, the resulting blue suspension was stirred for
10 minutes at 25 ºC. The deep blue mixture was sealed in a 23 mL Teflon-lined steel
autoclave and heated at 160 ºC for 4 days, then cooled to 30 ºC in 24 hours. Yellow
crystals of complex 12 were isolated from the resulting yellow suspension by filtration
and washed by water, ethanol, diethyl ether, and dried by vacuum. The yield of 12 is
82.61 % (0.11 g, based on Cu).
Elemental analysis calculated (found) for C24H28CuN6O11 (11): C, 45.04 (45.35); H, 4.41
(4.36); N, 13.13 (13.13).
IR selected data (KBr, cm-1): 3446 (s), 1704 (s), 1677 (s), 1612 (s), 1471 (w), 1419 (m),
1355 (w), 1301 (w), 1247 (w), 1230 (w), 1078 (w), 1012 (w), 971 (w), 831 (w).
Elemental analysis calculated (found) for C12H11CuN3O4 (12): C, 46.68 (44.45); H, 3.59
(3.38); N, 13.61 (13.03).
IR selected data (KBr, cm-1): 3471 (w), 1685 (s), 1643 (s), 1608 (s), 1473 (w), 1427 (m),
1373 (m), 1351 (w), 1282 (w), 1228 (w), 1074 (w), 1012 (w), 981 (w), 831 (w).

Preparation of nanoribbons for complex 11
A mixture of TAcOH (0.018 g) in 1 mL of water and NaOH (0.0039 g) in 1 mL of water
was added to a water (1 mL) solution of 4,4'-bipy (0.0078 g) at 25ºC. The resulting clear
solution was turned into a deep blue colloid upon addition of 1 mL of a water solution of
Cu(NO3)2·3H2O (0.0012 g). The blue colloid was stirred for 5 min., then the resulting
blue colloid was collected by centrifugation and washed with H2O, ethanol, and diethyl
ether.
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Block B; This block involve the compounds obtained from Co(II) salts and TAcOH or
UAcOH as ligands. The direct reactions of TAcOH or UAcOH in the presence of
Co(AcO)2·4H2O

allow

the

formation

of

the

mononuclear

complexes,

[Co(TAcO)2(H2O)4] (13) and [Co(UAcO)2(H2O)4] (14), respectively. On the other hand,
the direct reactions of TAcOH or UAcOH with cobalt Co(AcO)2·4H2O in the presence of
2,6-diaminopurine (HDap) allow the formation of

mononuclear

complexes,

{[Co(Hdap)2(H2O)4]·(TAcO)2·3H2O} (15) and {[Co(Hdap)2(H2O)4]·(UAcO)2·3H2O}
(16) respectively. Attempts to obtain 1D extended polymers by using 4,4'-bipy as linear
bridging ligand, allow the formation of a new mononuclear complex [Co(TAcO)(4,4'bipy)(H2O)] (17).

[Co(TAcO)2(H2O)4] (13)
A mixture of Co(AcO)2·4H2O (0.100 g, 0.40 mmol) and TAcOH (0.148 g, 0.80 mmol)
was dissolved in 15 mL of H2O and stirred for 3 hr at 25 ºC (pH = 3.2). The resulting pink
solution was filtered off and the pink filtrate was allowed to stand at 25 ºC for
crystallizations. After three weeks, pink crystals of complex 13 were grown by slow
evapouration of the water solvent. The pink crystals were filtered off, washed by water,
ethanol, diethyl ether, and dried by vacuum. The yield of complex 13 was 47.26 % (0.094
g, based on Co).
Elemental analysis calculated (found) for C14H22CoN4O12 (13): C, 33.81 (33.45); H, 4.46
(4.41); N, 11.27 (11.26).
IR selected data (KBr, cm-1): 3110 (m), 3108 (w), 3060 (w), 1710 (s), 1658 (s), 1415 (m),
1355 (m), 1311 (m), 1249 (m), 813 (w).

[Co(UAcO)2(H2O)4] (14)
Complex 14 was prepared by the same method for complex 13, but using UAcOH (0.138
g, 0.80 mmol) instead of TAcOH, pH = 3.7. After two weeks, pink crystals of complex
14 were grown by slow evapouration of the water solvent from the resulting pink solution.
The pink crystals were filtered off, washed by water, ethanol, diethyl ether, and dried by
vacuum. The yield of complex 14 was 38.36 % (0.072 g, based on Co).
Elemental analysis calculated (found) for C12H18CoN4O12 (14): C, 30.72 (30.20); H, 3.87
(3.87); N, 11.94 (11.8).
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IR selected data (KBr, cm-1): 3000 (w), 1697 (s), 1638 (m), 1590 (m), 1434 (m), 1386
(m), 1357 (m), 1302 (m), 1254 (m), 826 (w).

{[Co(Hdap)2(H2O)4]·(TAcO)2·3H2O} (15)
A mixture of Co(AcO)2·4H2O (0.100 g, 0.40 mmol), TAcOH (0.073 g, 0.40 mmol) and
KOH (0.023 g, 0.40 mmol) was dissolved in 12 mL of H2O (pH=6.4). The resulting pink
solution was added over 10 mL ethanolic solution of 2,6-diaminopurine (HDap) (0.060
g, 0.40 mmol), (pH = 6.4). The resulting pink solution was stirred for 2 hr at 80 ºC. The
resulting pink solution was filtered off and the pink filtrate was allowed to stand at 25 ºC
for crystallization. After one week, suitable pink crystals of complex 15 for DRX
monocrystals diffraction were grown from the pink solution. The pink crystals were
filtered off, washed by water, ethanol, and diethyl ether, and dried by vacuum. The yield
of complex 15 was 35.23 % (0.120 g, based on Co).
Elemental analysis calculated (found) for C24H40CoN16O15 (15): C, 33.85 (33.82); H, 4.73
(4.69); N, 26.21 (27.16).
IR selected data (KBr, cm-1): 3386 (w), 3139 (w), 1697 (s), 1610 (s), 1479 (m), 1423 (m),
1375 (m), 1243 (m), 1226 (w), 1006(w), 792 (w).

{[Co(Hdap)2(H2O)4]·(UAcO)2·3H2O} (16)
Complex 16 was prepared using the same method of complex 15 but using UAcOH (0.056
g, 0.40 mmol) instead of TAcOH, (pH = 5.8). The resulting pink solution was filtered off
and the pink filtrate was allowed to stand at 25 ºC for crystallizations. After one week,
suitable for DRX monocrystals diffraction pink crystals of complex 16 were grown from
the pink solution. The pink crystals of 16 were filtered off, washed by water, ethanol, and
diethyl ether, and dried by vacuum. The yield of complex 16 was 33.76 % (0.110 g, based
on Co).
Elemental analysis calculated (found) for C22H34CoN16O14 (16): C, 32.80 (32.88); H, 4.25
(4.17); N, 27.88 (28.55).
IR selected data (KBr, cm-1): 3488 (w), 3367 (w), 3147 (w), 1689 (s), 1614 (s), 1450 (m),
1417 (m), 1380 (m), 1295 (m), 1238 (w), 1160 (w), 1000(w), 698 (w).

[Co(TAcO)(4,4'-bipy)(H2O)] (17)
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A mixture of Co(NO3)2·6H2O (0.100 g, 0.34 mmol), TAcOH (0.063 g, 0.34 mmol) and
4,4'-bipy (0.054 g, 0.34 mmol) was sealed in a 23 mL Teflon-lined steel autoclave and
heated at 120 ºC for 2 days, then cooled to 30 ºC in 1 day. Pink crystals of complex 17
were obtained. The crystals were filtered off, washed by water, ethanol, diethyl ether, and
dried by vacuum. The yield of complex 17 was 53.22 % (0.14 g, based on Co).
Elemental analysis calculated (found) for C34H34CoN8O10 (17): C, 52.79 (52.28); H, 4.43
(4.42); N, 14.48 (14.47).
IR selected data (KBr, cm-1): 3137 (w), 3018 (w), 1685 (s), 1602 (m), 1469 (m), 1427
(m), 1405 (m), 1380 (w), 1355 (w), 1317 (m), 1236 (m), 1149, 1106 (m), 1068 (m), 1045
(w), 1000 (w), 813 (w).

Block C; This block involve the complexes obtained by the reactions of Cu(I/II) salts
with pyridine derivatives that allow the formation of a series of 1D-CPs based. The
reactions of CuX (X = Cl, Br, I, CN, NCS ions) with 2-amino-5-nitropiridine (ANP),
allow the formation of complexes ([Cu(ANP)Cl]n (18), [Cu(ANP)Br]n (19),
[Cu(ANP)I]n (20), [Cu(ANP)CN]n (21) and [Cu(ANP)SCN]n (22) respectively. While
the reactions of CuI with Ethyl isonicotinate (EtIN) and Isonicotinic acid (INH) allow the
formation of complexes [Cu(EtIN)I]n (23) and [Cu(INH)I]n (24) respectively.

[Cu(ANP)Cl]n (18)
Method A; A mixture of CuCl2·2H2O (0.100 g, 0.58 mmol) and ANP (0.162 g, 1.17
mmol) was dissolved in 15 mL mixture of water-ethanol (1:2). The suspension was stirred
for 10 minutes at 25 ºC and then sealed in a 23 mL Teflon-lined steel autoclave, heated
at 160 ºC for 4 days, and finally cooled to 30 ºC at a rate of 2.71 ºC/h (48 h). Yellow
crystals of complex 18 were isolated from the resulting green solution by filtration and
washed with water, ethanol, acetonitrile, diethyl ether and dried by vacuum. The yield of
complex 18 was 28.96 % (0.04 g, based on Cu).
Elemental analysis calculated (found) for C5H5CuN3O2Cl (18): C, 25.22 (24.53); H, 2.12
(2.37); N, 17.65 (17.06).
IR selected data (KBr, cm-1): 3452 (m), 3347 (m), 1635 (s), 1603 (m), 1572 (m), 1332 (s),
1290 (s), 826 (m), 759 (w).

208

Experimental section

Method B; A mixture of CuCl (0.100 g, 1.01 mmol) and ANP (0.141 g, 1.0 mmol) was
dissolved in 15 mL mixture of water-ethanol (1:2). The suspension was stirred for 10
minutes at 25 ºC and then sealed in a 23 mL Teflon-lined steel autoclave, heated at 160
ºC for 4 days, and finally cooled to 30 ºC at a rate of 2.71 ºC/h (48 h). Yellow crystals of
complex 18 were isolated from the resulting green solution by filtration and washed with
water, ethanol, acetonitrile, diethyl ether and dried by vacuum. The yield of complex 18
was 16.63 % (0.040 g, based on Cu). The similarity of the crystals obtained from methods
A and B was confirmed by single crystal X-ray diffraction and X-ray powder diffraction.

[Cu(ANP)Br]n (19).
Complex 19 has been reported starting from CuBr10, but here we reported its synthesis
using another methods which allow us to reduce the reaction time and improve the yield
with respect to the publish one (method C).
Method A; Complex 19 was synthesized by the same method of complex 18 but using
CuBr2 (0.100 g, 0.45 mmol) instead of CuCl2·2H2O and ANP (0.124 g, 1.17 mmol).
Orange/ yellow crystals of complex 19 were isolated from the resulting green solution by
filtration and washed with water, ethanol, acetonitrile, diethyl ether, and dried by vacuum.
The yield of complex 19 was 29.86 % (0.038 g, based on Cu).

Method B; Similar to method B that has been used for complex 18 but using CuBr (0.100
g, 0.68 mmol) and ANP (0.097 g, 0.68 mmol). Yellow crystals of complex 19 were
isolated from the resulting green solution by filtration and washed with water, ethanol,
acetonitrile, diethyl ether and dried by vacuum. The yield of complex 19 was 26.02 %
(0.051 g, based on Cu).

Method C; A mixture of CuBr2 (0.050 g, 0.22 mmol) and ANP (0.031 g, 0.22 mmol) was
dissolved in 12 mL of (3:1) mixture of ethanol/ water, then the resulting yellow
suspension was placed in a 70 mL TFM leaned vessel, sealed and placed into a microwave
oven equipped with a rotor. The multimode microwave has a twin magnetron (2 x 800
W, 2.45 GHz) with a maximum delivered power of 1000 W. The temperature was
increased from room temperature to 160 ̊C in 20 min. (microwave power was set at 600
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W) and kept for a preset time of 4 h after which, the vessel was slowly cooled down to
room temperature at a rate of 5.42 ºC/h (24 h). Orange/ yellow crystals of complex 19
were isolated from the resulting green solution by filtration and washed with water,
ethanol, acetonitrile, diethyl ether, and dried by vacuum. The yield of complex 19 was
91.69 % (0.057 g, based on Cu).
The similarity of the crystals obtained from methods A, B and C was confirmed by single
crystal X-ray diffraction and X-ray powder diffraction.
Elemental analysis calculated (found) for C5H5CuN3O2Br (19): C, 21.25 (21.25); H, 1.78
(1.89); N, 14.87 (14.97).
IR selected data (KBr, cm-1): 3471 (m), 3328 (m), 1633 (s), 1601 (m), 1570 (m), 1334 (s),
1293 (s), 826 (m), 759 (w).
[Cu(ANP)I]n (20RT)
A mixture of CuI (0.050 g, 0.26 mmol) and ANP (0.036 g, 0.26 mmol) was dissolved in
12 mL acetonitrile. The resulting yellow solution was stirred for 2 h at 25 ºC. The final
yellow solution was filtered off and left for crystallization at 25 ºC. After a week, yellow
crystals of complex 20RT were filtered, washed with water, acetonitrile and diethyl ether,
and dried by vacuum. The yield of complex 20RT was 44.35 % (0.038 g, based on Cu).
Elemental analysis calculated (found) for C5H5CuN3O2I (20RT): C, 18.22 (18.05); H, 1.53
(1.63); N, 12.75 (12.80).
IR selected data (KBr, cm-1): 3452 (m), 3326 (m), 1626 (s), 1603 (m), 1571 (m), 1335 (s),
1290 (s), 827 (m), 759 (w).

Preparation nanofibers of compound 20RT [CuI(ANP)]n
We dissolved 0.05 M of CuI salt in saturated aqueous solution of KI (clear solution), then
0.05 M ethanolic solution of ANP ligand was added over the CuI solution while stirring.
Yellow solution was formed. 20 mL of water were added one shot over the yellow
solution to get yellow nanofibers of compound 20RT. The nanofibers were collected by
centrifugation and washed twice by water and ethanol through centrifugation cycles. Then
the nanofibers were redispersed in water for further studies.
[Cu(ANP)I]n (20a)

210

Experimental section

A mixture of CuI (0.050 g, 0.26 mmol) and ANP (0.036 g, 0.26 mmol) was stirred in 12
mL of acetonitrile-water (2:1) for 10 min at 25 ºC. The resulting yellow solution was
sealed in a 23 mL Teflon-lined steel autoclave, heated at 160 ºC for 4 days, and finally
cooled to 30 ºC at a rate of 5 ºC/h (28 h). Red crystals of complex 20a were filtered,
washed with water, acetonitrile, diethyl ether, and dried by vacuum. The yield of complex
20a was 32.68 % (0.028 g, based on Cu).
Elemental analysis calculated (found) for C5H5CuN3O2I (20a): C, 18.22 (17.95); H, 1.53
(1.69); N, 12.75 (12.37).
IR selected data (KBr, cm-1): 3452 (m), 3326 (m), 1626 (s), 1603 (m), 1571 (m), 1335 (s),
1290 (s), 827 (m), 759 (w).

{[Cu(ANP)I]n×nCH3COOH} (20b)
A mixture of CuI (0.100 g, 0.52 mmol) and ANP (0.036 mg, 0.26 mmol) was stirred in
12 mL acetonitrile-water (2:1) for 10 min at 25 ºC and the solution saturated with O2
bubbling gas for 20 min. The resulting yellow solution was sealed in a 23 mL teflon-lined
steel autoclave, heated at 160 ºC for 4 days and finally cooled to 30 ºC at a rate of 5 ºC/h
(28 h). Three different types of crystals of complexes 20a (red), 20b (orange) and
[Cu2(CH3COO)4(C5H5N3O2)2] (green) were filtered off, washed with water, acetonitrile
and diethyl ether, and air-dried. The obtained crystals were manually isolated, 20a (0.032
g, yield 37 % based on Cu), 20b as a by-product (in very low yield < 10 %) and
[Cu2(CH3COO)4(C5H5N3O2)2] (0.012 g, yield 9 % based on Cu).
IR selected data (KBr, cm-1): 3437 (m), 3380 (m), 1654 (s), 1605 (m), 1507 (m), 1394 (s),
1339 (s).

[Cu(ANP)CN]n (21)
A mixture of CuCN (0.150 g, 1.67 mmol) and ANP (0.233 g, 1.67 mmol) was dissolved
in 20 mL of acetonitrile. The mixture was refluxed for 3 hours at 80 ºC. The resulting
yellow suspension was filtered off to get yellow solid of complex 21 mixed with small
yellow crystals of 20 then, the yellow solid was washed with water, ethanol, acetonitrile,
diethyl ether, and dried by vacuum. Suitable crystal for single crystal X-ray diffraction
was separated manually under lens from the mixture of yellow solid and crystals. The
yield of complex 21 was 70.69 % (0.270 g, based on Cu).
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Elemental analysis calculated (found) for C6H5CuN4O2 (21): C, 31.51 (30.70); H, 2.20
(2.56); N, 24.50 (23.95).
IR selected data (KBr, cm-1): 3439 (m), 3341 (m), 2114 (s), 1625 (s), 1573 (s), 1339 (s),
1285 (s).

[Cu(ANP)SCN]n (22)
A mixture of CuSCN (0.075 g, 0.62 mmol), ANP (0.086 g, 0.62 mmol) and NH4SCN
(140 mg, 1.8 mmol) was dissolved in 10 mL of acetonitrile. The mixture was stirred for
3 hours at 25 ºC and the resulting red/orange solution was filtered off and left to crystallize
by slow evapouration at 4 ºC. Yellow crystals of complex 22 were grown at 4 ºC. The
crystals were filtered off, washed with water, ethanol, acetonitrile, diethyl ether, and dried
by vacuum. The yield of complex 22 was 71.14 % (0.115 g, based on Cu).
Elemental analysis calculated (found) for C6H5CuN4O2S (22): C, 27.64 (25.98); H, 1.93
(1.98); N, 21.49 (20.60); S, 12.30 (12.80).
IR selected data (KBr, cm-1): 3438 (m), 3336 (m), 2165 (s), 1625 (s), 1572 (m), 1338 (s),
1288 (s).

[Cu(EtIN)I]n (23).
Method A; Ethyl-isonicotinate (EtIN) (0.157 g, 1.04 mmol) was added over a solution of
CuI (0.200 g, 1.04 mmol) in 12 mL of acetonitrile at 25 ºC. Immediately, the solution
turned into yellow mixture. Yellow solid of complex 23 was filtered of, washed with
ethanol, diethyl ether and dried by vacuum. Yellow crystals of complex 23 were grown
at 25 ºC in 2 days. The yellow crystals were filtered of, washed with ethanol, diethyl ether
and dried by vacuum. The yield of complex 23 was 71.77 % (0.255 g, based on Cu).
Elemental analysis calculated (found) for C8H9CuO2I (23): C, 28.13 (28.20); H, 2.66 (2.
44); N, 4.10 (4.02).
IR selected data (KBr, cm-1): 3421 (w), 1716 (m), 1556 (w), 1413 (s), 1395 (w), 1363
(m), 1322 (m), 1292 (s), 1259 (m), 1224 (w), 1135 (w), 1110 (w), 1060 (m), 1018 (m),
856 (w), 800 (m), 759 (m), 698 (m).

Method B; A mixture of CuI (0.100 mg, 0.52 mmol) and INH (0.064 mg, 0.52 mmol)
was dissolved in 12 mL mixture of water-ethanol (1:1). Then, the yellow solution was
sealed in a 23 mL Teflon-lined steel autoclave, heated at 160 ºC for 3 days and finally
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cooled to 30 ºC at a rate of 5.4 ºC/h (26 h). The resulting suspension was filtered off to
give a solid consisting of a mixture of yellow and blue solid. The solid was treated with
10 mL of acetonitrile and the remaining insoluble blue solid filtered-off and the yellow
filtrate (yellow solution) was left for crystallization at 25 ºC. Yellow crystals of complex
23 were obtained upon standing the clear solution at 25 ºC for 3 days. The yellow crystals
were washed with ethanol, diethyl ether, and dried by vacuum. The yield of complex 23
was 37.34 % (0.04 g, based on Cu). The similarity of the obtained crystals from methods
A and B was confirmed by single crystal X-ray diffraction and powder X-ray diffraction

[Cu(INH)I]n (24)
A mixture of INH (0.129 g, 1.05 mmol) and CuI (0.200 g, 1.05 mmol) was dissolved in
60 mL of a mixture of acetonitrile-ethanol (1:1). The mixture was stirred for 2 h at 25 ºC.
The volume of the resulting yellow solution was reduced by rotary system until a red solid
of 24 was appeared. The red solid of complex 24 was filtered of, washed with ethanol,
acetonitrile, diethyl ether, and dried by vacuum. Suitable red crystals for single crystal Xray diffraction of complex 24 were grown by slow evapouration of the yellow solution
(filtrate) at 25 ºC in 2 days. The red crystals were filtered of, washed with ethanol,
acetonitrile, diethyl ether and dried by vacuum. The yield of complex 24 was 45.56 %
(0.150 g, based on Cu).
Elemental analysis calculated (found) for C6H5CuNO2I (24): C, 22.98 (22.88); H, 1.61
(1.65); N, 4.47 (4.47).
IR selected data (KBr, cm-1): 3444 (w), 1697 (s), 1604 (m), 1556 (m), 1411 (s), 1324 (m),
1292 (s), 1209 (m), 1133 (s), 1058 (w) 917 (w), 825 (w), 759(m), 696 (m), 676 (m).

213

References
1.

2.

3.

4.

5.

6.

7.

8.

9.
10.

G. Paolo, B. Stefano, B. Nicola, C. Matteo, C. Roberto, C. Carlo, C. Davide, L.
C. Guido, C. Matteo, D. Ismaila, C. Andrea Dal, G. Stefano de, F. Stefano, F.
Guido, G. Ralph, G. Uwe, G. Christos, K. Anton, L. Michele, M.-S. Layla, M.
Nicola, M. Francesco, M. Riccardo, P. Stefano, P. Alfredo, P. Lorenzo, S. Carlo,
S. Sandro, S. Gabriele, P. S. Ari, S. Alexander, U. Paolo and M. W. Renata,
QUANTUM ESPRESSO: a modular and open-source software project for
quantum simulations of materials, Journal of Physics: Condensed Matter,
2009, 21, 395502, http://stacks.iop.org/0953-8984/21/i=39/a=395502.
D. Vanderbilt, Soft self-consistent pseudopotentials in a generalized
eigenvalue formalism, Physical Review B, 1990, 41, 7892-7895,
http://link.aps.org/doi/10.1103/PhysRevB.41.7892.
J. P. Perdew, K. Burke and M. Ernzerhof, Generalized Gradient Approximation
Made Simple, Physical Review Letters, 1996, 77, 3865-3868,
http://link.aps.org/doi/10.1103/PhysRevLett.77.3865.
H. J. Monkhorst and J. D. Pack, Special points for Brillouin-zone integrations,
Physical
Review
B,
1976,
13,
5188-5192,
http://link.aps.org/doi/10.1103/PhysRevB.13.5188.
J. Xiong, M.-C. Liu and J.-X. Yuan, 1-(Carboxymethyl)uracil, Acta
Crystallographica
Section
E,
2005,
61,
o2665-o2667,
http://dx.doi.org/10.1107/S1600536805022774.
M. A. S. Goher and F. A. Mautner, Dimeric and polymeric copper(I)
complexes. Synthesis and characterization of copper(I) complexes of di-2pyridyl ketone oxime (DPKox) and crystal structures of [Cu(DPKox)Cl]
Polyhedron,
1999,
18,
3425-3431,
http://dx.doi.org/10.1016/S02775387(99)00250-8.
D. R. Burfield, K.-H. Lee and R. H. Smithers, Desiccant efficiency in solvent
drying. A reappraisal by application of a novel method for solvent water
assay, The Journal of Organic Chemistry, 1977, 42, 3060-3065,
D. R. Burfield and R. H. Smithers, Desiccant efficiency in solvent drying. 3.
Dipolar aprotic solvents, The Journal of Organic Chemistry, 1978, 43, 39663968, http://dx.doi.org/10.1021/jo00414a038.
D. R. Burfield and R. H. Smithers, Drying of grossly wet ether extracts, Journal
of Chemical Education, 1982, 59, 703, http://dx.doi.org/10.1021/ed059p703.
W.-W. Zhou, W. Zhao, X. Zhao, F.-W. Wang and B. Wei, A New 1-D Cu(I)
Pyridinate Complex [CuBr(anp)] n (anp = 2-amino-5-nitropyridine),
Synthesis and Reactivity in Inorganic, Metal-Organic, and Nano-Metal
Chemistry,
2013,
43,
1171-1174,
http://dx.doi.org/10.1080/15533174.2012.756899.

214

Appendix A; crystallographic tables
Appendix A shows the crystallographic data obtained by single X-ray diffractions

Table A. 1. Crystallographic data of complexes 1 and 2.
Complexes

1

2

Empirical formula

C14H30CuN4O16

C12H26CuN4O16

MW (g mol–1)

573.96

545.91

Crystal system

Monoclinic

triclinic

Space group

P21/c

P21/c

a (Å)

8.3932(2)

8.341(3)

b (Å)

12.4324(4)

11.823(4)

c (Å)

11.1965(3)

11.097(5)

α (º)

90

()

93.938(1)

γ (º)

90

V (Å3)

1165.57(6)

1093.1(7)

Z

2

2

T (K)

296(2)

296(2)

λ (Å)

1.54180

1.659

ρcalcd (g cm–3)

1.635

2.218

µ (mm–1)

2.111

2307

Reflections collected

5227

1187

Unique
data/restraints/parameter

1877/0/161

71

Rint

0.0191

0.0576

Goodness of fit (S)a

1.091

3.137

R1b/wR2c

0.0313/0.0869

0.3137/0.6100

R1b/wR2c [all data]

0.0323/0.0879

0.4213/0.7221

92.73(2)
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Table A. 2. Selected bond lengths (Å) and angles (º) for complexes 1 and 2.
Complex 1
Cu1–O1

1.9595(13)

O1-Cu1-O1wi

90.76

Cu1–O1w

1.9413(14)

O1-Cu1-O2w

96.50

Cu1–O2w

2.5309(14)

O1-Cu1-O2wi

83.50

O1-Cu1-O1w

89.24
Complex 2

Cu1–O1

1.867(15)

O1-Cu1-O1wi

91.28

Cu1–O1w

1.94(2)

O1-Cu1-O2w

88.53

Cu1–O2w

2.59(2)

O1-Cu1-O2wi

82.53

O1-Cu1-O1w

91.28

Symmetry codes for complex 1: (i) -x, -y, -z. Symmetry codes for complex 2: (i) -x, -y, z.

Table A. 3. Hydrogen bond distances [Ǻ] and bond angles [°] for complex 1.
D─H···A

D─H

H···A

D···A

D─H···A

N3─H···O3wi
O1w─H···O3w
O1w─H···O4w
O2w─H···O2
O2w─H···O4ii
O3w─H···O2`iii
O3w─H···O2iv
O4w─H···O2wv
O4w─H···O4vi

0.86
0.84
0.86
0.91
0.80
0.71
0.84
0.90
0.91

2.01
1.86
1.81
1.82
2.24
2.16
1.85
2.00
2.04

2.864(2)
2.696(2)
2.664(2)
2.705(2)
3.029(2)
2.837(2)
2.689(2)
2.878(2)
2.841(2)

176.3
174.2
168.8
164.2
169.0
159.4
176.5
166.1
146.4
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Table A. 4. Crystallographic data of complexes 3-5.
Complexes

3

4

5

formula

C40H44Cu2N12O20

C65H79Cu4N19O36

C44H76Cu2N8O24S8

MW (g mol–1)

1139.95

1956.63

1484.69

crystal system

monoclinic

monoclinic

triclinic

space group

P21/n

P21/n

P-1

a (Å)

13.4524(4)

18.997(4)

9.4516(9)

b (Å)

11.3654(3)

24.852(6)

13.4558(12)

c (Å)

16.6721(4)

27.646(6)

14.2802(11)

α (º)

90

90

64.204(3)

β (º)

94.674(2)

104.45(1)

89.820(3)

γ (º)

90

90

79.094(3)

V (Å3)

2540.55(12)

12639(5)

1599.2(2)

Z

2

4

1

T (K)

296(2)

100(2)

100(2)

ρcalcd (g cm–3)

1.490

1.028

1.542

µ (mm–1)

0.924

0.730

1.007

reflections collected

11872

181794

21745

unique
data/parameters

3786/338

23084/1125

5790/339

Rint

0.0297

0.0756

0.0456

Goodness of fit (S)b

1.058

0.966

1.049

R1c/wR2d [I>2σ(I)]

0.0498/0.1517

0.0770/0.2187

0.0779/0.2049

R1c/wR2d [all data]

0.0568/0.1589

0.1142/0.2365

0.1104/0.2280
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Table A. 5. Crystallographic data of complexes 6-8.
Complexes

6

7

8

formula

C40H55Cu2N11O19

C32H38Cu2N10O18

C32H44Cu2N8O20S4

MW (g mol–1)

1121.03

977.80

1116.07

crystal system

triclinic

triclinic

triclinic

space group

P-1

P-1

P-1

a (Å)

11.1990(3)

9.3071(2)

9.4621(5)

b (Å)

15.5475(5)

10.7239(2)

11.1133(4)

c (Å)

15.6884(5)

11.2475(2)

12.3040(5)

α (º)

80.724(2)

81.814(1)

65.178(2)

β (º)

74.6220(10)

65.581(1)

78.605(2)

γ (º)

71.103(2)

83.654(1)

89.604(2)

V (Å3)

2483.35(13)

1010.10(3)

1146.94(9)

Z

2

1

1

T (K)

100(2)

296(2)

296(2)

ρcalcd (g cm–3)

1.499

1.607

1.616

µ (mm–1)

0.941

1.142

1.194

reflections collected

45426

38704

17213

unique
data/parameters

9033/658

3690/283

4145/297

Rint

0.0381

0.0278

0.0387

Goodness of fit (S)b

1.145

1.129

1.122

R1c/wR2d [I>2σ(I)]

0.0475/0.1359

0.0479/0.1413

0.0557/0.1555

R1c/wR2d [all data]

0.0626/0.1562

0.0540/0.1474

0.0825/0.1881
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Table A. 6. Selected bond lengths (Å) for complexes 3-8.
Complex 3
Cu1-O191
Cu1-O192i
Cu1···Cu1i

2.018(2)
1.975(3)
2.6701(9)

Cu1-O291
Cu1-O292i

1.958(2)
1.955(3)

Complex 4
Cu1-O191

1.959(3)

Cu2-O192

1.990(3)

Cu1-O291

1.982(3)

Cu2-O292

1.953(3)

Cu1-O391

1.967(3)

Cu2-O392

2.031(3)

Cu1-O491

1.992(4)

Cu2-O492

1.958(3)

Cu1-O1

2.134(4)

Cu2-O2

2.134(3)

Cu1···Cu2

2.6484(9)

Cu3-O591

1.979(3)

Cu4-O592

1.987(4)

Cu3-O691

1.968(3)

Cu4-O692

1.967(3)

Cu3-O791

1.998(3)

Cu4-O792

1.975(3)

Cu3-O891

1.963(3)

Cu4-O892

1.986(4)

Cu3-O3

2.142(4)

Cu4-O1w

2.144(4)

Cu3···Cu4

2.6530(9)
Complex 5

Cu1-O191

1.972(4)

Cu1-O291

1.982(4)

Cu1-O192i

1.968(4)

Cu1-O292i

1.960(4)

Cu1···Cu1i

2.6749(14)

Cu1-O291
Cu1-O292i

1.958(2)
1.952(2)

Complex 6
Cu1-O191
Cu1-O192i

1.992(2)
1.974(2)

Cu1···Cu1i

2.6824(8)

Cu2-O391

1.959(3)

Cu2-O491

1.994(3)

Cu2-O392ii

1.956(3)

Cu2-O492ii

1.964(3)

Cu2···Cu2ii

2.6712(9)
Complex 7

Cu1-O191
Cu1-O192i

1.971(3)
1.958(3)

Cu1···Cu1i

2.6648(7)

Cu1-O291
Cu1-O292i

Complex 8
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1.962(3)
1.985(2)
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Cu1-O181
Cu1-O182i

1.982(3)
1.964(3)

Cu1···Cu1i

2.6766(11)

Cu1-O281
Cu1-O282i

1.978(3)
1.961(4)

Symmetry codes for complex 3: (i) –x+1, -y, -z; for complex 5: (i) –x,-y+1,-z+1; for
complex 6: (i) –x,-y+1,-z; (ii) –x+2,-y,-z+1; for complex 7: (i) –x+1,-y+2,-z+1; for
complex 8: (i) –x+1,-y+1,-z.
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Table A. 7. Hydrogen bond and π–π stacking interactions (Å, º) of complexes 3-8.a
Complex 3
D─H···A

H···A

D···A

D–H···A

N13–H13···O62i

2.08

2.931(7)

163.8

N23–H23···O54i

2.05

2.910(7)

165.9

N33–H33···O34ii

1.97

2.846(5)

171.2

N43–H43···O84iii

1.93

2.802(5)

169.7

N53–H53···O22iv

2.03

2.895(8)

167.8

N63–H63···O14iv

1.99

2.856(6)

169.9

N73–H73···O72ii

2.07

2.910(5)

160.2

N83–H83···O44v

1.92

2.798(5)

172.0

Complex 4
D─H···A

H···A

D···A

D–H···A

N13–H13···O191i

2.36

3.133(4)

149.0

N23–H23···O41ii

1.99

2.835(5)

167.1

π–π

Angle

DC

α

DZ

DXY

0.0

3.5150(1)

14.6

3.4014

0.887

interactionsa
Thy2–Thy2iii

Complex 5
D─H···A

H···A

D···A

D–H···A

N13–H13···O4i

1.97

2.827(8)

165.7

N23–H23···O4ii

1.96

2.820(7)

164.9

Angle

DC

α

DZ

DXY

Thy1–Thy1iii

0.0

3.6873(4)

25.0

3.3409

1.560

Thy2–Thy2iv

0.0

3.4979(3)

15.2

3.3749

0.919

π–π
interactionsb

Complex 6
D─H···A

H···A

D···A

D–H···A

N13–H13···O191i

2.19

3.002(4)

154.0
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N23–H23···O24ii

1.96

2.835(4)

173.9

N33–H33···O71iii

1.89

2.735(5)

160.7

N43–H43···O4iv

2.37

3.167(5)

150.4

π–π
interactionsb

Angle

DC

α

DZ

DXY

0.0

3.9593(1)

37.2

3.1526

2.395

Thy1–Thy1iv

Complex 7
D─H···A

H···A

D···A

D–H···A

N13–H13···O14i

1.98

2.837(5)

175.2

N23–H23···O292ii

2.30

3.081(4)

150.5

π–π
interactionsb
Ura1–Ura1iv

Angle

DC

α

DZ

DXY

0.0

4.0705(1)

38.9

3.1695

2.554

Complex 8
D─H···A

H···A

D···A

D–H···A

N13–H13···O12i

2.10

2.955(6)

170.0

N23–H23···O24ii

1.91

2.771(6)

177.2

Symmetry for complex 3: (i) x+1, y, z; (ii) –x+1, -y+2, -z; (iii) x+1/2, -y+3/2, z+1/2; (iv) x-1, y, z; (v) x1/2, -y+3/2, z-1/2; for complex 4: (i)-x+1, -y-1, -z; (ii) –x+2, -y-1, -z;(iii) –x+1, -y+1, -z+1; for complex 5:
(i) x-1, y-1, z; (ii) –x+1, -y+1, -z+1; (iii) –x, -y, -z+2; (iv) –x, -y, -z+1; for complex 6: (i) –x+1, -y+1, -z;
(ii) –x, -y+1, -z+1; (iii) –x+1, -y+1, -z+1; (iv) –x+1, -y, -z+1; for complex 7: (i) –x, -y+1, -z+2; (ii) –x+1,
-y+2, -z; (iii) –x+1, -y, -z+2; for complex 8: (i) –x+1, -y+1, -z+1; (ii) –x, -y+2, -z. aAngle: Dihedral angle
between planes I and J (º), DC: Distance between ring centroids (Å), : Angle Cg(I) ––> Cg(J) vector and
normal to plane I (°), DZ: Perpendicular distance of Cg(I) on ring J (Å), DXY: Slippage. b Complex 4: Thy2
(N21, C22, N23, C24, C25, C26); complex 5: Thy1 (N11, C12, N13, C14, C15, C16); Thy2 (N21, C22,
N23, C24, C25, C26); complex 6: Thy1 (N41, C42, N43, C44, C45, C46); complex 7: Ura1 (N21, C22,
N23, C24, C25, C26).
a
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Table A. 8. Crystallographic data of complexes 9 and 10.
Complexes

9

10

Empirical formula

C14H30CuN4O16

C14H18CuN4O10

MW (g mol–1)

573.96

465.86

Crystal system

Monoclinic

Monoclinic

Space group

P21/c

P21/c

a (Å)

8.3932(2)

12.9460(9)

b (Å)

12.4324(4)

4.5896(3)

c (Å)

11.1965(3)

14.6110(12)

α (º)

90

90

()

93.938(1)

100.140(8)

γ (º)

90

90

V (Å3)

1165.57(6)

854.58(11)

Z

2

2

T (K)

296(2)

296(2)

λ (Å)

1.54180

1.54180

ρcalcd (g cm–3)

1.635

1.810

µ (mm–1)

2.111

2.451

Reflections collected

5227

4236

Unique
data/restraints/parameter

1877/0/161

1700/0/135

Rint

0.0191

0.0422

Goodness of fit (S)a

1.091

1.062

R1b/wR2c

0.0313/0.0869

0.0547/0.1640

R1b/wR2c [all data]

0.0323/0.0879

0.0604/0.1720
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Table A. 9. Selected bond lengths (Å) and angles (º) for complexes 9 and 10.
Complex 9
Cu1–O1

1.945(2)

Cu1–O1w

1.950(2)

Cu1–O2ii

2.624(2)

Cu1···Cu1ii

4.5896(3)

Complex 10
Cu1–O1

1.963(3)

Cu2-O1

1.965(2)

Cu1–O11

1.991(2)

Cu2–O12

1.930(2)

Cu1–O21

2.348(2)

Cu2–O21

2.395(3)

Cu1···Cu2

3.003(2)

Cu2–O11i

2.680(3)

Cu1···Cu2ii

3.302(2)

Cu2···Cu2ii

2.9734(14)
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Table A. 10. Hydrogen bond distances [Ǻ] and bond angles [°] for complexes 9 and 10.
Complex 9
D─H···A

D─H

H···A

D···A

D─H···A

N3─H···O4i

0.86

1.99

2.835(3)

168.4

O1w─H···O2`ii

0.87

1.87

2.682(3)

153.9

O1w─H···O2

0.87

1.84

2.621(3)

148.5

Complex 10
D─H···A

D─H

H···A

D···A

D─H···A

N13─H···O22i

0.86

1.96

2.793(4)

162.0

N23─H···O27ii

0.86

2.01

2.843(4)

164.3

O1─H···O3wiii

0.78

1.96

2.695(4)

158.0

O1w─H···O17i

0.85

1.85

2.703(4)

177.9

O1w─H···O22iv

0.85

1.81

2.616(4)

157.8

O2w─H···O28

0.85

1.96

2.805(4)

169.9

O2w─H···O21v

0.86

2.19

3.005(4)

158.1

O3w─H···O28ii

0.85

2.15

2.904(4)

147.1

O3w─H···O2wv

0.85

1.98

2.668(5)

137.6

Symmetry codes for complex 9: (i) –x+1, –y, –z+1, (ii) –x+1, –y, –z+2, (iii) –x, –y, –z+1,
(iv). Complex 10: (i) –x-1, –y-1, –z+1, (ii) –x+y, –x, z+2. (iv) x-1, y, z, (v) –x, –y, –z+2.
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Table A. 11. Crystallographic data of complexes 11and 12.
Complexes

11

formula

C24H28CuN6O11

C12H11CuN3O4

MW (g mol–1)

640.06 g/mol

324.78

crystal system

monoclinic

triclinic

space group

P 1 21/n 1 (14)

P -1

a (Å)

6.5300(1)

4.93330(10)

b (Å)

22.2196(5)

9.7064(2)

c (Å)

18.7306(4)

13.1365(3) Å

α (º)

9

73.8950(10)

β (º)

96.996(1)

82.7070(10)

γ (º)

90

89.0080(10)

V (Å3)

2697.46(9)

Z

4

2

T (K)

296(2)

296(2)

ρcalcd (g cm–3)

1.57597

1.800

12

599.35(2)

µ (mm–1)

0.0888

reflections collected

19698

unique data/parameters
Rint

0.0330

Goodness of fit (S)b

1.000

[I>2σ(I)]

0.0247/0.0843

R1c/wR2d [all data]

0.0301/0.0979

c

R1 /wR2d
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Table A. 12. Selected bond lengths (Å) and angles (º) for complex 11.
Complex 11
Cu1-N4

2.005(6)

N4-Cu1-N4i

171.13(17)

N4i-Cu1-O1i

88.02(18)

Cu1-N4i

2.008(6)

N4-Cu1-O1

91.01(18)

N4i -Cu1-O1w

94.7(2)

Cu1-O1

1.970(3)

N4-Cu1-O1i

88.87(19)

O1-Cu1- O1i

172.40(14)

Cu1-O1i

2.020(4)

N4-Cu1-O1w

94.1(2)

O191-Cu1-O1w

88.14(15)

90.98(18)

O1i-Cu1-O1w

99.45(15)

Cu1-O1w 2.307(5) N4i-Cu1-O191
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Table A. 13. Crystallographic data of complexes 13–16.
Complexes
formula

13

14

15

16

C14H22CoN4O12 C12H18CoN4O12 C24H40CoN16O15 C22H34CoN16O14

MW (g mol–1)

497.29

469.23

851.65

805.58

crystal system

monoclinic

monoclinic

triclinic

triclinic

space group

P21/c

P21/c

P1̅

P1̅

a (Å)

4.8757(2)

12.3732(5)

7.4544(2)

7.6802(2)

b (Å)

10.4569(5)

5.0780(2)

8.4452(2)

8.0454(2)

c (Å)

18.8851(8)

14.1462(6)

14.2169(5)

13.6231(3)

α (º)

90

90

79.096(2)

73.127(1)

β (º)

92.780(3)

99.031(3)

80.811(2)

88.691(1)

γ (º)

90

90

89.143(2)

89.355(1)

V (Å3)

961.72(7)

877.80(6)

867.46(4)

805.32(3)

Z

2

2

1

1

T (K)

296(2)

296(2)

100(2)

296(2)

λ (Å)

1.54056

1.54056

1.54184

0.71073

ρcalcd (g cm–3)

1.717

1.775

1.630

1.661

µ (mm–1)

7.697

8.392

4.716

0.627

Data/parameters

3529/144

1332/133

2681/254

2956/241

Rint

0.0572

0.0261

0.0183

0.0233

1.438

1.089

1.117

1.141

0.0997/0.2898

0.0349/0.0992

0.0427/0.1237

0.0249/0.0742

0.1837/0.3633

0.0383/0.1017

0.0457/0.0427

0.0274/0.0849

Goodness of fit
(S)a
R1b/wR2c
[I>2σ(I)]
R1b/wR2c [all
data]
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Table A. 14. Hydrogen bonding interactions (Å, º) found in complexes 13-16.
Complex 13
D─H···A

H···A

D···A

D–H···A

O1w–H···O4i

1.80

2.638(5)

167.5

O1w–H···O92

1.75

2.598(6)

157.4

O2w–H···O91ii

1.96

2.752(5)

153.9

O2w–H···O1wiii

1.96

2.731(5)

146.3

N3–H···O2wiv

2.08

2.930(6)

170.1

Complex 14
D─H···A

H···A

D···A

D–H···A

O1w–H···O2i

2.05

2.871(3)

162.3

O1w–H···O92

1.89

2.715(2)

153.1

O2w–H···O91ii

1.80

2.650(2)

176.4

O2w–H···O2iii

1.91

2.753(3)

169.1

N3–H···O4iv

1.94

2.805(3)

178.9

Complex 15
D─H···A

H···A

D···A

D–H···A

O1w–H···N3i

1.97

2.816(3)

172.8

O1w–H···O191i

1.90

2.743(3)

159.8

O2w–H···O192

1.87

2.718(3)

172.8

O2w–H···O192ii

1.89

2.739(3)

174.5

N2–H···O12iii

2.35

3.052(4)

139.1

N2–H···O4wiv

2.60

3.164(12)

124.5

N6–H···N1v

2.13

2.989(4)

172.3

N6–H···O3wvi

1.98

2.839(6)

176.9

N6–H···O5wvii

2.09

2.907(12)

157.7

N7–H···O191vi

2.13

2.790(3)

133.2

N7–H···O3wvi

2.44

3.183(6)

144.9

N13–H···O14viii

2.01

2.866(3)

170.9
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Complex 16
D─H···A

H···A

D···A

D–H···A

O1w–H···O192i

1.91

2.7689(19)

173.8

O1w–H···N3ii

2.14

2.9605(19)

153.8

O2w–H···O191iii

1.89

2.6495(18)

167.6

O2w–H···O191iv

1.82

2.6545(19)

173.5

O3w–H···O12

2.26

2.931(2)

145.7

O3w–H···N3v

2.48

3.107(2)

144.9

N2–H···O12vi

2.64

3.245(2)

128.1

N2–H···O12vii

2.22

3.075(2)

176.8

N6–H···O14vii

1.96

2.816(2)

176.9

N6–H···O3wviii

2.12

2.961(2)

167.3

N7–H···O3wix

2.20

2.982(2)

150.6

N13–H···N1viii

2.13

2.990(2)

177.7

Symmetry for compound 13: (i) x, -y+1/2, z+1/2; (ii) -x, -y, -z+1; (iii) x-1, y, z; (iv) x, y+1/2, z-1/2; for compound 14: (i) x, -y+5/2, z-1/2; (ii) x, y+1, z; (iii) -x+1, y+1/2, -z+3/2; (iv) -x+2, -y+2,
-z+2; for compound 15: (i) -x+1, -y+1, -z+1; (ii) -x, -y+1, -z+1; (iii) x+1, y, z; (iv) -x+1, -y+1, -z+2; (v) x+1, -y, -z+2; (vi) x, y-1, z; (vii) -x, -y, -z+2; (viii) -x, -y+2, -z+2; for compound 16: (i) -x+1, -y+1, -z+1;
(ii) -x+2, -y+2, -z+1; (iii) -x+2, -y+1, -z+1; (iv) x+1, y+1, z; (v) x-1, y-1, z; (vi) x, y+1, z; (vii) -x+1, -y+1,
-z+2; (viii) -x+1, -y+1, -z+2; (ix) x+1, y, z.
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Table A. 15. Crystallographic data of complexes 17.
Complex

17

formula

C34H34CoN8O10

MW (g mol–1)

773,61

crystal system

monoclinic

space group

P 1 21/n 1 (14)

T (K)

296(2) K

a (Å)

12.4464(2)

b (Å)

7.9407(2)

c (Å)

18.0313(4)

α (º)

90

β (º)

102.426(1)

γ (º)

90

V (Å3)

1740.34(6)

Z

4

µ (mm–1)

3.185

Reflections collected

31005

Unique data/parameters

3188 / 2 / 250

Rint

0.0337

Goodness of fit (S)[a]

1.004

R1[b]/wR2[c] [I>2(I)]

0.0266/0.0903

R1[b]/wR2[c] [all data]

0.0360/0.1119
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Table A. 16. Crystallographic data of complexes 18 and 19.
Complexes

18

19

Empirical formula

C5H5ClCuN3O2

C5H5BrCuN3O2

MW (g mol–1)

238.11

282.57

λ (Å)

0.71073

0.71073

T (K)

100(2)

100(2)

Crystal system

monoclinic

monoclinic

Space group

P21/c

P21/c

a (Å)

3.7060(2)

3.7808(1)

b (Å)

15.378(1)

7.2375(2)

c (Å)

13.3228(8)

28.815(1)

α (º)

90

90

 ()

92.006(5)

92.565(3)

γ (º)

90

90

V (Å3)

758.81(8)

787.69(4)

Z

4

4

ρcalcd (g cm–3)

2.084

2.383

µ (mm–1)

3.185

7.802

Reflections collected

5237

4998

Unique data/parameters

2934/110

1704/109

Rint

0.0376

0.0260

Goodness of fit (S)[a]

0.985

1.374

R1[b]/wR2[c] [I>2(I)]

0.0399/0.0885

0.0406/0.0789

R1[b]/wR2[c] [all data]

0.0590/0.0927

0.0441/0.0802
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Table A. 17. Crystallographic data of complexes of 20LT, 20 RT, 20a and 20b.
Complex

20LT

20RT

20a

20b

Empirical formula

C5H5CuIN3O2

C5H5CuIN3O2

C5H5CuIN3O2

C7H9CuIN3O4

MW (g mol–1)

329.56

329.56

329.56

389.61

λ (Å)

0.71073

0.71073

0.71073

0.71073

T (K)

200(2)

298(2)

296(2)

296(2)

Crystal system

monoclinic

monoclinic

monoclinic

triclinic

Space group

Pn

P21/n

P21/c

P-1

a (Å)

4.1982(1)

4.2284(1)

4.0708(1)

4.1444(1)

b (Å)

14.3433(3)

14.3638(7)

7.5386 (2)

11.3403(2)

c (Å)

13.6017(3)

13.6840(5)

28.2779(7)

15.0851(3)

α (º)

90

90

90

108.660(1)

 ()

94.707(2)

95.241(3)

90.880(1)

93.975(1)

γ (º)

90

90

90

98.533(1)

V (Å3)

816.28(3)

827.64(5)

867.69(4)

659.10(2)

Z

4

4

4

2

ρcalcd (g cm–3)

2.682

2.645

2.523

1.963

µ (mm–1)

6.417

6.329

6.036

4.001

Reflections collected

16183

3768

12161

11658

Unique
data/parameters

2861/233

1418/129

1560/109

2344/146

Rint

0.0579

0.0294

0.0242

0.0298

Goodness of fit (S)[a]

0.956

1.244

1.121

1.117

R1[b]/wR2[c] [I>2(I)] 0.221/0.0472

0.0482/0.0943 0.0201/0.0365 0.0212/0.0587

R1[b]/wR2[c] [all data] 0.0234/0.0479 0.0593/0.1005 0.0268/0.0395 0.0243/0.0615
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Table A. 18. Crystallographic data of complexes 21 and 22.
Complexes

21

22

Empirical formula

C12H10Cu2N8O4

C6H5CuN4O2S

MW (g mol–1)

457.36

260.74

λ (Å)

0.71073

0.71073

T (K)

296(2)

296(2)

Crystal system

monoclinic

monoclinic

Space group

P2/n

P21/n

a (Å)

14.6169(3)

5.8985(1)

b (Å)

7.2367(2)

14.2513(3)

c (Å)

16.1212(3)

10.8843(2)

α (º)

90

90

 ()

110.554(1)

105.129(1)

γ (º)

90

90

V (Å3)

1596.72(6)

883.24(3)

Z

4

4

ρcalcd (g cm–3)

1.903

1.961

µ (mm–1)

2.703

2.684

Reflections collected

20974

16366

Unique data/parameters

2932/253

1614/127

Rint

0.0377

0.0265

Goodness of fit (S)[a]

1.003

1.000

R1[b]/wR2[c] [I>2(I)]

0.0279/0.0880

0.0221/0.0620

R1[b]/wR2[c] [all data]

0.0433/0.1133

0.0244/0.0637
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Table A. 19. Crystallographic data of complexes 23 and 24.
Complexes

23

24

Empirical formula

C8H9CuINO2

C6H5CuINO2

MW (g mol–1)

341.60

313.55

λ (Å)

0.71073

0.71073

T (K)

296(2)

296(2)

Crystal system

monoclinic

monoclinic

Space group

P21/n

P21/c

a (Å)

4.1577(1)

14.6503(7)

b (Å)

27.9294(6)

4.1198(2)

c (Å)

9.0620(2)

14.3078(7)

β (º)

100.708(1)

104.892(2)

V (Å3)

1033.97(4)

834.56(7)

Z

4

4

ρcalcd (g cm–3)

2.194

2.496

µ (mm–1)

5.065

6.263

Reflections collected

11168

11064

Unique data/parameters

1864/119

1526/101

Rint

0.0206

0.0514

Goodness of fit (S)[a]

1.000

1176

R1[b]/wR2[c] [I>2σ(I)]

0.0212/0.0867

0.0286/0.0668

R1[b]/wR2[c] [all data]

0.0268/0.0987

0.0515/0.0998
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Appendix B; X-ray powder diffraction figures
Appendix B shows the X-ray powder diffraction figures for complexes 1-24.
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Figure B. 1.Experimental and calculated powder diffractogram of complex 1.
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Figure B. 2. Experimental and calculated powder diffractogram of complex 2.
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Figure B. 3. Experimental and calculated powder diffractogram of complex 4.
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Figure B. 4. Experimental and calculated powder diffractogram of complex 5.
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Figure B. 5. Experimental and calculated powder diffractogram of complex 6.
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Figure B. 6. Experimental and calculated powder diffractogram of complex 7.
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Figure B. 7. Experimental and calculated powder diffractogram of complex 8.
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Figure B. 8. Experimental and calculated powder diffractogram of complex 9.
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Figure B. 9. Experimental and calculated powder diffractogram of complex 10.

Intensity (a.u)

Experimental
Calculated

5

10

15

20

25

30

35

40

2

Figure B. 10. Experimental and calculated powder diffractogram of complex 11.

241

Appendix B

Intensity (a.u)

Experimental
Calculated

5

10

15

20

25

30

35

40

2

Figure B. 11. Experimental and calculated powder diffractogram of complex 12.
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Figure B. 12. Experimental and calculated powder diffractogram of complex 13.
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Figure B. 13. Experimental and calculated powder diffractogram of complex 14.

Intensity (a.u)

Experimental
Calculated

5

10

15

20

25

30

35

40

45

2

Figure B. 14. Experimental and calculated powder diffractogram of complex 15.
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Figure B. 15. Experimental and calculated powder diffractogram of complex 16.
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Figure B. 16. Experimental and calculated powder diffractogram of complex 17.
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Figure B. 17. Experimental and calculated powder diffractogram of complex 18.
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Figure B. 18. Experimental and calculated powder diffractogram of complex 19.
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Figure B. 19. Experimental and calculated powder diffractogram of complex 20RT.
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Figure B. 20. Experimental and calculated powder diffractogram of complex 20a.
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Figure B. 21. Experimental and calculated powder diffractogram of complex 21.
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Figure B. 22. Experimental and calculated powder diffractogram of complex 22.
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Figure B. 23. Experimental and calculated powder diffractogram of complex 23.
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Figure B. 24. Experimental and calculated powder diffractogram of complex 24.
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