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ABSTRACT

This thesis is within the context of surface science, more specifically in the context of
the structure of coordination compounds at the surface of materials, this is in order to
unravel the mechanism of interfacial interactions between the surface atomic lattices and
their surroundings. These interactions can be modified and tuned by surface
functionalization, for example one of the most commonly used functional groups at the
surface of materials are the metal carboxylates due to their versatility in the way that
they can binded to the surface, which can change the surface properties. For this reason,
they are of prime interest in hot topics such solar cells, catalysis and nanoengineering.
Customary techniques like XRD and FTIR which are used to perform structural analysis
are sensible to the bulk structure, but they provide poor information about the surface;
on the contrary, XPS senses fundamentally the chemical environment and the behavior
of surface atoms. In this work, we aim to employ XPS as an alternative technique to
elucidate the coordination mode in transition metal carboxylates, by using several metal
acetates as model compounds. Specifically, we show how the chemical shifts observed
in the C1s and O1s signals of metal carboxylate in the XPS spectrum can be used to
distinguish between common binding modes of metal carboxylates. All the conclusions
presented in this work are supported by structural data obtained from X-Ray Powder

Diffraction.



INTRODUCTION

Understanding chemical and physical interactions on the surface’s materials is
fundamental to the study of important processes like catalytic activity [1], adsorption
[2], corrosion [3, 4] or charge transfer [5, 6]. These processes can be modified through
surface functionalization using a suitable anchoring group [2, 7-10] . Carboxylate is a
common ligand employed in wastewater treatment to removal metal ions [11, 12] and
surface functionalization to change surfaces properties like chemisorption,
hydrophobicity or charge transfer [2, 13-16]. It has been reported that the binding
geometry is crucial in nanoparticle stabilization [13], photovoltaic efficiency in systems
like dye-sensitized solar cells (DSSCs) [14, 17, 18], hydrophobic properties [16] and the
selectivity of oxidation and ammoxidation reactions [2].

The coordination modes that are typically encountered in metal carboxylates; account
for the traditional modes: monodentate, bridging bidentate and chelating and ionic
behavior, there are additional modes that are a combination of the traditional modes.
Several spectroscopic techniques have focused on the distinction of carboxylates
coordination modes like Nuclear Magnetic Resonance (NMR), which associate the 13C
chemical shifts of carbon atoms in the carboxylate group with the different binding
modes of carboxylate complexes [19, 20] , Raman Spectroscopy [21, 22] and Infra-Red
Spectroscopy (IR) [23], both Raman and IR spectroscopies have a similar methodology
based in the magnitude of the separation between the frequency of asymmetric Vas
(COO-) and symmetric Vsym (COO-) carboxylate vibration, A = Vas-Veym , as
indicative of coordination geometry. In the IR spectra it has been reported that
monodentate complexes present A values greater than ionic complexes, whereas
chelating and bridging complexes have A values lower than ionic [23]. However, this
relationship has to be carefully applied especially when very low A values appear since
it could be indicate a combination of chelating and bridging [23] and when hydrogen

bonds are present since in this situation it might not be possible distinguish between



bridging and pseudo bridging bidentate [23, 24]. On the other hand, the mentioned
techniques have a poor surface resolution; this means that is more complicated to
identify the surface carboxylate binding mode by using this kind of analysis. In this
sense, X-ray photoelectron spectroscopy (XPS) could be helpful due to its high surface
sensitivity (10-200 A) and confident information about chemical bonding. Some reports
have used XPS to determine the adsorption geometry of organic molecules containing
carboxylic acids groups [15, 25, 26], but they lack of extensive analysis about the
different binding geometries. Our work presents an XPS study of several transition
metal acetates as model compounds for metal carboxylates, in order to propose
guidelines for the distinction of representative carboxyl binding modes. Analysis are
based in deconvolution of high-resolution spectra of C1s and O1s signals, and the results
are correlated with structural data provided by X-ray powder diffraction (XRPD). The
analysis performed here was supported with.



CHAPTER I: STATE OF ART

1.1 Physical basis of X-Ray Photoelectron Spectroscopy

X-Photoelectron Spectroscopy (XPS) is an experimental technique commonly employed
in the surface analysis. It was widely developed in 1950s by the Kai Siegbahn’s group in
the Uppsala University, who was awarded the Nobel Prize in 1981 for his contribution
to the photoelectron spectroscopy area. In their early days XPS was known as Electron
Spectroscopy for Chemical Analysis (ESCA) because provided useful information about
the chemical composition of the surface materials. In an XPS analysis the surface of the
sample is irradiated with X-Ray photons of a characteristic energy like AlKa radiation
(1486 eV), which is a commonly X-Ray source, after that, photoelectrons are emitted
from the surface and the kinetic energy of this photoelectrons is measured, as a result of
that an energy spectrum is obtained, which is usually presented as a plot of intensity
(number of electrons detected per second) versus binding energy. Each element has a
unique spectrum, so XPS has the ability of detect all elements except hydrogen and
helium. Besides, XPS can provide information about the chemical state of the elements
at the surface and the percentage present of them in an approximately depth range of 10-
200 A. In this sense X-Photoelectron Spectroscopy has been extensively used to

characterize surfaces in all branches of material science.

1.1.1 Physical Basis

XPS analysis is based on the photoelectric effect which is produced when
electromagnetic radiation is incised on a material, if the energy hv of the impingement
radiation exceeds the binding energy of the electron in the atom, an emission of
electrons from the sample surface is generated, and these are called photoelectrons. As
the name implies XPS use X-Rays to produce this effect. The photons of the incident

light transfer their energy to the electrons, which absorb this energy and consequently
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are ejected from core level atoms as is illustrated in Figure 1.1. For a better
understanding of the later process, it can be explained as three-step model [27]. The first
step happens when an electron is exited due to absorption of the incident photon, second
step is when the electron travel across the sample until the surface and finally the third
step is regarded as the scape of the electron from the surface to vacuum where its kinetic

energy is measured.

A @ e —
Evac / Vacuum level
E F / Fermi level
Incident X-Ray
hv
Eg Core level

Figure 1.1. Schematic representation of photoemission process in an XPS experiment.

The kinetic energy E} of the photoemitted electrons can be expressed as the difference
between de energy of the incident radiation hv and the sum of the binding energy of the
electron in the core level and the spectrometer work function W, thus the mathematical

relationship between these quantities is

Ep = hv — (Ep + W), (1.1)

since the kinetic energy of the electron is a measurable quantity in an XPS experiment
and hv, W are known, is possible to obtain the binding energy value solving (1.1) for

Eg, in such that way the expression to calculate the binding energy is as follow

Ep=hv— (B, + W) (1.2)



The binding energies obtained from an XPS experiment for a certain element or
molecule is a distribution of the energy states in which the electrons are, in other words
an XPS spectrum is a representation of the electronic structure of the material under
study, in this sense phenomenon like spin-orbit coupling can be detected. This
phenomenon is observed as a splitting in the energy levels that have an angular moment
[ # 0. These energy splitting arise from the interaction between the electron’s spin and
its orbital motion inside the electric field produced by the nucleus, giving a higher
energy when electron’s spin is parallel to the magnetic moment and lower energy when

is antiparallel as is shown in the Figure 1.2.

Figure 1.2 Splitting energy level with an angular [ # 0 arising to the spin-orbit coupling which give a higher energy

when electron’s spin is parallel to the magnetic moment and lower energy when is antiparallel.

The notation employed to label each of energy states is the spectroscopists’ notation
[28], which is composed by three labels, the first is the principal quantum number n
with positive integer values n = 1,2,3, ... , the second label is the quantum number [
associated with the orbital angular moment of the electron, thus this can take the
following values [ =0,1,2,..n—1, nevertheless is usually expressed as its
correspondent core sell, thatistosay 0 - s,1 - p,2 - d,3 = f ..., and the last label is
related with the spin angular moment s, this value can take 1/2 or -1/2 for fermions like
electrons, this later label represent, in the spectroscopists’ notation, the splitting of the

energy levels due to spin—orbit coupling as we explain above, except for level s because
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its angular moment is [ = 0, the remaining levels split in two signals. Quantum numbers

and their respective spectroscopists’ notation are shown in Table 1.1.

Quantum numbers Spectroscopists'

n I S j notation
1 0 1/2, -1/2 1/2 1s1/2
2 0 1/2, -1/2 1/2 25112
2 1 1/2 1/2 2p112
2 1 -1/2 3/2 2p3p
3 0 1/2, -1/2 1/2 3s1/2
3 1 1/2 1/2 3p12
3 1 -1/2 3/2 3p3i2
3 2 1/2 3/2 3dss
3 2 -1/2 512 3ds/2

Table 1.1 The relationship between quantum numbers and spectroscopists' notation. Taken from[28].

1.1.2 XPS Line Shapes

A signal that is produced by a photoemission process is given by a Lorentzian function,
the width AE of this function is determinate by the Heisenberg's uncertainty principle
which can be expressed as follows AE - At > h/2 where At is the lifetime of the core
whole state produced by the photoemission process, however in practice, both the width
and the line shape are modified by the measurement process and the atomic vibrations
that result in a Gaussian broadening that depends on the temperature [29], besides
chemical, structural factors and electronic inhomogeneities in the surroundings of the
emitting atoms can also contribute to this broadening [30]. Lorentzian and Gaussian

functions have the next mathematical expressions:
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MBz{L%E;%f}(M) qmzam%mzf;%f}mA)

where g correspond to half of the full width at half maximum (FWHM) and E, is the
peak position, thus, it is common to express a XPS signal as a combination of
Lorentzian and Gaussian functions, this combination is often proposed as product of
these functions that is known as Voigt function [30]. Expression (1.5) is a more general
line shape used to describe a XPS signal peak, because includes an asymmetric part
which is used to describe loss processes like those observed in conductive materials
[30].

-1

f(E)=h{1+M( E—E )2}

E —E, z
B+ alE —Ey) exp{(—l - M) ln2( ) } (1.5)

B+ a(E —E,)

In the expression (1.5) are included additional parameters like the peak height h, the

Lorentzian-Gaussian mixing ratio M the asymmetry index a.

1.1.3 Chemical Shift

Chemical shift is the change in binding energy between two different chemical forms of
the same atom [27] and is probably the most used parameter in an XPS analysis to
elucidate the chemical environment of an a certain atom, this is due to the binding
energy of a core electron is usually determined by their neighbor atoms and its
interaction with them. A simple way to see this phenomenon is taking only electrostatic
considerations taking into account the negative charge density around the atom under
study, in such way that when the electron charge density is low the binding energy tends
to increase, on the contrary when the electron charge density tends to be high, the values
of binding energy decrease. This happens because the effective nuclear charge in the
first case increase over core electrons, due to the electrons in external shells are further

away product of the interactions with neighboring atoms. A good example is the
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chemical shift of ~7.7 eV between the binding energy of the core level Cls in —CHs
and —CF3 species [31], in the second molecule the carbon atom is surrounded by three
fluorine atoms which have high electronegative value, thus they attract the electron
density of carbon atom to itself inducing a higher binding energy in the C1s level, as it
was explain some lines above. The electrostatic approach is a common explanation of
the chemical shift whereas exist other phenomena like the anomalous chemical shift [32,

33] that need a broader level of theory to get a better explanation.

1.1.4 Additional spectral lines

When an X-Ray radiation is focused on a surface sample not only photoinitiation
process take place, secondary process occurs and some can be detected in an XPS

spectrum, some of them are explained in next pages.

Auger peaks

One of the most notable signals in an XPS spectrum is those generated by the Auger
effect which happens after the photoinitiation. When a core electron is photoemitted a
vacancy is generated inside the atom, this leads to a relaxation process where an electron
from a higher energy level fall in the vacancy generated by the emitted photoelectron, as
a consequence of this relaxation, there is a probability that an electron will be ejected,
thus in this case the expelled electron is called Auger electron [28]. The nomenclature
used to name this type of electrons is as follows, suppose that the photoemitted electron
is expelled from a K shell, after that an electron from a M shell relax and fill the vacancy
and an electron from the M3 shell is ejected thus this Auger electron is named KMM.
An Auger peak is usually the sum of several peaks that come from of the transitions
that involve se same shells thus it is common label them only with the letter that
represent these shells in this sense a signal that is product of Auger emissions that
involve K,M and M shells is named as a Auger KMM.

The identification of different chemical environments is strongly dependent of accuracy
determination of the binding energies which can be difficult especially for insulator

12



samples due to electrostatic charge effects which can induce a shift in the binding
energy scale. In several cases, is more accurate identify the chemical states of the
elements present in a surface sample employing the so called “Modified Auger
Parameter” [34-37], which is a modification of the Auger Parameter proposed by
Wagner [38]. Due to its definition the Modified Auger Parameter avoid uncertainties in
the peak positions associated with charging effects, so a charge compensation is not
indispensable. The earliest Auger Parameter was expressed as the difference between

the binding energies of the principal Auger and photoelectron peaks, this is

(1) a = E.(C'C"C") — Ex(C)

where E(C'C"'C'") is the Kkinetic energy of the Auger peak that is product of the
transitions between the C'C"'C'" core levels and E,(C) is the kinetic energy of the
electron emitted from the core level C, but this expression can produce problems with
negative values so a modification was made to avoid this kind of values. A simple
correction is adding to the equation (4) the photon energy, is not difficult to see that the

expression for the Modified Auger Parameter is the following

) a' =a+hv=ECC'C") +Eg(C)

where E,(C'C"C'") is the kinetic energy of the Auger electron that involve the
C'C"C'"" levels and Eg(C) is the binding energy of the electron in a core level C. The
Modified Auger Parameter is used to make “Chemical States Plots” that very helpful to
identify several chemical states for a given element in an accurate way without a

necessity of a charging reference [39].

Satellite peaks

Other spectral lines that are characteristics of an XPS spectrum are the satellite peaks,
these appear generally with lower intensity around the principal peaks, this kind of
peaks can be produce due to several reasons, in this sense they are named according to

the physical phenomenon that has generated them. Some of this satellites are signals
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that do not give crucial information about the electronic structure of the sample, instead
they can complicate the analysis of the XPS spectrum, for this reason they are
considerate as a unwanted signals, for example spectrometers that do not have a
monochromatic X-ray source, give spectra with satellite peaks arising from extra
radiation lines that are generated together the principal emission X-ray emission, for
example if a conventional AlKa radiation is used, extra photoelectron peaks associated
with as, a,, as, ag and S components can appear as can we see in the Figure 1.2.
Nowadays this problem is solved by using a quartz crystal from which a cleaner XPS
spectrum can be obtained because only AlKa component is focused on the sample.
Another kind of unwanted lines are the so called “ghost peaks” which are produced
when the anode used to generate the X-ray radiation has impurities, arising from
contamination in a twin anode or oxidation of the anode [40], this impurities can
generate X-rays photons with a different energy to the principal source, thus as a
consequence of this extra signal are produced in the spectrum.

130

i o |
300 220

Figure 1.2 Mg x-ray satellites observed in the C1s spectrum of graphite. Taken from [40]

By other hand there are satellite peaks that offers very helpful information about the
chemical state of the surface sample, for example the so called “Shake-up” satellites,
this arise from the interaction of a photoelectron and an electron in the valence band, in
other words the photoelectron excite a valence electron to a higher energy level in such
that way the photoelectron loss part of its kinetic energy, hence appear a signal some
few electron-volts above the principal core level peak in the scale of binding energy.
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Shake up satellites from the 2p region of transition metals are widely used to analyze
their oxide and metallic state [41-43], Figure 1.3 its show Cu2p region where it can see
the useful of sake up satellites in the identification of different cooper oxides. On the
other hand, there is a shake-up satellite in the region of C1s, Ol1s and N1s that are used
to in the analysis of valence band, structure and bonding nature of aromatic and

polymers compounds [44, 45].

Strong Cu?* Cu2psp
satellite

Cu2pip

Strong Cu?*
satellite

Cu metal /N 'L"‘

960 850 940 930
Binding Energy (V)

Figure 1.3 Cu 2p region for metallic cooper and cooper oxides. Metallic Cu does not exhibit satellite by other hand
Cu(l) oxide present a weak satellite around 945 eV meanwhile Cu (1) Oxide has a strong satellite feature. Taken from
[46]

1.2 X-Ray Photoelectron Spectroscopy applied to coordination chemistry

As we explain in the last section X-Ray Photoelectron Spectroscopy can provide good
information about the chemical bonding as well the interaction with the first neighbors
for a certain atom, in this sense and with an appropriate analysis could be possible
deduce structural details at the surface materials from the information extracted of an
XPS spectrum. The later becomes relevant due to the traditional techniques employed in
the structural analysis like X-Ray Diffraction or Nuclear Magnetic Resonance give
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information from bulk thus they are not a suitable to make structural studies at the
surface materials. Since get structural information from an XPS analysis is not the
principal application of this technigque there is not a wide volume of research papers in
scientific literature with this kind of studies, whereas is possible find works that reveal
structural features employing X-Ray Photoelectron Spectroscopy, Ni et al studied the
chemical shifts observed in the O1s and Ca2p signals of calcium carbonate polymorphs
to distinguish the three phases: calcite, aragonite, and vaterite [47], their premise were,
different crystals arrangements provide different chemical environments for the Ca and
O atoms, as a consequence of that exhibit different binding energies . Kimata et al found
correlations between the binding energies of Si2p and O1s signals of the pyrosilicate
anion Si,O¢ ' with the different crystal structures of silica polymorphs, the authors
explain that the difference in Si2p and O1s is result of SiO4 polymerization energy
among crystal structures of silica-mineral polymorphs [48].

X-Ray Photoelectron Spectroscopy also have been applied to reveal the coordination
chemistry of CN and NO ligands to iron atom in transitions metal nitroprussides [49]
this was achieved sensing of the redistribution density charge through the chemical sifts

in the principal signals of the involved elements.

1.3 Coordination chemistry of metal carboxylates

Carboxylate anion (RCOQ") is an oxygen donor ligand type with two available oxygen
atoms to perform a bond, this oxygen atoms can coordinate to a metal ion in basically to
forms monodentate and bidentate geometry [50]. Monodentate form is present when
only one of the two available oxygen atoms is binded to a metal center, meanwhile in
the bidentate form both oxygen are linked and can be appear in distinct configurations,
that is why there is a wide range of geometries in which carboxylate ligand can linked,
Figure 1.4 shows the coordination modes that are typically encountered in metal
carboxylates; a-c account for the traditional modes: monodentate, bridging bidentate and

chelating, while d-h represent other alternatives including the ionic behavior.
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Figure 1.4 Binding modes for metal carboxylates: a) Monodentate, b) Bridging Bidentate, ¢) Chelating, d) lonic, €)
Pseudo Bridging Bidentate, f) Bridging (usn'n®Mode), g) Chelating Bridging and h) Chelating Bridging
(13n'n®n*Mode).

The wide range of geometries that present the carboxylate ligand is result of the two
electrons lone pairs in each oxygen atom which are available to bind with a metal center.
The most common binding modes are those that involve syn lone pairs like
monodentate, chelating, and bidentate bridging due to present greater basicity than anti

lone pairs [51].

1.4 Techniques and methods for the identification of metal carboxylates

coordination modes

1.4.1 Nuclear magnetic resonance (NMR)

Some spectroscopic techniques have been used to the distinction of carboxylates
coordination modes especially in the cases where no structural information is available
or when the experimental conditions are not suitable to employ techniques like X-Ray
Diffraction. In science literature there are studies that employ Nuclear Magnetic
Resonance (NMR), to elucidate the coordination modes of metal carboxylates [19, 20],

this studies associate the 3C chemical shifts of carbon atoms in the carboxylate group
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with the different binding modes of carboxylate complexes, on the basis that the
shielding over the carbon atoms involved in the carboxylate group varies according to
the binding geometry, thus this variation it could be observed when comparing different
coordinations. Ye et al study zinc-carboxylate complexes by *C CP/MAS NMR
technique and found that the values of chemical shifts of different coordination modes
follow the next relationship: chelating mode (184 ppm) > bidentate bridge (180 ppm) >
monodentate bridge (176 ppm) [20], in other similar study Lin et al made a research of
acetato porphyrinato metal complexes employing *3C NMR of the methyl and carbonyl
carbons, they conclude that the **C methyl and carbonyl chemical shifts have values of
20.5 £ 0.2 and 168.2 + 1.7 ppm respectively, for monodentate geometry meanwhile the
chelating bidentate mode have chemical shifts values of 18.0 £ 0.7 and 175.2 +1.6 ppm
for methyl and carbonyl respectively [19].

1.4.2 Infra-Red Spectroscopy (IR)

Raman Spectroscopy [21, 22] and Infra-Red Spectroscopy (IR) [23] also have been
employed to identify the coordination mode of metal carboxylates. Both Raman and IR
spectroscopies have a similar methodology which is based in the magnitude of the
separation between the frequency of asymmetric Vas(COO) and symmetric Vsym(COO")
carboxylate vibration, A = Vas-Vsym, as indicative of coordination geometry, whereas the
methodology that use Infra-Red Spectroscopy is widely more employed in fact the
research paper wrote by Deacon et al in which a detailed analysis by means IR
Spectroscopy was made [23], have been cited more than 4000 times at the moment that
this thesis has been written. In the mentioned work the authors propose that
monodentate complexes present A values greater than ionic complexes, this arise from
fact that in monodentate arrangement the oxygen atoms are not equal, in other words
they have different bond order which lead to an increase in the A value on the other hand
chelating and bridging complexes have A similar values but lower than ionic [23] thus

they conclude that the following relationship is valid.

A(Chelating) = A(Bridging) < A(ionic) < A(monodentate) (1.1)
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However, this relationship has to be carefully applied especially when very low A values
appear since it could be indicating a combination of chelating and bridging [23] and

when hydrogen bonds are present since in this situation it might not be possible

distinguish between bridging and pseudo bridging bidentate.
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CHAPTER II: EXPERIMENTAL SECTION

2.1 Materials and Equipment

To elucidate the coordination mode in transition metal carboxylates, we choose model
compounds that were stable under ultra-high vacuum conditions and have the least
amount of carbon and oxygen atoms with different environments to those involved in a
metal carboxylate, this in order to obtain cleaner signals in the XPS spectra. After a
thorough search in the literature and the structural databases PDF-4 Organics 2018 and
The Cambridge Crystallographic Data Centre (CCDC) we conclude that metal acetates
are a suitable model compounds due to these satisfy the required conditions. In the first
approach we consider studying only the monodentate, bridging bidentate and chelating
geometries, due to these arrangements are the most common, but in order to achieve a
wide analysis, we consider additional bidentate geometries, the ionic interaction and the
monodentate geometry with hydrogen bond interaction (pseudo bridging bidentate). The
model compounds studied here are the following: Bis Thiourea Zinc Acetate (BTZA)
Zn(NH2CSNH2)2(CH3COO),, Mercury(ll) acetate Hg(CH3COO), Copper (Il) acetate
monohydrate Cu(CH3COO)2(H, O), Zinc acetate Zn(CH3COO)2, Zinc acetate dihydrate
Zn(CH3 COQO), 2(H, O), , Copper Acetate Diammine Cu (CH3COQ),-2NHs,
Cadmium acetate dihydrate Cd(CHsCOO),2(H, O), Lead(ll) acetate trihydrate
Pb(CH3COO0)23(H, O), Copper(ll) acetate Cu(CH3COOQ),, Manganese(ll) acetate
Mn(CHsCOO)2, Sodium acetate NaCH3COO, Lithium acetate dihydrate
Li(CH3COQ)22(H, O), Nickel(ll) acetate tetrahydrate Ni(CH3CO,)2-4(H20), Cobalt (II)
acetate tetrahydrate Co(CH3CO2)2-4(H2.0) and Magnesium acetate tetrahydrate
Mg(CH3COz2)2-4(H20).

All geometries corresponding to each model compound are summarized in Table 2.1.
Each coordination mode of the mentioned compounds was confirmed by identifying
their crystal structures through X-Ray Powder Diffraction using the PDF-4 Organics
2018 database. The X-ray powder diffraction (XRD) patterns were recorded at room

conditions using a D8 Eco Advance diffractometer (from Bruker) and CuKa radiation.
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Zn BTZA  ZnAc 2H.0 Zn Ac

Cu CuAcNH, CuAcH,0 CuAc

Cd Cd Ac 2H,0

Mn Mn Ac

Co  CoAc4H,0

Hg Hg Ac
N

NiAc 4H20

Pb Pb Ac 3H,0

Na Na Ac

Li Li Ac 2H,0

Mg  MgAc 4H.0

Table 2.1 Model compounds studied here and their respective binding mode. From left to right: Pseudo Bridging Bidentate, Monodentate, Chelating, Bridging Bidentate, Bridging
(usn*n?Mode), Chelating Bridging, Chelating Bridging (u3n1n2n*Mode) and lonic.
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Zinc acetate Zn (CH3COO) and Copper (I1) acetate (CH3COOQO) » were obtained from a
thermal treatment applied to their correspondent hydrated compounds, Zn (CH; COO),

2(H; O), and Cu (CH3COOQO)2(H, O). As the thermographs show in the Figure 2.1 the
anhydrous phase of Zn (CHz; COQO), 2(H, O), was obtained around of 80° degrees
centigrade meanwhile the anhydrous phase of Cu (CH3COO).(H, O) was obtained
around 108° degrees centigrade. After the thermal treatment was applied over these
compounds, their structure and consequently their coordination mode was verify again
using X-Ray Powder Diffraction. Thermogravimetric analyses were carried out in
dynamic high-resolution mode with a TGA Q5000 equipment at 10 °C/min ratio in a

nitrogen atmosphere.

Zn(CH3COO0) 2H20 Cu(CH3COO0) H20
100 | 100 -
98 4 98 .
_ Zj ] 9.7 %
g 16.41% & %1 1.07 H20
5 Zz 2H20 5 o
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Figure 2.1 Thermal decompositions diagrams of Zinc Acetate dihydrated Zn (CH3COO). 2H20 (left) and Cu
(CHsCOO) H20 (right). Anhydrous phase of Zn (CH3COO)2 2(H20) was obtained around of 80° Celsius degrees
meanwhile the anhydrous phase of Cu (CH3COO)2 (H20) was obtained around 108° Celsius degrees.

Synthesis of (BTZA) and Cu (CH3COO) 2 - 2NH3s

Only BTZA and Copper Acetate Diammine were synthesized, the remaining model
compounds were provided from Sigma Aldrich and measured directly without further

purification.
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Bis Thiourea Zinc Acetate (BTZA)

Bisthiourea Zinc Acetate was prepared by a rout of synthesis described by Kadam et al
[52]. 100 mg of zinc acetate dihydrate was dissolved in 5 ml of methanol under stirring.
At the same time, 69.3 mg of thiourea was dissolved in 5 ml methanol under stirring.
The dissolved thiourea was added drop-wise to the dissolved zinc acetate in methanol

solution. Under stirring, white precipitate was formed after methanol evaporation.

Copper Acetate Diammine Cu (CH3COOQO)2 - 2NHs

Copper Acetate Diammine was prepared in a similar way of the method described by
Euler et al [53]. A nearly saturated solution of distilled water and copper acetate
monohydrate was prepared and heated up to 85 °C then a 6 M solution of ammonium
hydroxide was adding by dropwise. After the reaction mixture is cooled the resulting

compound was washed several times with acetone.

2.2 XPS measurements

All XPS measurements were performed using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with hemispherical analyzer and a typically monochromatic
Alka X-ray source (1486.6 eV) in the Constant Analyzer Energy (CAE) mode, the base
pressure of analyzer chamber was 1 x 10—9 mBar. The charge corrections of all spectra
were referenced to the position of the C1s adventitious peak at 284.8 eV. Survey scans
were recorded using 400 um spot size and fixed pass energy of 200 eV, whereas high
resolutions scans were collected at 20 eV analyzer pass energy in order to obtain a high
resolution in the collected spectra. The elemental analysis does not reveal contamination
in the studied compounds beyond to the adventitious contamination which corresponds
to hydrocarbon species present in all air exposed materials, by other hand the
guantification analysis was accordingly to the stoichiometric relationships of the model
compounds. The peak fitting was carried out employing a mixed Gaussian-Lorentzian

product function with a 30 % L/G ratio and a Shirley type background.
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CHAPTER I11: RESULTS AND DISCUSSION

3.1 Experimental Characterization

3.1.1 Infra-Red Spectroscopy (IR)

Besides the X-Ray Powder Diffraction characterization an Infra-Red analysis was
performed, this in order to identify the corresponding bands associated with the
asymmetric Vas (COO-) and symmetric Vsym (COO-) stretching carboxylate vibrations
and consequently calculate the difference between their positions A = Vas-Vsym, this so as
to perform a comparison among the methodology used to determine the coordination
mode proposed by Deacon et al and the results obtained by our XPS analysis. It is
important to mention that the relationship (1.1) proposed by Deacon et al [23] is not a
general rule, because could be fail in some cases, but is very useful specially when no
structural data is available. In Annex A we show the IR spectrum of each model
compound, organized in the different coordination modes, in the region associated with
symmetric and asymmetric stretching vibrations of the carboxylate group and their
respective position in the spectrum. With the information obtained from the data in
Annex A we build the Table 3.1 in which we present the values of A = Vas-Vsym for each
compound and their respective binding mode.

Pseudo Bridging Bidentate mode is a remarkable geometry because as its name implies
is a pseudo bridging arrangement due to both oxygen atoms in the carboxylate anion are
involved in bonds with other atoms, but only one of them have a covalent bond with a
metal atom, meanwhile the reaming oxygen have a hydrogen bond which is product of
the interaction with a molecule water present in the structure as in shown the Figure 3.1,
in other words this kind of geometries are a monodentate carboxylate with an additional

interaction, in this case a hydrogen bond.
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Figure 3.1 The so called Pseudo Bridging Bidentate. This binding mode is a monodentate geometry with an
additional interaction, a hydrogen bond.

The later triggers that the differences among the energies associate with the symmetric
and asymmetric COO vibration be small. As a result of that the parameter A for this
binding mode have values, around 100 cm™ which is low in comparison with the ionic
values which are around the 155 cm™. On the other hand accordingly to the expression
(1.1) the MAc 4H>0 with M= Ni, Co, Mg compounds could be classified as a pure
bridging or chelating compounds, but as we saw this cannot be accurate specially when
hydrogen bonds are present, thus at this point, in order to have a better image of the
binding geometry a structural data is needed, but as we treat in next sections we can use

information obtained from an high resolution XPS spectra to solve this problem.

Binding Mode Compound Vascm'? Vsymem-t Acm?
Pseudo Bridging Ni Ac 4H,0 1515 1416 99
Bidentate Co Ac 4H,0 1519 1415 104
Mg Ac 4H,0 1531 1421 110
Monodentate BTZA 1577 1395 182
Hg Ac 1566 1362 204
Chelating Zn Ac 2H,0 1553 1434 119
Cu Ac NH; 1565 1399 166
Bridging Cu Ac H,0O 1600 1418 182
Bidentate Zn Ac 1540 1447 93
Bridging Cu Ac 1588 1425 163
(13n2Mode) Mn Ac 1568 1380 188
Chelating Bridging Cd Ac 2H,0 1529 1444 85
%2::;"}'1;‘%1?:\'/?3&2? Pb Ac 3H,0 1526 1387 139
lonic Na Ac 1557 1409 148
Li Ac 2H,0 1593 1432 161

Table 2.1 Infrared frequencies (cm-1) of symmetric Vas (COO-) and symmetric Vsym (COO-) bans of different
binding modes in transition metal carboxylates.
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In the case of a pure monodentate geometry as the BTZA and Hg Ac compounds the A
parameter presents high values, 182 cm™ and 204 cm™ respectively which is expected
for this binding mode due different bond orders of C-O and C=0O in the carboxylate
group, this confirm the difference between a pure monodentate compound and a
monodentate with hydrogen bond interaction commonly named Pseudo Bridging
Bidentate mode.

For the Chelating compounds as the expression (1) suggest should be have A values
below 155 cm™, it is clear that Zn Ac 2H,O with A = 119 cm™ is according to the
proposed relationship but the case of Cu Ac NHs is different, because this compound
has a A = 166 cm™ which is slightly above of the ionic parameter, these experimental
results can be explained as follows: the crystal structure reported in the Cambridge
Crystallographic Data Base show that there is a noteworthy difference among the C-O
bond lengths in the carboxylate groups belonging to each compound, the above is
shown clearly in Figure 3.2 in which it can see that C-O bond lengths for Zn Ac 2H,0O
are very similar, with a difference only about 0.006 A, meanwhile C-O bond lengths in
Cu Ac NHs differ in 0.036 A, these differences are directly reflected in the positions of
their asymmetric Vas (COO-) and symmetric Vsym (COO-) carboxylate vibrations in a IR
spectrum, in such that way due to Zn Ac 2H>0 is more symmetric in its geometry, thus
present values according with a pure chelating mode by other hand Cu Ac NH3 “tend to
a monodentate geometry” due to its asymmetric geometry reflected in their C-O bond
lengths, but this difference is not larger like in a monodentate compound, for this reason
Cu Ac NHzs present a high A values but without reaching values belonging to pure

monodentate compounds.
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Figure 3.2 C-O bond lengths in the carboxylate group for Cu Ac NHs (left) and Zn Ac 2H20 (right), both are

chelating compounds but Cu Ac NHs present a asymmetry in its carboxylate geometry.

Zn Ac is the anhydrous phase of Zn Ac 2H.0O and is a Bridging Bidentate Compound
which present a A = 93 cm™ thus is according to the expression (1.1), by other hand the
remaining Bridging Bidentate Compound Cu Ac H.O, is an exception of the rule
because has a A =188 cm™ and in accordance with its reported structural data has pure
symmetric Bridging Bidentate geometry.

As can we see, the determination of the binding geometry employing the methodology
based in the value of A = Vas-Vsym have to be carefully carried out in order to obtain

reliable information which can be supported with additional characterization techniques.

3.1.2 X-Ray Photoelectron Spectroscopy (XPS)

3.1.2.1 Cl1s Region

XPS spectra of C1s of different metal carboxylates geometries were carried out in order
to inspect how the C1s binding energies of the carbon atoms in the model compounds
are modified in dependence of the binding mode. Fig. 2 Show high-resolution C1s
spectra of different coordination modes: lonic, Monodentate, Bridging Bidentate and
Chelating. In C1s region, it is common to find signals of adventitious carbon
contamination which are observed in air-exposed materials [54] for this reason; it is
quite important to perform a suitable analysis to be able to distinguish this kind of

signals from those that belong to the studied materials. In our analysis of the C1s region
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of all model compounds, the components of carbon contamination identified were peaks
with binding energies values around 284.8 eV , 286.4 £ 0.3 eV, 287.7 £ 0.2 and 290 +
0.2 , which are related to saturated carbon C-C and C-H [54] , ether or epoxy groups C-
O [31, 55, 56] , carbonyl group C=0O [31, 57, 58] and carbonate group [31]
respectively. In only one case, it was detected a small peak below the hydrocarbon peak
at 283.8 eV, which is according to literature it could be attributed to a metal carbide
species as a possible consequence of the X-ray beam damage.

The most prominent peaks at 285.4+0.1 eV and 288.9+0.2 eV were assigned to the
carbon signals of methyl and carboxylate group respectively, these functional groups
belong to model compounds studied here. After the fitting was carried, it could be
noticed that the stoichiometric ratios between CH3 and COO species was approximately
1:1 which is in a good agreement with the theoretical quantification, the latter suggests
that a good peak fitting was done. It is important to mention that an exact ratio of 1:1
between the CH3 and COO species is hard to achieve due to the presence of small
quantities carbon contamination species that could be in similar binding energies and
that could be contributing at the time of quantification.

Binding energy associated with the core level C1s correspondent to methyl group, of all
studied compounds, does not show significant variations (285.4+0.1), just as expected
because of lower interaction with the carboxylate group, in other words this means that
all these carbon atoms are chemically equivalent, whereas the signal C1s of the carbon
atom belonging to the carboxylate group, which appear at higher values of binding
energies, present a slightly but notable change in the positions in dependence of their
corresponding binding geometries, the latter is reflected in a wider range of variation
around 288.8+0.2 eV , this is a consequence of the direct influence of oxygen atoms
involved in the coordination mode. These variation can be explained as follows, the
electronic charge around the carbon atom varies according to the type bond of the
carboxylate oxygen atoms with the metal center, thus as a result of that, as it is possible
to see in the Figure 3.3 a-d, there is a shift in the position of C1s peak associated with
COO species. A general view of the chemical shifts observed from the data collected
corresponding to different coordination modes is presented in Figure 3.4 where the C1s

binding energy intervals for all the coordination modes studied here, are plotted. In this
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graph it can be noted that geometries like monodentate and ionic tend to lower binding
energies than chelating, bridging bidentate and pseudo bridging bidentate geometries,
this difference between these two groups, is principally due to the nature of interaction
type among carboxylate anion and the metal atom. In the first case, ionic interaction has
a delocalized negative charge over the two oxygen atoms that make up the carboxylate
anion, because of that, more negative charge is present around the carbon atom. In the
monodentate geometry a similar environment is present because there is still negative
charge shared with the oxygen atom in the carbonyl group. On the other hand in the
chelating and bridging geometries, both oxygen share negative charge with the metal
center, leaving the carbon atom less shielding, therefore the electrostatic potential is
different, leading to a chemical shift at higher binding energies of C1s level.

Despite there is an observable difference in the positions of the C1s peak related with
COO species, the interval where all signals appear, is quite narrow to establish a good
parameter to distinguish between the different coordination modes, and as can we see in

the Figure 3.4 some of the binding energy intervals .
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Figure 3.3 C1s peak of metal acetates with different geometries: a) lonic, b) Pseudo Bridging Bidentate, c) Bidentate
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and d) Chelating. Peak fitting show the assignment of CH3 and COO species, the remaining peaks (black line) were
assigned to adventitious contamination species. C1s peak of COO group appear in different positions due to distinct

chemical environments.
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Figure 3.4 C1s binding energy ranges for various coordination modes. Monodentate and ionic geometries tend to
lower binding energies than Chelating, Bridging Bidentate and Pseudo Bridging Bidentate geometries.

3.2 Ols Region

XPS spectra of O1s signal of different metal carboxylates geometries were carried out.
Since all materials examined were exposed to air, all of them present the common
adventitious contamination, as can we see in the C1s region. Several of the species that
make up this contamination have functional groups that contain oxygen atoms, thus the
latter can be detected in the signals O1s in addition to other species like, oxides or the
carboxylate oxygen atoms that belong to the model compounds. Whereas, it is complex
identify this contamination species because some of them have low atomic percentages
compared with the most prominent peaks, furthermore present binding energies with
values in the same region of the carboxylate or water oxygens studied here. On other
hand species containing oxygens with higher binding energies (533.4 +0.4) like ether or
ester [31] and lower binding energies like metal oxides (530 £0.5) [41, 59, 60] could be
identified in our spectra but with a low atomic percentage.

An extensive examination of the Ols core level reveals important characteristics that

lead to an identification of different coordination modes. First, as can we see in the
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Figure 3.5 there is a chemical shift in the position of COO Ol1s signal for different
binding modes, in a similar way from that found in the C1s region, but with a larger
separation between the peaks, besides this, chemical shifts confirm the previously
observed in the C1s region, this is, geometries like chelating and bridging bidentate have
higher binding energies than ionic, due to oxygen atoms in ionic interaction, are more
shielding than chelating and bridging bidentate geometries, as we explain previously.
Additionally, as Fig. 5 show, O1s provide more certainty about the number of signals
and the binding energies that present the different coordination modes. lonic interaction
presents only one peak located at binding energies values around 531.5-531.6 eV and
they are typically conformed by alkali metals. Monodentate geometry presents two
peaks, because of the different chemical environment of the two oxygens in the
structure, one of them is associated with C=0 bond and other is associated with C-O-
Metal bond, with a approximately stoichiometric ratio 1:1. The first signal appears at
531.5-531.6 eV while the second appears at higher binding energies in the interval 532.2
+ 0.1. Pseudo Bridging Bidentate is a special case of monodentate geometry with
hydrogen bond interaction this present one peak but broader than ionic, as a
consequence of the overlapping of two signals, coming from the two oxygen in C-O-
Metal an C-O--H bond. Besides this it is necessary to take in count the presence of the
molecules waters in the structure and the ratio between them and the carboxylate oxygen
atoms. Since all Pseudo Bridging Bidentate model compounds studied here are
isomorphous, with a generic formula M (CH3COOQ) 2-4(H20) where M = Co, Ni, Mg, a
very similar fitting was obtained in the three cases. The Ols peak for this geometry is
conformed by two peaks in an approximately 1:1 stoichiometric ratio, one peak
corresponds to the water molecules in the structure and the remaining is associated with
carboxylate oxygen atoms. As a result of the latter, it was concluded that this
carboxylate oxygen atoms have similar chemical environments, in other words, present
similar binding energies in such way that appear as one peak at 531.6 eV. It is important
mentioned that a fit with three components, which can distinguish two types of oxygen
atoms in the in the carboxylate group, was discarded because there is no possibility to
acquire a good fitting, with a reasonable atomic ratio that corresponds to the chemical
formula M (CH3COO) 2-4(H20). The remaining geometries, Chelating and Bridging
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Bidentate exhibit similar characteristics, both have only one peak associated with the
carboxylate group, showing the chemical equivalence of their oxygen atoms just as
expected. In these geometries, the electron density over the oxygen atoms in the
carboxylate group tend to be closer of the metal center than the oxygen atoms, in other
words, they are less shielding, thus tend to have high binding energies than other
geometries, 532-532.1 eV for chelating binding mode and 532 + 0.1 eV for Bridging
Bidentate.
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Figure 3.5 Ol1s peak of metal acetates with different geometries: a) Chelating, b) Bridging Bidentate, ¢) Pseudo
Bridging Bidentate, d) Monodentate and €) lonic. Peak fitting show different chemical shifts for distinct coordination

modes. Only in the Monodentate geometry is possible distinguish two types of oxygen atoms C-O-M and C=0.
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Figure 3.6 Ols binding energy ranges for various coordination modes. lonic and Pseudo Bridging Bidentate
geometries present lower binding energies than chelating and bridging Bidentate. Monodentate geometry is
characterized by the presence of two signals associated with oxygen atoms in C-O-M and C=0 bonds.
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CONCLUSIONS

We have discussed the possibility of employ X-Ray photoelectron spectroscopy as a tool
to identify the coordination geometry of metal carboxylates. We found that C1s and O1s
signals, coming from oxygen and carbon atoms belonging to the carboxylate group, are
sensitive to different coordination modes. This sensitivity is observed in the chemical
shift of the Cls and O1s positions. The C1s chemical shifts are not large enough to
establish a good methodology that leads to diagnose the coordination mode. On the
other hand O1s signal exhibit larger chemical shifts that lead to the identification of
different coordination geometries. We found that lonic interaction present only one peak
located at binding energies values around 531.5-531.6 eV, Monodentate geometry
present two peaks, due to different chemical environment of the two oxygen atoms, one
of them is associated with C=0 bond and other is associated with C-O-Metal bond, at
531.5-531.6 eV and 532.2 + 0.1 respectively, Pseudo Bridging Bidentate presents one
peak at 531.6 eV as a result of overlapping of the O1s peaks that appear a very similar
binding energy values and correspond to the oxygen atoms in C-O-Metal and C=0--H
bonds, the remaining geometries, Chelating and Bridging Bidentate show one peak that
tend to have high binding energies than other geometries, 532-532.1 eV and 532 + 0.1

eV respectively.
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ANEX A: IR SPECTRA OF MODEL COMPOUNDS CLASSIFIED BY BINDING
MODE
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ANEX B: Cls AND O1s BINDING ENERGIES OF THE MODEL COMPOUNDS
Binding Binding _—
Binding Mode Compound Energy Energy Bmggg %nlirgy
CH3 Cls COO Cls

chelatin Zn(CH5C00),2(H,0), 285.5 289.12 532.08

9 Cu (CH3C00)2 2NH3 285.51 288.86 532.00

o Cu(CH3C00)2(H,0) 285.48 288.93 532.08

Bridging Bidentate Zn(CH3C00)2 285.49 289.11 531.87

o Mn(CH3C00)2 285.30 288.70 531.86

1.,,2

Bridging (isn"n"Mode) Cu(CH3C00)?2 285.43 288.87 532.03
Chelating Bridging

e o MOde) Pb(CH3CO0)23(H,0) 285.34 288.67 531.66

Chelating Bridging Cd(CH3CO0)22(H,0) 285.37 288.77 531.67

Mg(CH3C02)24(H20) 285.47 289.04 531.64

Pseudo Bridging Bidentate Ni(CH3C02)24(H20) 285.53 288.95 531.63

Co(CH3CO2)24(H20) 285.32 288.88 531.63

Monodentate Zn(NH2CSNH2)2(CH3C00)2 285.49 288.77 O1:531.51 02:532.13
Hg(CH3C00)2 285.46 288.86 O1:531.64 02:532.33
onic NaCH3C00 285.36 288.77 531.62
Li(CH3C00)22(H,0), 285.33 288.92 531.50

Table B.1 Cls and O1s binding energies for various coordination modes. lonic and Pseudo Bridging Bidentate geometries present lower binding energies than chelating and

bridging Bidentate. In O1s region Monodentate geometry is characterized by the presence of two signals associated with oxygen atoms in C-O-M and C=0 bond
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ANEX C: FITTIGN OF C1s AND O1s REGIONS OF MODEL COMPOUNDS
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